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Abstract

:

The implementation of vertical slot fishway (VSF) has been demonstrated to be an effective mitigation measure to alleviate extensive river fragmentation by artificial hydraulic structures such as weirs and dams. However, non-suitable flow velocity and turbulent kinetic energy significantly affect fish swimming behavior and, as a result, hinder such facilities’ performance. Therefore, this study’s main objective is to propose a new configuration of VSF that can allow the passage of different fish species under frequent variations of flow discharge. To achieve that objective several novel configurations of VSF were numerically investigated using the FLOW-3D® model. Namely, five variants of angles between baffles, four different pool widths, and another upgraded version of VSF by introducing cylindrical elements positioned after the opening behind the baffles were tested. Results show that smaller angles between baffles increase the Vmax and decrease the maximum turbulent kinetic energy (TKEmax); the opposite result was obtained when increasing angles between baffles. Namely, the Vmax was increased up to 17.9% for α = 0° and decreased up to 20.37% for α = 37°; in contrast, TKEmax decreased up to −20% for α = 0° and increased up to 26.5% for α = 37°. Narrowing the pool width increased the Vmax linearly; nevertheless, it did not significantly affect the TKEmax as the maximum difference was only +3.5%. Using cylinders with a large diameter decreased the Vmax and increased TKEmax; in contrast, using cylinders with smaller diameters further reduced the Vmax velocity inside the pool while increasing the TKEmax. However, in the case of cylinders, the dimension of the recirculation depended on the configuration and arrangement of the cylinder within the pool. Overall, the maximum velocity was reached at near 77% of the water depth in all cases. Finally, solution-oriented findings resulted from this study would help water engineers to design cost-effective VSF fishways to support the sustainable development of hydraulic structures while preserving aquatic biodiversity.
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1. Introduction


For decades, dams have been built for multiple purposes, such as irrigation, water supply, navigation and fish farming, flood control, recreation, and energy generation [1,2]. In recent years, hydropower, including both small and large examples, has attained an increasingly significant role within available renewable energy sources, currently representing the most significant contributor of its kind to power generation, especially in Europe, and is also gaining tremendous attention in developing countries, as well [3,4]. Due to its technical-economic specificities, hydropower is becoming a key player in helping to face global energy challenges, fighting climate change, and achieving sustainable development goals (SDGs). Although hydropower plants are considered relatively clean in terms of gas emissions, they cause direct or indirect ecological impacts on river ecosystems by altering the natural flow regime, degrading water quantity and quality, impairing the aquatic habitats and connectivity [5,6]. The latter, aquatic habitats degradation and especially loss of longitudinal connectivity, are among the major impacts induced by almost all types of hydropower plants [4,7]. Despite the many economic benefits that dams and hydropower plants provide, the conservation of aquatic ecosystems should not be compromised. The conservation of aquatic ecosystems is vital to safeguard the aquatic biota and provide immense essential benefits to humans [8]. The extensive development of hydropower plants has already considerably modified freshwater ecosystems at many rivers worldwide [4,9]. Therefore, it is imperative to develop a cost-effective and sustainable solution to avoid or mitigate the ecological impacts of dams, especially hydropower plants. As loss of longitudinal connectivity is one of the major impacts of hydropower plants, there have been considerable efforts to mitigate this impact by developing fishways [10,11,12,13,14]. Fishways enable fish to maintain migrations through hydraulic structures, re-establish migrations in case of prolonged blockage at artificial barriers, and/or facilitate migrations upstream/downstream of natural barriers, as well [15].



