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Abstract

:

A hydrokinetic turbine with a vertical axis is specifically designed to harvest the kinetic energy from moving water. In this study, three vertical axis water turbines, namely Gorlov, Darrieus, and Savonius turbines, were compared for their efficiency via numerical modeling for steady-state conditions via the ANSYS 2022 R2 Fluent model. The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) was implemented with an SST k-ω turbulence model. The dynamic mesh technique, which allows modeling according to changes in angular velocity at each time step, was used to simulate flow around the turbines for six different velocities (from 0.5 to 3 m/s). The efficiency of the turbines was compared and the results were analyzed. The pressure, velocity, and turbulence kinetic energy distributions around the rotor were measured at different rotational angles and results indicated a wider operating range for the Darrieus and Gorlov turbines compared to the Savonius turbine. The highest power coefficient of 0.293 was achieved in the model featuring a Darrieus turbine, corresponding to a TSR value of 1.34, compared to 0.208 for the Gorlov and 0.257 for the Savonius turbine, at TSR values of 1.3 and 1.06, respectively. Numerical modeling results pointed to a significantly higher self-starting capacity for the Savonius turbine compared to the others.






Keywords:


renewable energy; hydrokinetic energy; vertical axis water turbine; dynamic mesh; efficiency












1. Introduction


Providing adequate energy is crucial for economic expansion and raising the living standards globally. Electrical energy is a fundamental component in the digitalized and industrialized society and is essential for the great majority of daily activities. Electricity is generated by power plants using various sources of power. These fundamental energy sources can be classified as renewable sources, including wind, solar radiation, and water, and non-renewable sources, including but not limited to coal, natural gas, and oil. Renewable energy refers to the utilization of resources that can be naturally replenished over a human timeline. This category incorporates sources such as solar radiation, wind, flowing river water, ocean waves, and geothermal heat [1].



By the end of 2019, installed renewable energy capacity accounted for 27.3% of worldwide electricity generation, with hydropower being the main contributor (58.46%) to the renewable global total [2]. Hydraulic power, or hydroelectric energy, is a sustainable energy source that generates electricity by modifying the natural course of a river or another water body through a dam or redirection structure. According to power capacity, hydroelectric power plants can be categorized as large, medium, small, mini, micro, and pico [3]. Large-scale hydroelectric power plants produce a great deal of power but, unfortunately, have environmental drawbacks, requiring the construction of a dam and a reservoir. Dams may restrict the movement of fish and other marine creatures. A reservoir and a dam can alter the climate, as well as the flow characteristics, temperature, marine life diversity, chemistry, and silt load quantities. These environmental influences have the potential to alter the river’s upstream and downstream ecology and these changes can affect the deltas that form when rivers flow into the ocean. In addition, reservoirs can engulf enormous areas, agricultural lands, and habitats and sometimes cause forced migration. Depending on the temperature and location, they may also hold a significant quantity of greenhouse gases [4].



For rural electrification projects, small-scale hydropower is a highly cost-effective and ecologically beneficial technology. A conventional micro hydropower plant, however, must divert water from the river and transport it to the turbines, while maintaining the same elevation or head. In contrast to diesel-powered generators (DGs), traditional micro hydropower has significantly higher initial capital expenditures but far lower operating costs [5]. The drawback of normal small-scale hydropower, however, is that it is typically derived from run-of-river plants with a limited water storage capacity [6,7].



Hydrokinetic energy holds the promise of making a substantial contribution to renewable and clean energy generation, particularly in areas with abundant water resources. It represents an innovative approach to hydropower energy generation, producing electricity by harnessing the kinetic energy of moving water rather than relying on the gravitational potential energy of descending water. This sets it apart from traditional hydropower generation methods. The system exhibits similarities to wind turbine systems in terms of electrical components, operational principles, and its ability to operate at variable velocities to maximize energy harvesting. Water is more than 800 times denser than air and, therefore, hydrokinetic turbines have the potential to harvest significant energy, even at low speeds [8,9,10]. This approach enables electricity production without the need for dams or other expensive infrastructure [11,12]. Moreover, compared to other renewable energy sources, this technology is becoming more appealing due to its high-density energy production, reliable predictability, and low impact on the environment [13,14]. This approach is also feasible for isolated settlements and farms near rivers at low or no elevations where conventional micro-hydroelectric generation is impossible [15]. This clearly demonstrates that far more potential sites exist for hydrokinetic technology compared to classic hydropower production [16]. However, this technology is currently at an early stage of development and even in rural areas with sufficient water resources, there is a lack of applications [7].



Many review articles have appeared on hydrokinetic energy conversion mechanisms. Khan et al. [8] defined the conversion of river current power systems and offered an outline of the related technological achievements. Lago et al. [17] studied the comparisons and categorizations of energy transformation systems. Güney and Kaygusuz [18] classified hydrokinetic turbines and identified types suitable for river and tidal currents. Vermaak et al. [7] investigated hydrokinetic technology applications for remote and rural areas. Kumar and Nikhade [19] described a range of hybrid kinetic turbine rotor approaches with applications and provided a comparison of types. Kumar and Sarkar [20] focused on turbine performance and environmental impacts and Niebuhr et al. [21] focused on turbine design and modeling. Improving the performance and optimizing the design of crossflow hydrokinetic turbines were explored by Saini and Saini [22]. The energy cost and challenge of hydrokinetic technology were explored by Sood and Singal [23]. Ibrahim et al. [24] traced the historical development of marine and river applications for different turbine types and compared current commercial technologies in terms of working principles. Kamal and Saini [25] reviewed various researchers’ adjustments to enhance the performance properties of single and hybrid hydrokinetic turbines and described some numerical and experimental methods for evaluating the performance of the crossflow hydrokinetic system. Li et al. [26] and Li et al. [27] presented fluid–structure coupling modeling and real-time sensing methods for both MFSV (multiphase free sink vortex)-induced and GCVF (gas–liquid coupled vortex flow)-induced vibrations for hydroelectric energy conversion.



