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Abstract

:

Several different designs and prototypes of ocean current turbines have been tested over recent years. For every design test, emphasis is given to achieving an optimum power output from the flow. In this study, the performance of a Horizontal Axis Ocean Current Turbine (HAOCT) has been investigated using three-dimensional Computational Fluid Dynamics (CFD) simulations for three cases, namely, (1) a turbine without a deflector, (2) a turbine with a deflector, and (3) a turbine with a deflector operating at a higher fluid depth. The turbine design was modeled in DesignModeler software and simulations were carried out in commercial CFD software Flow-3D. The Torque Coefficient (Cm) and Power Coefficient (Cp) for the turbine have been investigated for a certain range of Tip-Speed Ratios (TSRs) in a flow velocity of 0.7 m/s. Furthermore, comparisons have been made to demonstrate the effect of the deflector on the performance of the turbine and the influence of a higher fluid pressure on the same. The results from the simulations indicate that the higher value of Cp was achieved for Case 2 as compared to the other two cases. The findings from the study indicate that the use of the deflector enhances the performance of the turbine. Furthermore, a higher fluid pressure acting on the turbine has a significant effect on its performance.






Keywords:


ocean current turbine; CFD; power coefficient; tip-speed ratio; torque coefficient; deflector; deflector; operating depth












1. Introduction


The continuously growing population and energy demand has encouraged many countries around the world, especially the developing ones, to make compelling efforts for exploring the alternative sources of energy [1,2,3,4]. These efforts also come with a vision to mitigate the effects of climate change due to the growing CO2 emissions from existing non-renewable energy sources [5]. Amongst the different renewable energy sources, ocean energy has some added advantages, such as high energy density, long-lasting reserves, and ease in developing [6]. Due to these advantages, ocean power has been attracting growing interest and is continually witnessing a growing trend in the field of power generation by renewables [7]. Significant research is being carried out to review the potential and sustainability of both on-grid and off-grid renewable hydropower technologies [8,9,10]. Ocean energy is available in different forms, such as ocean thermal, waves, salinity gradient, and ocean currents [11]. Ocean currents are a result of different forces acting on the ocean water including wind, breaking waves, effect of cabbeling, Coriolis effect, and temperature and salinity differences [12]. Apart from being continuously available, energy from marine currents is predictable, reliable, and globally available on all continents. The rapidly occurring climate changes can affect the predictability and the circulating pattern of ocean currents. According to a recent study conducted by Shijian et al. focusing on the changes in ocean current circulations around the world, 76% of the ocean currents circulating as deep as 2000 m have accelerated by 5% per decade since the early 1990s [13]. This acceleration in the ocean currents’ speed highlights the increased potential of the available kinetic energy which can be extracted from the ocean currents. On the other hand, the deployment of tidal current turbines for extracting the energy is gaining popularity as it requires lower cost and has lower visual, as well as ecological, impacts as compared to the tidal barrages. Countries like those of the European Union, China, and Japan have shown the most and continuously growing interest for research in this field [14,15].



Depending upon their axis of rotation, the Ocean Current Turbines (OCT) are broadly classified into two categories—Horizontal Axis Ocean Current Turbines (HAOCTs) and Vertical Axis Ocean Current Turbines (VAOCTs) [16]. The world’s first commercial scale offshore tidal turbine “Seaflow” was a horizontal axis turbine having a rated power of 300 KW and was installed by Marine Current Turbines Ltd. and IT Power near Lynmouth in Devon in the year 2003 [17]. Since then, a number of designs of hydrokinetic turbines have been studied and tested to find out the ideal types of devices depending upon the specific locations. The HAOCTs are the most preferred type due to their higher power efficiency and the higher generation of torque [18,19]. Computational Fluid Dynamics (CFD) has been widely used and proven as an effective tool for accurately predicting the performance of wind and ocean turbines in a number of studies [20,21,22]. The HAOCTs are subdivided into two types—the axial flow turbines and the in-plane axis turbines [23]. The axial flow turbines have a rotational axis parallel to the incoming water flow and mostly operate on the lift force generated on the blades. The in-plane axis turbines on the other hand, have a rotational axis perpendicular to the incoming flow and are mainly driven by the drag force on the surface of the blades [24]. The turbine design investigated in this study is a drag-based in-plane horizontal axis ocean current turbine. It is designed as a low head hydrokinetic turbine for harnessing energy from currents, having velocities as low as 0.5 m/s to above 4.4 m/s [25]. The conceptual sketch of the turbine blade is shown in Figure 1. The turbine is mainly driven by the drag force on the concave side of the turbine blade exposed to the flow. As the flow hits the concave side of the advancing blade, a pressure differential is created across the surface of the scoop, which results in a drag force that makes the rotor spin. Its aerodynamical design is very simple to build, which reduces its cost drastically compared to the aerofoil blade designs of the other vertical axis and horizontal axis turbines.