Swimming ability is a crucial factor in successful fish migrations. In natural conditions, fish migrating upstream need to navigate through various hydraulic conditions of the flow discharge. The hydraulic conditions range from areas of slow currents, such as pools, broad river sections, or reaches of mild stream gradients, to areas of fast currents, such as rapids, narrow sections, or reaches with steep gradients [15]. Therefore, any fishway design should mimic the hydraulic conditions of habitats and geomorphological units found in natural rivers [10,16]. Because of their technical specificity, pool, and weir-type, fishways are the most common fish pass used to facilitate the upstream movement of fish [17,18]. Given their advantage to handle broad variations in water levels, Vertical Slot Fishways (VSF) remains among the most effective pool-type fishways [15,19]. Turbulence, namely turbulent kinetic energy and flow velocity, are the main hydraulic variables that influence fish swimming ability most [12,20]. Particularly, turbulence, demarcated as a three-dimensional hydraulic parameter, which varies in time and space, may attract or prevent fish migratory movements [21]. High turbulences not only prevent fish migration but may also cause bodily injuries or even fish mortality [10,21,22,23]. Turbulent eddies are a frequent hydraulic phenomenon occurring in natural aquatic habitats and pool-type fishways, including the VSF. This type of pool fishway is usually very effective in ensuring the unhindered passage of the target species (i.e., mainly sea trout (Salmo trutta), salmon (Salmo salar), shad, and marine lamprey (Petromyzon marinus)) and several riverine species, such as trout and grayling (Thymallus thymallus), barbel (Barbus), and bream (Abramis brama) [19,24]. However, observations have shown that undesirable hydraulic conditions, such as large eddies, hinder some small fish species’ ability to pass safely through large pools. While in natural aquatic habitats, fish have various options of choosing the most suitable habitat and avoiding high turbulent zones, in contrast, in a fishway, the frequent occurrence of turbulent eddies may jeopardize its functionality [11,19,22]. Therefore, to date, to avoid such undesirable hydraulic conditions and improve the fishway effectiveness, different configurations of VSF have been developed considering the slot layout optimization [22,25], pool depth optimization [26], introducing several slots to improve the entrance attractiveness for fish [13], turning pools in stepped fishways [27], and testing different slots position, among others [28]. In general, each newly proposed configuration of VSF is designed considering the swimming ability of specific fish species. However, considering the impact of climate change on freshwater availability and variability and several technical-economic aspects, it is imperative to develop a configuration of VSF that could cope with such conditions and facilitate the migration of different fish species.



Nevertheless, no study has investigated such a comprehensive VSF configuration to the best of the authors’ knowledge. Therefore, this study’s main objective is to numerically investigate the performance of the different VSF configurations and, finally, propose the best option regarding the fish migration effectiveness. The rest of the manuscript is organized as follows: Section 2 gives a detailed description of the tested VSF configuration and hydrodynamic modeling; Section 3 presents the main results and discusses the relevance and effectiveness of each tested VSF configuration. Finally, the main conclusions drawn from this study are presented in Section 4.




2. Materials and Methods


2.1. Geometrical Configuration


This study performed numerical simulations considering the existing field measurements at a vertical slot fishway (VSF) conducted by Bombač et al. [20], shown in Figure 1.



Measurements were obtained at the VSF situated at the Arto–Blanca HPP in Slovenia on river Sava. The prototype of the VSF considered in this study consists of two pools with the following dimensions: L = 3 m long and W = 2.2 m wide, having a vertical slot width of b0 = 0.59 m and a slope of 1.67%. Field measurements were performed in steady-flow conditions, with a 1.0 m3/s discharge and an average water depth of 1.3 m (see Bombač, et al. [20] for more details). Several new VSF fishways were analyzed numerically to upgrade the reference design (Figure 2A1) to evaluate the enhancement of the hydraulic properties. Thus, We began by reducing in the pool width and setting to four values: W = 2 (10%), 1.85 (15%), 1.75 (20%) and 1.65m (25%) (Figure 2A2), considering five variants of angles between baffles, i.e., α = 0° (1dx width move to upstream), 12° (0.5dx width move to upstream), 20° (reference position), 30° (0.5dx width move to downstream), and 37° (1dx move to downstream) (Figure 2A3). The dx and dy are the width and length of a small baffle. In addition, another upgraded version of VSF by introducing cylindrical elements positioned after the opening behind the baffles was tested. Cylindrical elements consist of three different diameters, namely 0.3 (b0/2), 0.15 (b0/4), and 0.1 (b0/6), with heights of 0.4 m invariants of the arrangement (Figure 2A4 and Figure 3).