Various experimental and numerical investigations available in the literature are listed in Table 1. Here, D (mm) is the turbine diameter, H (mm) is the turbine height, c (mm) is the chord length of the blade, W (m) is the width of the channel, Hw (m) is the water height in the channel, L (m) is the length of the water in the channel, and d (mm) is the diameter of the shaft. The table shows the details of the turbine types and properties cited in the available studies and the maximum power efficiency (CP) achieved during experimental/numerical analyses. According to the table, the Darrieus type turbine reached higher power efficiencies in higher flow conditions. The power coefficient of the Gorlov turbine reached a maximum of 0.416 and the Savonius reached a maximum of 0.39. These studies correspond to a minimum flow velocity of 0.5 m/s and a maximum value of 2.8 m/s. The diameter of these turbines varied between 160 and 2000 mm and the height varied between 160 mm and 1320 mm. In numerical studies, the SST k-ω turbulence model is commonly utilized.



There are primarily two classifications for hydrokinetic turbines, axial flow turbines and crossflow turbines, as shown in Figure 1 [43]. Axial flow turbines, which have a horizontal axis of rotation parallel to the water’s flow direction, achieve optimal power conversion efficiency when their rotor plane is perpendicular to the flow. These turbines are typically favored in marine and aquatic environments [23]. Conversely, crossflow turbines have a rotational axis that is oriented orthogonally to the flow direction. Their cylindrical design allows for efficient use of channel depth and they can harness energy from flow in various directions. Depending on the specific torque and flow conditions required, crossflow hydrokinetic turbines may be equipped with two, three, or more blades [22].



Table 2 compares various aspects of axial and crossflow turbines based on the findings of selected studies [8,15,21,22,43,44,45].



Although axial flow turbines have numerous benefits over crossflow turbines, in this study, vertical crossflow turbines were selected due to their higher efficiency in shallow waters, their simpler design, and lower cost. These turbines can perform efficiently in waters too shallow for axial flow turbines. They can also be installed in a broad spectrum of depths making them suitable for varying conditions. Also, they are less sensitive to changes in flow direction compared to axial flow turbines and they are able to harness energy from currents from different directions, making them well suited for locations with changing or unpredictable flow patterns. They have fewer moving parts and this greater simplicity can lead to reduced maintenance requirements and impact on aquatic life. Many researchers have suggested that crossflow turbines are appropriate for rivers and artificial canals [18,33,43,44].



In this study, three types of commonly studied vertical axis water turbines were numerically compared for their power efficiencies. We investigated the best turbine type under the same configurations, considering that the Darrieus and Gorlov rely on the lift force principle and the Savonius relies on the drag force principle. While making the analyses, the turbine rotation area was modeled with a dynamic mesh, rather than the sliding mesh technique used in many previous studies [38,46,47,48]. In this method, rather than assigning a specific rotation angle to the turbine, the model is run according to the angular velocity of the turbine, which changes depending on the water flow velocity.




2. Design of the Turbines


The four design parameters for vertical axis hydrokinetic turbines are the number and profile of blades, solidity, aspect ratio, and overlap ratio. The geometric parameters of the turbines utilized in this study are provided in Table 3. The turbine size was selected according to its suitability for the channel in the laboratory to be used in future experimental studies. Due to the accessibility of lift and drag data across a broad spectrum of Reynolds numbers, the design of vertical axis turbine blades has traditionally been designed using the symmetrical geometries from the well-established NACA 4-digit series [29]. Among the standard symmetric NACA airfoil profiles, the S-1046 symmetrical profile achieved the highest power coefficient [49,50]. Consequently, this configuration was also selected for the Gorlov and Darrieus turbine blade profiles for this study. A 43.7 degree inclination was identified as the most suitable angle chosen for the Gorlov turbine, due to its relatively higher torque values [28]. The chosen blade number (N) can affect the turbine’s capacity to self-start, as follows: three-blade rotors have demonstrated a better self-starting capability than the standard two- or one-blade Gorlov and Darrieus turbines [51,52,53]. Also, the two-bladed Savonius rotor has superior performance regarding the acquired torque and power coefficients [54,55]. Therefore, three blades were selected for Gorlov and Darrieus, and two for Savonius. The highest efficiencies are created with an overlap ratio (this is only relevant to the Savonius rotor) value ranging from 20% to 30% [55,56]. The Savonius turbine has a 0.256 overlap ratio. The Autodesk Inventor Professional 2021 program was used to create three-dimensional drawings of Gorlov, Darrieus, and Savonius turbine designs, as shown in Figure 2.




3. Performance Parameters


Several performance parameters were examined to quantify the efficiency characteristics. To assess the results, the turbine performance parameters were formulated as follows [7,18,57].



The turbine power output was expressed as the non-dimensional power coefficient. CP is the ratio of the real electric power generated by a turbine to the total water power flowing through the blades at a given water velocity.


    C   P   =     P   T       P   A      



(1)




where PT is the mechanical power developed by the rotation of the turbine and PA is the maximum available power that can be produced from the channel model.


    P   T   = T × ω  



(2)




where T is the torque of the turbine and ω is the angular velocity of the turbine.


    P   A   =   1   2   × A × ρ ×   v   3    



(3)




where A is the swept area of the rotor blades, ρ is the density of water, and v is the velocity of the flowing water.



The coefficient of torque, CT, represents the ratio between the area projected by the turbine at flow velocity and the torque generated by the turbine.


    C   T   =   T   0.5 ρ A   v   2   R    



(4)




where T is the turbine torque, ρ is the density of water, A is the swept area of the rotor blades, v is the velocity of the flowing water, and R is the radius of the turbine.



Tip speed ratio,   λ  , represents the ratio between the tangential speed of the blade tips and the actual velocity of water for turbines.


  λ =   R ω   v    



(5)




where R is the radius of the turbine, ω is the angular velocity of the turbine, and v is the velocity of the flowing water.




4. Modeling and Numerical Analysis


Three-dimensional CFD delivers the most accurate simulation of all CFD models, but also requires the highest level of computational resources. Jin et al. [58] compared computational outcomes derived from 2D CFD and 3D CFD simulation. The authors found that the experimental results were more approximative when utilizing 3D simulation for Darrieus turbine analysis. In this study, 3D simulation was, therefore, chosen as the most reliable for simulating the flow surrounding the turbines.



4.1. Turbulence Model and Governing Equations


To compute the various forces exerted on the blades, it is necessary to solve the continuity and momentum equations and then compute the momentary forces exerted on the blades to ascertain the net torque and net power produced within the specific water flow conditions in the channel [48]. The selection of the SST (Shear Stress Transport) k-ω turbulence model was based on its prior successful applications in simulating turbine performance. This model is favored for its capability to effectively simulate the free stream regions and the boundary layer. The model incorporates two equations that blend elements from both the k-ω and k-ε models. The SST k-ω model allows the accurate presentation of the flow characteristics near the walls, as well as in the far-wall regions [42,44,59,60,61]. The mass and momentum conservation equations are the fundamental conservation equations that govern the flow within the domain of vertical axis hydrokinetic turbines. The governing equations for incompressible, unsteady, and viscous flow, expressed in indicial (i, j, k) form, are as follows:


    ∂ ρ   ∂ t   +   ∂ ( ρ   u   i   )   ∂   x   i     = 0  



(6)






  ρ   D   u   i     D t   = ρ     ∂   u   i     ∂ t   +   u   j     ∂   u   i     ∂   x   j       = ρ   f   i   −   ∂ P   ∂   x   i     + µ     ∂   2     u   i     ∂   x   j   ∂   x   i      



(7)








4.2. Model Domain and Boundary Conditions


To determine the performance characteristics of hydrokinetic turbines, a 3D domain was created and split into two sections, one stationary and one rotating. The stationary part of the channel consists of the inlet, outlet, sidewalls, and top and bottom surface to represent the availability of water within the channel. The rotating part consists of a turbine operating at the same angular velocity (RPM) as hydrokinetic turbines. The turbine is positioned a third of the distance between the inlet domain and the channel. The open rectangular channel, which accommodated the turbine, had the following dimensions: 225 cm in length, 55 cm in width, and 40 cm in depth. In addition, the literature indicates that the domain of cylindrical rotating should be positioned at a distance of 10R (R is the radius of the turbine) from the inlet of the stationary channel domain, with its dimensions ranging from 2.5R to 6R [59,62,63]. A rotating domain significantly increases the computational capacity. Due to this, the rotating area was assumed to be 10R from the inlet, 20R from the outlet, and 3R in diameter. The model domain area and boundary conditions are shown in Figure 3.



The cylindrical domain was subtracted from the vertical axis hydrokinetic turbine model to generate a rotating zone. The boundary conditions are initially specified within the mesh generator and subsequently applied in ANSYS 2022 R2 Fluent. A collection of restriction values provided at the outer limits of the computational domain are referred to as boundary conditions [64]. In this study, a velocity profile of water at the inlet of a channel was specified in order to simulate the flow condition in open channels. The velocity profile was defined using the formula in Equation (8) and the “USER_DEFINE_PROFILE” method was used to characterize a boundary profile that varies as a function of spatial coordinates or time [65]. A graph of the velocity profile at the inlet is shown in Figure 4. Atmospheric pressure is presumed to exist at the outlet of the channel. At the bottom surface and side walls of a stationary computational sub-domain, the relative velocity of the fluid is considered to be zero and these surfaces are considered solid boundaries. The fluid velocity is completely nullified in the no-slip condition, where the cohesive force between fluid particles is negligible compared to the adhesive force between fluid and solid particles. Consequently, the side walls and bottom surface of the channel were subject to a “no-slip” boundary condition [64]. It was assumed that turbines function at depths sufficiently deep to neglect free surface effects and this allowed for the application of symmetry, reducing the domain size, as noted in a previous study [66]. Table 4 details the location and values of boundary conditions at the channel. Moreover, turbulence intensity and turbulent viscosity ratio remained constant throughout the simulation setup. The turbulence intensity was 5%, while the turbulence viscosity ratio was 10 in the inlet.


    v     v   ∞     =       y   h         1   7      



(8)




where v is flow velocity at ‘y’ depth, v∞ is free stream water velocity, y represents the depth at which velocity is computed, and h is the total channel depth.