2.2. Hydrodynamic Simulations


2.2.1. FLOW-3D® Model


Numerical simulations were carried out using FLOW-3D, a well-known and established computational fluid dynamics software program. The treatment of the free surface is made the TruVOF (True Volume of Fluid) method based on the SOLA (SOLution Algorithm) algorithm developed by Hirt and Nichols [29].



Cells are represented by a cell fill variable (i.e., fraction function) value representing the ratio of the fluid volume to cell volume; the empty cells have a value of zero, whole cells a value of one, and cells that contain the free surface a value in the range 0–1. The water surface is then tracked in space and time as a first-order approximation according to the fluid-to-cell volume ratio and the location of the fluid in the surrounding cells. The TruVOF method considers only the fluid’s value, not the air’s; gas cells are considered empty. Previous studies used this method to reduce the time and graphically describe the free surface shape [30,31,32]. Moreover, the TruVOF method has also been transferred from a continuous approach, as used in this work, to a particle one, as reported in Abbasi et al. [29] and Di Francesco et al. [30].




2.2.2. Flow Equations


All features of the free-surface motions of the vertical slot fishway are simulated by the FLOW-3D commercial CFD code, as this software is equipped with a volume of fluid (VOF) scheme able to give a more realistic analysis of the free surface flow. Cartesian, staggered grids are employed to solve the RANS equations (Reynolds Average Navier–Stokes), composed by continuity and momentum equations:


   ∂  ∂ x   ( u  A x  ) +  ∂  ∂ y   ( v  A y  ) +  ∂  ∂ z   ( w  A z  ) = 0  



(1)






    ∂  U i    ∂ t   +  1   V F     (   u j   A j    ∂  u i    ∂  x j     )  = −  1 ρ    ∂ P   ∂  x i    +  G i  +  f i   



(2)




where u, v, and w represent the components of velocity in x, y, and z-direction, VF the volume fraction of fluid in each cell, Ax, Ay, and Az the fractional areas open to flow in the subscript’s direction, ρ is the fluid density, P the hydrostatic pressure, Gi the gravitational acceleration in subscript direction and fi the Reynolds stress. The VOF transport equation is expressed:


    ∂ F   ∂ t   +  1   V F     [    ∂ ( F  A x  u )   ∂ x   +   ∂ ( F  A y  v )   ∂ y   +   ∂ ( F  A z  w )   ∂ z    ]  = 0  



(3)







Here, F denotes the fraction function. In particular, as already stated, if a cell is empty F = 0, and if a cell is full F = 1 [33]. The free surface is determined at a position related to intermediate amounts of F (i.e., the user may usually determine F = 0.5, but another intermediate amount).




2.2.3. Turbulence Model


FLOW-3D® has the capability of performing turbulence simulation using different models such as standard turbulence models, the k-ε turbulence model, and the RNG turbulence model. In this study, the RNG k-ε turbulence model estimates the shear stress near the wall. It has been proven to be sufficiently accurate; see Pourshahbaz, et al. [34] and Ghaderi, et al. [33], based on Yakhot and Orszag [35]. The RNG k-ε model can better deal with the high strain rate and the greater curvature of streamline flow. This model showed satisfactory outcomes in previous studies in complex geometry and flow fields on hydraulic structures such as spillways, culverts, and other hydraulic structures [31,33,36,37,38,39]. The RNG k-ε model is based on two equations; the first one (Equation (4)) expresses the energy in turbulence, called turbulent kinetic energy (TKE) (k), and the second one (Equation (5)) is the turbulent dissipation rate (ε), which determines the kinetic energy dissipation rate.


    ∂ ( ρ k )   ∂ t   +   ∂ ( ρ k  u i  )   ∂  x i    =  ∂  ∂  x j    [  α k   μ  e f f     ∂ k   ∂  x j    ] +  G k  −  G B  − ρ ε −  Y M  +  S k   



(4)






       ∂ ( ρ ε )   ∂ t   +   ∂ ( ρ ε  u i  )   ∂  x i    =  ∂  ∂  x j    [  α ε   μ  e f f     ∂ ε   ∂  x j    ] +  C  1 ε    ε k  (  G k  +  C  3 ε    G b  ) −      C  2 ε    ρ    ε 2   k  −  R ε  +  S ε      



(5)




Gk is the generation of turbulent kinetic energy caused by the average velocity gradient. GB is the generation of turbulent kinetic energy caused by buoyancy. Sk and Sε are source terms. αk and αε are inverse adequate Prandtl numbers for k and ε, respectively. μeff is the effective viscosity μeff = μ + μt. The μt is the eddy viscosity.



For the above equation:


   R ε  =    C μ  ρ  η 3  ( 1 − η /  η 0  )  ε 2    k ( 1 + β  η 3  )    



(6)






   μ t  =   ρ  C μ   k 2   ε   



(7)







The constant values for this model are [35]:



Cµ = 0.0845, C1ε = 1.42, C2ε = 1.68, C3ε =1.0, σk = 0.7194, σε = 0.7194, η0 = 4.38, and β = 0.012.



Here, F denotes.




2.2.4. Numerical Domain


The geometry of the models is built represented through an STL (stereolithography) file. The numerical mesh is constructed to adopt two mesh blocks, a containing mesh block for the entire spatial domain and a nested block with refined cells for the area of interest. The small and large baffles occur. The fractional area volume obstacle representation (FAVOR) method generates grids.



In order to select an appropriate mesh structure and size essential for the accuracy and convergence of numerical solutions, the grid convergence index (GCI) is used to estimate the discretization error of several computational meshes. The analysis was developed following the Richardson extrapolation method [40]. Cell size was considered the minimum refinement ratio (r = Gcoarse/Gfine), a value of 1.3, as Celik et al. [40] recommended. For this purpose, a refinement ratio of 1.34 was considered for reducing the grid sizes. Table 1 shows some characteristics of the computational grids.



When testing the mesh convergence, the GCI values were computed using different mesh sizes. The analysis was based on the velocity component in two points (V1 and V2) in the longitudinal section located 0.50 m and 2 m downstream of the first baffle, giving GCI values in Table 2. Results of the CFD model were compared with the velocity measured at the same points, as shown in Figure 4. In this figure, S.1 to S.5 are sections from 1 to 5.



The apparent order of convergence p can be calculated as follows:


  p = ln   (  f 3  −  f 2  )   (  f 2  −  f 1  )   / ln ( r )  



(8)




where f1, f2, f3 are the parameters obtained from CFD simulations (f1 corresponds to the fine mesh) and r is the refinement rate. Using the Richardson error estimator to compare the three grids, the fine-grid convergence index is defined as:


  G C  I  f i n e    =   1.25  | ε |     r  p  − 1    



(9)







Here, ε = (f2 − f1)/f1 is the approximate relative error between the medium and fine grids, respectively. Dimensionless indices GCI12 and GCI23 can be calculated as:


  G C  I  12    =   1.25  |     f 2  −  f 1     f 1     |     r  p  − 1    



(10)







Then, the grid independence is achieved. The parameters of the Grid Convergence Index (GCI) were calculated from Equation (8) through Equation (10) and are shown in Table 2.



Since the GCI values for the finer grid (GCI12) are small if compared to the coarser one (GCI23), it can be concluded that the aim of a grid-independent solution is reached, and no further mesh modification is necessary. Computed values of GCI23/rpGCI12 close to 1 indicate that the numerical solutions are within the asymptotic range of convergence. As a result, the selected mesh consists of a containing block with 3.5 cm cells and a nested block with 2.6 cm cells. (Figure 5).



Corresponding to the physical conditions of the problem, four different boundary conditions were considered. The inlet boundary condition was set as discharge flow rate (Q) with flow depth at the channel’s beginning. That specific discharge was subsequently used in this study. The outlet boundary condition (O) was selected as the outlet downstream of the VSF to prevent the downstream boundary effects on the last step results. No-slip conditions were applied at the wall boundaries and the bottom, assuming a law-of-the-wall velocity profile that modifies the wall shear stress magnitude. Atmospheric pressure (P) was employed at the top. Symmetry boundary condition (S) is also used at the inner boundaries. In the symmetry boundary condition, no shear stresses were calculated across the boundary [38]. Figure 6 shows the computational domain of the present study and associated boundary conditions. All analyses were continued until a steady-state was reached.