4.3. Mesh Generation and Mesh Independency Testing


The mesh generation procedure, also known as grid generation, is a crucial component of CFD simulation. The outcomes of the solution are dependent on the quality of the mesh, specifically its size. In the process of mesh generation using ANSYS 2022 R2 Workbench, CFD was selected as the physics preference and Fluent as the solver preference. The face and body cells in the rotating area are defined as the turbine and rotating part, respectively. The stationary area was also used in the Hexa/prism mesh type with the pave mesh method. The mesh size was set to “fine” and smoothing was set to “medium”. Proximity and curvature were considered in order to calculate mesh size surrounding curved surfaces. The mesh of the turbines and computational domain is given in Figure 5.



In order to determine the type of mesh appropriate for the computations, a mesh-independency test was performed. The mesh independence limit (MIL) was reached when the refined mesh was optimized. To identify the limit of mesh independence, the power coefficient was monitored during the refinement process, following previous studies [37,41,42,48]. In this study, ten different levels of refinement were examined for each turbine. Table 5 lists a summary of the different levels of mesh refinement, including the number of elements, quality aspects, and mesh size. Skewness and orthogonal quality were determined to have a major effect on the power coefficient using regression analysis. The number of elements affects the accuracy of computational results. In addition, the same rotating and stationary mesh size values were chosen for all three turbines. Greater refinement levels increase the computational cost and the required time; consequently, in this study, the boldface denotes levels 5 for Gorlov, 6 for Darrieus, and 3 for Savonius to be suitable for future simulations (Table 5). The selected level 5 has 880,997 elements, featuring an aspect ratio of 1.87, an average skewness of 0.20, and an orthogonal quality of 0.80. The selected level 6 has 888,048 elements, featuring an aspect ratio of 1.85, an average skewness of 0.21, and an orthogonal quality of 0.80. The selected level 3 has 717,770 elements, featuring an aspect ratio of 1.85, an average skewness of 0.20, and an orthogonal quality of 0.80. After completion of appropriate mesh generation, the computational domain was transferred to the Fluent module for further analysis.



As a consequence of boundary motion, the dynamic mesh model in Fluent can be used to model flows in which the geometry of the domain changes over time [67]. In these simulations, it is presumed that the vertical axis water turbine is rotating within the water flow and this rotational motion affects the surrounding meshing. Hence, the dynamic mesh model defines the change in meshing surrounding a rotational turbine. To enhance the definition of the dynamic mesh, a cylindrical region (the rotating part) was isolated from the entire computational domain specifically to encompass the turbine. In this simulation, the rotation is modeled using the Dynamic Mesh 6DOF (Six Degrees of Freedom) method, which simulates turbine rotation based on its moment force. To identify the regions subject to the dynamic mesh, the turbine body’s walls and the distinct area surrounding the turbine are designated as rigid bodies. At the same time, the remaining domain parts are considered stationary. Designating a rotational motion with 1-DOF is necessary to characterize the rigid body motion. Hence, it is assumed that the moment of inertia is 0.1 kg.m2 and the turbine mass is 0.5 kg. The sliding mesh motion technique has a constant rotating velocity; in contrast, a new angular velocity is calculated during each time step of the dynamic mesh. The graph in Figure 6 shows the change in angular velocity value over time when the flow velocity is 2 m/s. In the simulations of this study, all analyses were modeled for 20 s with a time step of 0.01.



The dimensionless distance of the first layer from the wall y+ determines the mesh quality. The boundary layer that flows over the turbine blades describes the flow surrounding the turbine. The first prism layer above the blade surfaces of the turbine wall was considered according to a y+ value of <1. The mass and momentum conservation equations are the fundamental conservation equations that govern the flow within the domain of vertical axis hydrokinetic turbines.



To couple the velocity and pressure equations and enhance precision, it was decided to use the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) method [48,49,68,69]. All simulations used the SIMPLE pressure–velocity coupling method. For the equations representing momentum, turbulent kinetic energy, and specific dissipation rate, second-order upwind schemes were applied and, similarly, second-order discretization was utilized for the equations representing pressure. The software solves the flow-governing equations using the least squares cell-based gradient technique for spatial discretization. In each time step, convergence criteria were established with a threshold of 10−5 for the residuals of all momentum, continuity, and turbulence equations. Details of the numerical modeling parameters are given in Table 6.





5. Results and Discussion


In this study, eighteen simulations were performed for various velocity values ranging from 0.5 to 3 m/s and TSR values ranging from 0.05 to 2.4 for the three different turbine types. The distribution of flow around the turbine is characterized according to the maximum CP and CT values. The flow conditions of water are expressed by pressure, velocity, and turbulence kinetic energy contours around the turbine rotor under different conditions. The turbine’s coefficient of power (CP) and coefficient of torque (CT) were computed by applying Equations (1) and (4), while considering various Tip Speed Ratio (TSR) values. Figure 7 shows the variations of CP and CT produced by the turbines, according to six different velocity values for different TSRs. In Figure 7, it is worth noting that the CP exhibits a gradual increase as the TSR rises, but then gradually decreases as the TSR continues to increase, denoting the TSR range within which the turbine operates most effectively.



The maximum power coefficient among all analyses was achieved by the Darrieus turbine, with a power coefficient of 0.293. This value was reached when the tip speed ratio was 1.34 at 3 m/s water velocity. Saini and Saini [41] presented CP values for different 0.5–2 m/s flow velocities in the Darrieus turbine with 3-blade S-1046. The maximum power coefficient of the Gorlov turbine was 0.267. This value was reached when the tip speed ratio was 1.30 at 0.5 m/s water velocity. During their experimental studies, Cavagnaro and Polagye [70] reached the maximum power coefficient for the Gorlov turbine, corresponding to a TSR value of 1.3. The maximum power coefficient of the Savonius turbine was 0.273. This value was reached when the tip speed ratio was 0.84 at 1.5 m/s water velocity. Similarly, Talukdar et al. [46] obtained the maximum CP value of 0.28, corresponding to a TSR of 0.89. The maximum CT obtained by the turbine was 0.257 at 1.06 TSR for 1 m/s water velocity, 0.419 at 0.60 TSR for 1.5 m/s water velocity, and 0.208 at 1.30 TSR for 0.5 m/s water velocity for Darrieus, Savonius, and Gorlov turbines, respectively. Minimum or negative torque occurs at low TSRs due to the Darrieus and Gorlov turbines’ airfoil blades. At high velocities such as 3 m/s, the Gorlov and Darrieus turbines performed better (Figure 8) with a TSR range of 0.5 to 2.37, compared to the Savonius turbine’s range of 0.5–1.81. Savonius reaches its peak at lower TSR values. As expected, as the flow velocity increases, so does the turbines’ potential power. The Darrieus turbine generated a maximum power of 118.64 watts, where these maximum values were 98.55 and 93.9 watts, respectively, for Savonius and Gorlov turbines (Table 7). To give some perspective, two hours of daily mobile phone use necessitates 29.2 watts of power annually [71].



5.1. Pressure Contours


Figure 9 illustrates the pressure contours of the flow surrounding the Gorlov, Darrieus, and Savonius turbines from left to right, respectively. The lowest pressure occurs on the inner surface of the Gorlov and Darrieus turbine blades and the highest pressure on the outer blades’ surface, which is directly affected by the flow. In the Savonius turbine, maximum pressure occurs on the convex blade, which is directly influenced by the flow, and the minimum pressure occurs along this blade’s inner surface and around other blades. For Gorlov and Darrieus, the minimum pressure at the turbine center increases along the downstream in proportion to the distance away from the turbine, while in Savonius, this change occurs at a shorter distance. As the velocity increases, there is an increase in pressure values on the turbine blades that are in direct contact with the flow, resulting in the formation of pressure contours that decrease with distances on the turbine’s upstream side. On the other hand, on the downstream side, there is an increase in the distance of the minimum pressure effect along the pressure contours.



The pressure variations after 5 cm of turbines downstream are presented in Figure 10. The minimum pressure values around the turbine swept area increase with rising flow velocity, more noticeably in the drag force turbine type, Savonius.



To further examine and compare the results, variations of pressure values were plotted along the water depth for three velocities at the midpoint of the channel’s width and 5 cm downstream from the turbines in the direction of water flow (Figure 11). Here, the formation of higher negative pressure is most evident in the Savonius turbine’s surrounding flow.




5.2. Velocity Contours


Figure 12 shows the plots of velocity contour around the turbines and flow domain for the Gorlov, Darrieus, and Savonius turbines from left to right, respectively. The velocity contour upstream of the turbine represents the inlet boundary conditions. In the vicinity of the turbine, its rotation affected the velocity.



A stagnation point is present where the kinetic energy of the free stream water is converted into potential energy upon encountering the turbine blades. This leads to variations in pressure surrounding the blade surface. The torque generated in the turbine results from the force applied to the blades due to pressure fluctuations [42]. A region of greater velocity was observed at the location of maximum relative motion between the blades and the water. A high-velocity region was observed near the leading edge of the turbine blades on the upstream side of the Gorlov and Darrieus turbine. However, a significant density of velocity vectors accumulates on the curved facet of the blade of the Savonius turbine.



The velocity variations after 5 cm of turbines downstream are presented in Figure 13. For all three types, a decrease in minimum flow velocity values (dark blue color) was observed around the turbine swept area as flow velocity increased.



Variations of velocity values were plotted along the water depth for three velocities at the midpoint of the channel’s width and 5 cm downstream from the turbines in the direction of water flow (Figure 14). At this point, the Savonius turbine was seen to have a higher velocity of the surrounding flow, especially at lower flow velocities.




5.3. Turbulence Kinetic Energy Contours


Figure 15 displays the turbulence kinetic energy contour plots around the turbines and flow domain for the Gorlov, Darrieus, and Savonius turbines from left to right, respectively. A high-turbulence region was observed at the trailing edge of the blades in the Gorlov and Darrieus turbines. Savonius reached the maximum turbulence kinetic energy value at a velocity of 3 m/s, reaching the minimum CP peak value (Figure 8). The maximum turbulence kinetic energy value increases with greater flow velocity in all turbine modeling.



The turbulence kinetic energy variations after 5 cm of turbines downstream are presented in Figure 16.