3. Results and Discussion


3.1. Model Validation


To verify the results obtained from the numerical modeling, the magnitude of the flow velocity, calculated V = |u, v| = (u2 + v2)0.5 from the numerical results is compared with the experimental data as shown in Figure 7. According to Figure 7, the results show that the trend and value obtained from numerical modeling satisfactorily agree with the experimental data. Table 3 summarizes the velocity magnitude values in some vertical distance for calculated and measured data.



From Table 3, the most significant differences between the calculated and measured values occur in the middle of the baffles, where the flow is significantly more complex than in other parts of the structure. The overall maximum error is 10.4%, which corroborates the ability of the numerical model to reproduce the main characteristics of a VSF.




3.2. The Flow Pattern of Vertical Slot Fishway


The pool flow creates three distinct zones that vary in position and volume depending on the fish pass slope, baffles geometry, and the pool width: a jet from the slot that traverses the pool with decreasing velocity and two separate recirculation zones on each side of the jet [41]. The recirculation around an axis perpendicular to the channel bed dissipates the jet’s energy in each pool.



The main flow from the slot comes into the pools as a curved jet that opens before converging towards the next slot (Figure 8). The jet originates a large recirculation zone, occupying about half of the pool, showing an unsteady flow around the large baffle, affecting the fish swimming performance [20,42]. The kinetic energy of the velocity fluctuations is represented by the turbulent kinetic energy (TKE); in other words, TKE represents the mean kinetic energy per unit mass associated with eddies in turbulent flow conditions. Considering the continuous values of velocities in the flow direction (u1, u2, u3, …, un), the value of the root mean square velocity, urms, is obtained as:


   u  r m s   =   1 / n (  u 1 2  +  u 2 2  +  u 3 2  + … +  u n 2  )    



(11)







Then, TKE is calculated as:


  T K E =  1 2   (   u  r m s  2  +  v  r m s  2  +  w  r m s  2   )   



(12)







The levels of turbulent kinetic energy are categorized as “low” for k ≤ 0.05 J/kg and “high” for k > 0.05 J/kg [10,41]. In fishways, fishes prefer the areas with “low” turbulent kinetic energy levels rather than those with “high” levels [21,43]. Indeed, turbulence and eddies have a stronger influence mainly on the swimming performance of larger fish [21]. TKE distribution presented in Figure 9 shows that maximum values of TKE are observed downstream of the slot entrance. Away from the jet area, kinetic energy then dissipated rapidly as jet velocity decays as it traveled through the rest of the pool. Figure 9 shows the distribution of ε and k, highlighting their similar pattern. In the most significant portion of the pool, the maximum ε values are encountered in the incoming jet.



According to Figure 10, two areas downstream of the large and short baffles have high turbulent kinetic energy. The intensity of TKE downstream of the short baffle is greater than that of the large type. As jet velocity moves away from the baffles, the intensity of the turbulent kinetic energy decreases.




3.3. Influence of Angle between Baffles on Vmax and TKE in the Slot


The maximum velocity of the flow is one of the most critical hydraulic parameters of VSF design: it has to be smaller than the speed of the weakest fish that migrates in the pool [21,42,43]. The jet’s velocity entering the slots has the highest value between the two baffles (Figure 11). Figure 12 shows the maximum velocity of the flow at x = 0.5 m downstream of the baffles for all models.



From Figure 12, it is evident that the value of maximum velocity is greater for a smaller angle (α = 0°) and decreases as the angle between baffles increases. A larger angle between baffles changes the direction of the flow-through of the pool between larger baffles, causing the recirculation zone between larger baffles to decrease, while the recirculation zone between smaller baffles increases (Figure 13).