Variations of turbulence kinetic energy values were plotted along the water depth for three velocities at the midpoint of the channel’s width and 5 cm downstream from the turbines in the direction of water flow (Figure 17). Here, the formation of turbulence kinetic energy in the flow surrounding the Savonius turbine suggests that a significant portion of energy is lost to this flow, providing an explanation for this turbine’s comparatively lower efficiency values.



As seen in Figure 18, Savonius turbine torque generation is initially high; Darrieus shows apparent fluctuations, while Gorlov appears more stable. The Savonius turbine’s self-starting capacity is significantly higher than the other two, especially that of the Darrieus. Self-starting capacity is not available in areas with negative torque on the chart. While the highest torque values were achieved by the Savonius turbine, the highest values in turbine rotation (RPM) were for Darrieus, followed by Gorlov and Savonius, respectively.





6. Conclusions


The present paper numerically investigates the widely used Gorlov, Darrieus, and Savonius vertical axis water turbines. Their performance was evaluated at different flow velocities and the results were used in potential hydrokinetic energy calculations. The numerical analysis was conducted in 3D using the ANSYS Fluent. Using computational fluid dynamics software, Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) was applied with an SST k-ω turbulence model. The three-dimensional dynamic mesh technique was used in an attempt to capture the simulation of turbines rotating with water flow. The visualization of the flow behavior across the turbine involved the analysis and examination of the pressure, velocity, and turbulence kinetic energy contours for different flow velocity conditions. The numerical study led to the following conclusions:




	
The maximum power coefficient value of 0.293 was obtained for the model with a Darrieus turbine corresponding to a water velocity of 3 m/s and a TSR value of 1.34.



	
The Savonius turbine achieved the lowest maximum power of coefficient value at a velocity of 3 m/s.



	
The maximum torque coefficient value obtained from the turbines is 0.419 at 0.60 TSR for 1.5 m/s water velocity, achieved by the Savonius turbine.



	
The Darrieus and Gorlov turbines were found to have a more comprehensive operating range than Savonius.



	
The minimum pressure values around the Savonius turbine swept area increase with higher flow velocities and are observed in the turbine downstream.



	
The Savonius blade exhibited the most effective self-starting capability.



	
It is essential to use the dynamic mesh technique for optimal turbine rotation display in 3D modeling.



	
Simulated flow around the Savonius turbine indicated a relatively higher turbulent flow, resulting in increased energy dissipation downstream.



	
The straight blade (Darrieus) turbine performed better than the helical blade (Gorlov).



	
Hydrokinetic turbines can produce significant energy even in water depths as low as 40 cm and, therefore, have great potential as a renewable energy source.








The numerical results obtained from this current study have the potential to guide future studies aimed at evaluating the effect of sediment transport on vertical axis water turbine blades in river flow. This study is limited to numerical simulations using CFD software and lacks experimental validation and, thus, the accuracy of the results may be affected by the assumptions and simplifications made in the simulations. The research focuses on evaluating the turbine efficiency for specific design parameters and between 0.5 and 3 m/s velocity values in the identical conditions and the results may not apply to different velocities and turbine geometries.
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Figure 1. Hydrokinetic turbines classification (adapted from Khan et al. [43]). 
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Figure 2. Three-dimensional drawings of Gorlov (a), Darrieus (b), and Savonius (c) turbines. 
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Figure 3. Three-dimensional model domain area and boundary conditions. 
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Figure 4. Velocity profile, defined as inlet boundary condition. 
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Figure 5. Rotation turbine and its surrounding mesh in the channel are replaced by (a) Gorlov, (b) Darrieus, and (c) Savonius turbines during the analysis of each turbine. 
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Figure 6. Variation in angular velocity of turbines at flow velocity 2 m/s. 
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Figure 7. Variation of turbines CP and CT with tip speed ratio for six different velocity values. 
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Figure 8. Comparison of turbine CP and CT values for three different velocity values. 
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Figure 9. Top views of pressure distribution from the model domain (Gorlov, Darrieus, and Savonius turbines from left to right, respectively) for various velocities (1 m/s, 2 m/s, and 3 m/s from top to bottom, respectively). 
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Figure 10. Pressure distribution after 5 cm of turbines (Gorlov, Darrieus, and Savonius turbines from left to right, respectively) for various velocities (1 m/s, 2 m/s, and 3 m/s from top to bottom, respectively). 
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Figure 11. Variation of pressure values 5 cm after turbine throughout channel depth. 
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Figure 12. Top views of velocity distribution from the model domain (Gorlov, Darrieus, and Savonius turbines from left to right, respectively) for various velocities (1 m/s, 2 m/s, and 3 m/s from top to bottom, respectively). 






Figure 12. Top views of velocity distribution from the model domain (Gorlov, Darrieus, and Savonius turbines from left to right, respectively) for various velocities (1 m/s, 2 m/s, and 3 m/s from top to bottom, respectively).



[image: Energies 17 01398 g012]







[image: Energies 17 01398 g013] 





Figure 13. Velocity distribution after 5 cm of turbines (Gorlov, Darrieus, and Savonius turbines from left to right, respectively) for various velocities (1 m/s, 2 m/s, and 3 m/s from top to bottom, respectively). 
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Figure 14. Variation of velocity values 5 cm after turbine throughout channel depth. 
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Figure 15. Top views of turbulence kinetic energy distribution from the model domain (Gorlov, Darrieus, and Savonius turbines from left to right, respectively) for various velocities (1 m/s, 2 m/s, and 3 m/s from top to bottom, respectively). 
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Figure 16. Turbulence kinetic energy distribution after 5 cm of turbines (Gorlov, Darrieus, and Savonius turbines from left to right, respectively) for various velocities (1 m/s, 2 m/s, and 3 m/s from top to bottom, respectively). 
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Figure 17. Variation of turbulence kinetic energy values 5 cm after turbine throughout channel depth. 
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Figure 18. Torque fluctuations graphs of turbines for v = 1 m/s velocity. 
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Table 1. The studies conducted by numerous researchers.
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	Authors
	Turbine

Type
	Methodology
	Turbine

Properties
	Flow

Velocity

(m/s)
	Turbulence Model
	Experimental

Technique and

Channel Size
	Max. CP Value Achieved





	Shiono et al. [28]
	Helical

Darrieus
	Experimental
	D = 300, H = 300

c = 62.8, 94.2, 125.7, 157.1
	0.6, 1.0, and 1.4
	-
	Tow tank method

W = 3, Hw = 1.5, L = 30
	≈0.35



	Niblick [29]
	Gorlov
	Experimental
	D = 172, H = 234
	0.8
	-
	Tow tank method

W = 0.757, Hw = 0.47, L = 3
	0.24



	Yang and Shu [30]
	Gorlov
	Experimental and Numerical
	D = 300, H = 400, c = 90
	0.5, 1.0, and 1.5
	SST k-ω
	W = 1.450, Hw = 1.450
	0.416



	Wenlong et al. [31]
	Darrieus
	Numerical
	D = 1220, 1600, and 2000

H = 1000, c = 150
	0.5
	Standard k-ε
	-
	0.1



	Sahim et al. [32]
	Hybrid

Darrieus–Savonius
	Experimental
	Darrieus

D = 300, H = 300, c = 63

Savonius

D = 30, H = 240
	0.61
	-
	Irrigation canal

W = 1, Hw = 0.6
	0.12



	Demircan [33]
	Darrieus
	Numerical
	D = 175, H = 175, c = 32, d = 22
	2.8
	SST k-ω
	-
	≈0.35



	Bachant and Wosnik [34]
	Gorlov
	Experimental
	D = 1000, H = 1320
	0.5–1.5
	-
	Tow tank method

W = 3.66, Hw = 2.44, L = 36.6
	0.35



	Kumar and Saini [35]
	Savonius
	Numerical
	D = 160, H = 253
	0.5–2
	Realizable k-ε
	-
	0.39



	Basumatary et al. [36]
	Savonius
	Numerical
	D = 260, d = 14
	0.3–0.9
	SST k-ω
	-
	0.284



	Saini and Saini [37]
	Hybrid

Darrieus–Savonius
	Numerical
	Darrieus

D = 1500, c = 220

Savonius

D = 300
	0.5–2.5
	Realizable k-ε
	-
	0.34



	Mejia et al. [38]
	Darrieus
	Numerical
	D = 175, H = 175, c = 32, d = 22
	2.8
	SST k-ω
	-
	0.457



	Mosbahi et al. [39]
	Helical Savonius
	Experimental and Numerical
	D = 182, H = 160, d = 10
	0.86
	Realizable k-ε
	İrrigation channel

W = 0.6, Hw = 0.5
	0.125



	Alizadeh et al. [40]
	Savonius
	Numerical
	D = 970, H = 1000
	0.48
	SST Transition
	-
	0.29



	Saini and Saini [41]
	Hybrid

Darrieus–Savonius
	Numerical
	Darrieus

D = 175, H = 160, c = 55

Savonius

H = 160
	0.5–2.0
	RNG k-ε
	-
	0.109



	Kumar and Sarkar [42]
	Helical

Darrieus
	Experimental and Numerical
	D = 200, H = 200
	0.5
	SST k-ω
	Tow tank method

W = 0.6, Hw = 0.7, L = 6
	0.316










 





Table 2. Comparison of axial and crossflow turbines.
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	General Characteristics
	Axial Flow
	Cross Flow





	Efficiency
	High
	Low



	Self-starting capability
	Have
	Depends on rotor type



	Debris control
	Highly effected
	Less effected



	Airfoil requirement
	Yes
	No



	Manufacturing cost
	High
	Low



	Torque produce
	Stable
	Fluctuating



	Depth requirement
	High
	Low



	Rotor shape
	Circular disc
	Cylindrical



	Power transmission
	Complex
	Simple



	Application
	Ocean and tidal currents
	River currents










 





Table 3. Details of geometrical parameters of the turbines used in the study.
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	Parameters
	Gorlov
	Darrieus
	Savonius





	Turbine height, H
	200 mm
	200 mm
	200 mm



	Turbine diameter, D
	150 mm
	150 mm
	150 mm



	Aspect ratio, AR
	1.33
	1.33
	1.33



	Shaft diameter, d
	12 mm
	12 mm
	12 mm



	Solidity, σ
	0.35
	0.32
	-



	Blade number, n
	3
	3
	2



	Length of chord, c
	50 mm
	50 mm
	-



	Airfoil
	S-1046
	S-1046
	-



	Rotor type
	Helical blade
	Straight blade
	Semi-circular



	Overlap ratio,   β  
	-
	-
	0.256



	Blockage ratio, BR
	0.136
	0.136
	0.136



	Blade inclination angle, φ (deg)
	43.7
	-
	-



	Overlap distance
	-
	-
	22 mm



	Blade diameter
	-
	-
	86 mm










 