As shown in Figure 13, increasing the angle results in greater turbulent kinetic energy and, thus, smaller velocities between larger baffles. This effect is much smaller at smaller angles. The kinetic energy is transported to the next slot almost without dissipation. Figure 14 illustrates the maximum TKE values for VSF with various angles between baffles at x = 0.5 m and x = 2 m. The results show that the maximum TKE values occur for the larger angles. Increasing the angle between baffles results in an average 26% increase of maximum TKE compared to the reference position; in contrast, the highest reduction of maximum TKE reached nearly 20% at the smallest angle (α = 0°).




3.4. Influence of the Pool Width on Vmax and TKE


The mainstream pattern at the maximum width of the pool enters the pool from the upstream slot as a curved jet and is transferred to the next slot. The flow jet creates a large recirculation zone with unstable movement around the large baffles. When the width of the pool is decreased, and, correspondingly, the maximum velocity of the jet is increased, the impact of the jet at the opposite wall becomes much less noticeable. As a result, the intensity of the circulation zone between the two large baffles is reduced (Figure 15). With decreasing the width of the pool, the recirculation shapes and the location of their centers did not change much, irrespective of the intensity. At the same time, velocities remained identical overall in the pool, from the channel bed to the free surface. Except in the slot zone, the maximum velocity was highly more significant than the reference width of the pool (i.e., W = 2.2 m).



In Figure 16, the maximum velocity of the flow at x = 0.5 m and x = 2.5 m downstream of the baffles is shown for all models. The velocities in the mainstream flow through the slots are high. However, in the areas behind large baffles, the flow velocity values are low as the width of the pool decreases, the maximum velocity of the principal flow increases. A 25 % reduction in pool width increases the maximum velocity of the flow by an average of 21.5 %. The increase of the flow velocity may influence the attractiveness of the large-size of fish to the entrance of the fish pass positively; nevertheless, it may not have the same effect on the small-size of fish [15,43].



Figure 17 shows the turbulent kinetic energy (TKE) for different pool widths. The maximum values are attained in the jet and on the edge of recirculation zones. The location and volume of zones where TKE remains high vary with width. The volume of zones with low values of turbulent energy increased considerably with pool width.



Only the zone downstream of the small baffle remains the same, in agreement with previous research conducted by Wu, et al. [44]; the pool width (i.e., the pool volume) influences turbulent kinetic energy, whereas the flow discharge has little or no influence. From Figure 18, the average turbulent kinetic energy values, for reduced width I = 10%, 15%, 20% and 25%, were 0.0686 J/kg, 0.0675 J/kg, 0.068 J/kg, and 0.069 J/kg, respectively. A 25% reduction in pool width increases the maximum velocity of the flow by an average of 3.5%.



Although flow rate has little or no influence on the TKE, its quantity and variability are essential for ensuring the high efficiency of the fishways. In addition, the flow rate (e-flows) released in the fishway should be defined, considering the fish species requirements and their life stages [2,4,16,42,45].




3.5. Influence of the Cylinder’s Adjunction on Vmax and TKE


An obstacle cylinder of diameter equal to half of the slot width b0/2, placed after the opening behind the baffles (C1). Other cylinders with different diameters and arrangements were placed in the periphery of the larger diameter inside the pool (Figure 19C2–C6). Figure 19 illustrates the velocity streamlines for fishway models with cylinders inside the pool and in different arrangements. The results show that the jet from the slot widened in the pool before converging towards the following slot. For an obstacle located in the jet in the middle of the pool, the principal flow, of width higher than the geometry diameter, turned around the obstacle on each side. The diameter and arrangement of the cylinder modified the flow pattern. For example, the cylinders of type C6 reduces the vortices in the recirculation zone.



In contrast, the location of cylinder C3 intensifies the vortex. The maximum velocity of the principal flow is reduced in an obstacle cylinder inside the pool. This can be due to the jet impacting the face of the cylinder or passing it through small cylinders. The maximum velocity of the flow corresponding to x = 0.5 m and x = 2.5 m downstream of the baffles is shown in Figure 20.