Table 4. Detail of boundary conditions.
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	Location
	Boundary Condition
	Value





	Inlet
	Velocity
	Velocity profile with UDF



	Outlet
	Pressure
	1 atm



	Bottom and side walls
	No-slip walls
	-



	Top surface
	Symmetry
	-



	Turbine
	No-slip walls
	Variable depending on flow conditions










 





Table 5. Details of the refinement levels for turbine meshing.
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Refinement

Level

	
Number of Elements

	
Number of Nodes

	
Quality Aspects (Average)

	
Mesh Size (mm)

	
CP




	
Skewness

	
Orthogonal Quality

	
Aspect Ratio

	
Rotating Part

	
Stationary Part






	
Gorlov




	
1

	
333,189

	
186,708

	
0.15

	
0.86

	
1.91

	
10

	
20

	
0.054




	
2

	
421,726

	
279,518

	
0.13

	
0.89

	
1.70

	
10

	
15

	
0.079




	
3

	
745,051

	
341,202

	
0.17

	
0.84

	
1.76

	
10

	
15

	
0.118




	
4

	
812,752

	
215,958

	
0.22

	
0.79

	
1.88

	
12

	
20

	
0.204




	
5

	
880,997

	
283,737

	
0.20

	
0.80

	
1.87

	
10

	
20

	
0.199




	
6

	
1,050,528

	
315,311

	
0.21

	
0.80

	
1.86

	
10

	
20

	
0.184




	
7

	
1,259,805

	
350,862

	
0.21

	
0.79

	
1.86

	
10

	
20

	
0.197




	
8

	
1,467,147

	
633,013

	
0.17

	
0.84

	
2.00

	
6

	
15

	
0.177




	
9

	
1,760,138

	
773,086

	
0.17

	
0.84

	
2.09

	
5

	
15

	
0.178




	
10

	
2,207,172

	
1,129,430

	
0.16

	
0.86

	
1.80

	
6

	
10

	
0.177




	
Darrieus




	
1

	
325,272

	
183,411

	
0.15

	
0.86

	
1.92

	
10

	
20

	
0.120




	
2

	
418,465

	
280,809

	
0.12

	
0.89

	
1.69

	
10

	
15

	
0.120




	
3

	
619,392

	
181,633

	
0.23

	
0.79

	
1.89

	
12

	
25

	
0.201




	
4

	
688,167

	
249,604

	
0.19

	
0.81

	
1.88

	
10

	
20

	
0.190




	
5

	
751,805

	
343,636

	
0.17

	
0.84

	
1.76

	
10

	
15

	
0.192




	
6

	
888,048

	
268,220

	
0.21

	
0.80

	
1.85

	
10

	
20

	
0.209




	
7

	
921,690

	
292,002

	
0.21

	
0.80

	
1.87

	
10

	
20

	
0.204




	
8

	
1,101,723

	
574,058

	
0.15

	
0.86

	
2.05

	
6

	
15

	
0.179




	
9

	
1,342,820

	
615,333

	
0.17

	
0.84

	
2.01

	
6

	
15

	
0.211




	
10

	
1,470,951

	
638,738

	
0.17

	
0.84

	
2.00

	
6

	
15

	
0.192




	
Savonius




	
1

	
375,180

	
193,733

	
0.16

	
0.85

	
1.91

	
10

	
20

	
0.157




	
2

	
464,396

	
287,057

	
0.22

	
0.79

	
1.71

	
10

	
25

	
0.252




	
3

	
717,770

	
240,603

	
0.20

	
0.80

	
1.85

	
10

	
20

	
0.269




	
4

	
805,740

	
351,739

	
0.18

	
0.83

	
1.77

	
10

	
15

	
0.268




	
5

	
826,944

	
354,991

	
0.18

	
0.83

	
1.77

	
10

	
15

	
0.268




	
6

	
1,101,456

	
273,390

	
0.22

	
0.78

	
1.87

	
10

	
25

	
0.276




	
7

	
1,156,280

	
332,171

	
0.21

	
0.79

	
1.87

	
10

	
20

	
0.276




	
8

	
1,248,353

	
427,577

	
0.20

	
0.81

	
1.79

	
10

	
15

	
0.276




	
9

	
1,464,115

	
726,120

	
0.15

	
0.86

	
2.14

	
5

	
15

	
0.272




	
10

	
1,765,381

	
690,370

	
0.18

	
0.82

	
1.98

	
6

	
15

	
0.271








Bold font denotes selected mesh configuration for each turbine.













 





Table 6. Details of the numerical modeling parameters.
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	Settings
	Parameter





	Water density
	1000 kg/m3



	Water viscosity
	0.001002 kg/m.s



	Water velocity
	0.5–3 m/s



	Turbulent model
	SST k-ω



	Pressure–velocity coupling
	SIMPLE



	Convergence criteria
	10−5



	Output frequency
	Every time step



	Time step size
	0.01 s










 





Table 7. Maximum power harvested from the turbines under three different flow conditions.






Table 7. Maximum power harvested from the turbines under three different flow conditions.





	
Maximum Power Harvested (Watts)




	

	
v = 1 m/s

	
v = 2 m/s

	
v = 3 m/s






	
Gorlov

	
3.52

	
26.39

	
93.9




	
Darrieus

	
4.33

	
33.78

	
118.64




	
Savonius

	
4.14

	
29.81

	
98.55
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