The use of cylinders with a smaller diameter and arrangement types, namely C3, C4, and C6, further reduces the principal flow velocity inside the pool. Overall, the maximum velocity of the flow decreased by an average of 16.5 %. The dimension of the recirculation depended on the configuration and arrangement of the cylinder. When the jets impacted the cylinder with a larger diameter (C1), the two principal flows were diverted from the cylinder, near the walls with very curved trajectories. In this case, the reattachment point took place far downstream from the cylinder, and the impact of the jet at the opposite wall became much noticeable; the recirculation behind the cylinder was more significant. On the contrary, when cylinders with smaller diameters are used, the principal flows are less curved. The volume of zones with low values of turbulent energy increased considerably with smaller diameters of cylinders (Figure 21).



Figure 22 shows the maximum turbulent kinetic energy (TKE) for various cylinders arrangement. Due to the collision of the principal flow with the cylinders, the turbulent kinetic energy values inside the pool increase. Models C1 and C4 further increased the amount of TKE by 14.5% and 13%, respectively. Models C1, C2, and C6 induced the lowest increase of the TKE.





4. Conclusions


Fish-friendly flow conditions are crucial in ensuring effective fishway functioning. The results presented in this study underlines the importance of the geometric configuration in ensuring the high functionality of vertical slot fishway. After numerical investigation of the different configurations of VSF, the following major conclusions can be drawn:



Smaller angles between baffles increase the Vmax and decrease the maximum turbulent kinetic energy (TKEmax); the opposite result was obtained when increasing angles between baffles. Namely, the Vmax was increased up to 17.9% for α = 0° and decreased up to 20.37% for α = 37°; in contrast, TKEmax decreased up to −20% for α = 0° and increased up to 26.5% for α = 37°.



Narrowing the pool width increased the Vmax linearly; nevertheless, narrowing the pool width did not significantly affect the TKEmax as the maximum difference was only +3.5%. Using cylinders with a large diameter decreased the Vmax and increased TKEmax; in contrast, using cylinders with smaller diameters further reduces the Vmax velocity inside the pool while increasing the TKEmax. In the case of cylinders, in addition to the diameter, the configuration and arrangement of the cylinder within the pool have a significant influence on the Vmax and TKEmax variation. In that regard, the C6 model demonstrated the best performance, especially regarding the flow regime and principal flow velocity inside the pool. Overall, the maximum velocity was reached at near 77% of the water depth in all cases.



Although this study serves as a reliable reference for better design and upgrading the traditional design of VSF with a more sustainable and practical configuration, the numerical investigation could be more robust if verified with the experimental investigation. Thus, future research should involve testing the proposed VSF configurations in this study experimentally and/or on the field; nevertheless, the latter is not very common as it is costly. In addition, to refine the configuration of the VSF, the experimental work should not involve investigating only the hydraulic properties but also fish swimming behavior and performance considering different fish species and life stages. Finally, the findings resulted from this study serve as a guideline for hydraulic engineers to construct better fishways in order to enable longitudinal connectivity and support the sustainable development of hydraulic structures, such as hydropower plants.
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Figure 1. VSF Blanca’s prototype geometry and slot and pool details after Bombač, et al. [20]. 
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Figure 2. Plan views of fishway pools: (A1) Reference; (A2) reducing pool width; (A3) with variants of angles between baffles and (A4) with cylinders. 
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Figure 3. Cylinders details and positions used in the reference VSF. 
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Figure 4. Cross-sections right to the longitudinal axis of the fishway used for results analysis. 
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Figure 5. Sketch of mesh set-up. 
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Figure 6. The considered boundary conditions on the numerical domain in FLOW-3D. 
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Figure 7. Velocity magnitude against vertical distance at different x locations. 
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Figure 8. Mean flow velocity pattern inside the pool of the reference VSF. 
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Figure 9. Turbulent kinetic energy and dissipation rate at a mid-depth horizontal plane for the reference VSF: (a) k (j/kg); (b) ε (j/kg/s). 
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Figure 10. Turbulent kinetic energy for vertical distance at different x locations. 
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Figure 11. Streamlines of velocity for reference VSF (α = 20°) and VSF with various angles between baffles. 
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Figure 12. Velocity magnitude and maximum velocity of the flow and various angles at x = 0.5 m. 
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Figure 13. Contours of turbulent kinetic energy (J/kg) for reference VSF (α = 20°) and VSF with various angles between baffles. 






Figure 13. Contours of turbulent kinetic energy (J/kg) for reference VSF (α = 20°) and VSF with various angles between baffles.



[image: Water 13 02711 g013a][image: Water 13 02711 g013b]







[image: Water 13 02711 g014 550] 





Figure 14. Maximum turbulent kinetic energy for the reference VSF and the VSF with various angles between baffles at three cross-sections. 
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Figure 15. Streamlines of velocity for reference VSF and VSF with various widths of the pool. 
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Figure 16. Velocity magnitude and maximum velocity of the flow and width of the pool. 
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Figure 17. Contours of turbulent kinetic energy (J/kg) for the reference VSF and the VSF with various pool widths. 






Figure 17. Contours of turbulent kinetic energy (J/kg) for the reference VSF and the VSF with various pool widths.



[image: Water 13 02711 g017]







[image: Water 13 02711 g018 550] 





Figure 18. Maximum turbulent kinetic energy for the reference VSF and the VSF various pool widths at three cross-sections. 
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Figure 19. Streamlines of velocity for reference VSF and VSF with various cylinders arrangement. 
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Figure 20. Velocity magnitude and maximum flow velocity for the reference VSF and the VSF with various cylinders arrangement. 






Figure 20. Velocity magnitude and maximum flow velocity for the reference VSF and the VSF with various cylinders arrangement.



[image: Water 13 02711 g020]







[image: Water 13 02711 g021 550] 





Figure 21. Contours of turbulent kinetic energy (J/kg) for reference VSF and VSF with various cylinders arrangement. 
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Figure 22. Maximum turbulent kinetic energy for the reference VSF and the VSF with various cylinders arrangement. 
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Table 1. Characteristics of the meshes tested in the convergence analysis.
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	Mesh
	Nested Block Cell Size
	Containing Block Cell Size
	Number of Cell
	Mesh





	1
	3 cm
	4 cm
	1,078,157
	Coarse



	2
	2.85 cm
	3.8 cm
	1,689,598
	Medium



	3
	2.6 cm
	3.5 cm
	2,268,478
	Fine
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Table 2. Grid convergence index (GCI) calculation.






Table 2. Grid convergence index (GCI) calculation.





	Quantity
	f3
	f2
	f1
	p
	GCI12
	GCI23
	Asymptotic Range





	V1 (m/s)
	1.09
	1.21
	1.36
	3.11
	0.55
	0.62
	0.9



	V2 (m/s)
	0.86
	0.95
	1.07
	4
	0.39
	0.47
	0.9
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Table 3. Calculated and measured values of the velocity magnitude in m/s for the reference model.
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Location

	
x = 0.5 m

	
x = 1.0 m

	
x= 1.5 m

	
x = 2.0 m

	
x = 2.5 m




	
Num

	
Exp

	
Num

	
Exp

	
Num

	
Exp

	
Num

	
Exp

	
Num

	
Exp






	
y = 0.9 m

	
0.085

	
0.156

	
0.121

	
0.142

	
0.155

	
0.138

	
0.149

	
0.120

	
0.149

	
0.310




	
y = 1.2 m

	
0.196

	
0.148

	
0.521

	
0.360

	
0.541

	
0.350

	
0.537

	
0.328

	
0.248

	
0.301




	
y = 1.5 m

	
1.401

	
1.263

	
1.421

	
1.212

	
1.214

	
1.043

	
1.114

	
0.954

	
1.164

	
0.946




	
y = 1.8 m

	
1.472

	
1.365

	
0.987

	
0.971

	
1.131

	
1.051

	
1.113

	
1.091

	
1.124

	
1.150




	
y = 2.1 m

	
0.179

	
0.205

	
0.070

	
0.059

	
0.213

	
0.32

	
0.389

	
0.661

	
0.638

	
0.891




	
Mean Error (%)

	
6.20

	
10.4

	
9.74

	
4.61

	
5.67
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