A number of studies have been carried out for the drag type of ocean turbines where the use of a deflector or shielding plates have contributed to overall performance enhancement of the turbine. Golecha et al. conducted a study on a Savonius rotor with and without a deflector plate. The study concluded that the turbine with a deflector increased the power coefficient by 50% more than that achieved by a turbine without a deflector [26]. Sahim et al. studied the performance of Darrieus and a hybrid of Darrieus and Savonius turbines with and without a deflector. The results obtained from the study show that the presence of a deflector increased the torque coefficient up to 30% for the solo Darrieus turbine and 41% for the hybrid turbine [27]. The application of deflecting bottom fins for the paddle wheels of a hydropower system studied by Akinyemi and Liu [28] increased the power generation capacity for the system by more than 200% and up to 300% in some other cases of stream water wheels [29]. A numerical investigation conducted by Hemida et al. for the hydrokinetic Savonius rotor demonstrated that the use of two shielding plates upstream of the turbine at an optimum angle increased the Cp of the turbine by 80% in comparison with the turbine without any shielding plates [30]. The common feature which can be noted from these studies is the decrease in negative torque values on the returning blades, thus achieving a higher ratio of pressure differential created between the approaching and returning blade, leading to the increase in overall torque value and hence the power coefficient.



As the present study investigates a new concept of turbine blade, which has not been studied to much extent yet and majorly operates on the drag mechanism, the use of a deflector and its effect on the performance on this new design has been considered. A similar enhancement of performance due to the presence of a deflector plate as observed in other studies mentioned above can be hypothesized, however, the extent or degree of enhancement is a key question for the investigation. The installation depth of the hydrokinetic turbine is another factor which is considered to be very important when it comes to the deployment of OCT. Studies indicate the lower depth of immersion accounts for a higher value of power coefficient. Kolekar and Banerjee [31] carried out a study on the performance of a HAOCT for different depths of immersion in an open surface water channel. The turbine showed improved performance when it was elevated upwards from the channel bed and the trend continued till the blade-tip clearance from the free surface was at a distance of 0.5 times the radius of the turbine. Unlike the traditional hydropower systems which utilize dams and tidal barrages for energy conversion, the ocean current turbines work on a similar principle as the wind turbines, but completely submerged underwater. They generate power from the kinetic energy of moving water and the power available is a function of the velocity of the current cubed. The fact that the greater depth results in lesser efficiencies can be due to the decrement in the flow velocity and an increasing fluid pressure at high depths near the channel bed [32]. However, the studies on OCT considering the depth of deployment are very scarce and most of the three-dimensional or two-dimensional simulation studies generally consider a uniform pressure across the depth of the flow. The variations in the turbine performance for those specific designs at different depths is therefore not taken into account. For the current study, the bare turbine performance, the effect of a deflector, and the influence of the operating depth is therefore studied separately.



In the present study, the turbine design has been investigated for three different cases, as shown in Figure 2, and then comparisons have been made to exhibit the differences in the measured parameters. In the first case, the turbine has been analyzed without any deflectors, and for the second case, a deflector has been added to counter the negative torque on the returning blade. For the first two cases, the turbine is located in the vertical center of the computational domain. For the third case, the turbine with the deflector has been located at the base of the computational domain for studying the influence of a higher fluid pressure and proximity of the channel bed on the performance of the turbine. The initial study was carried out to determine the appropriate profile for the deflector plate. The flat profile for the deflector was chosen after measuring and comparing the torque values for both the curved and flat profiles at different angles for a specific Tip-Speed Ratio (TSR). Results for the same have been reported in Section 4. The numerical simulations have been carried out for a range of TSR, which vary from 0.6 to 1.8 at a flow velocity of 0.7 m/s. The computational fluid dynamics software Flow-3D has been used to run the numerical simulations and the turbine has been modeled in DesignModeler software. The standard k-epsilon (k-ε) turbulence model has been chosen for solving the Reynolds-Averaged Navier–Stokes equations (RANS) for the flow.




2. Theory and Governing Equations


2.1. CFD Model Description


The Finite Volume/Finite Differences Method (FVM/FDM) has been used to solve the governing Reynolds-Averaged Navier–Stokes equations (RANS) in a flow region which is subdivided into cartesian structured grid cells. The average values of every dependent variable are correlated with each cell. Every variable is located at the center of the cells except for velocity, which is located at the cell faces. The CFD software Flow-3D used for the current study employs the Volume of Fluid (VOF) method to solve the equations of motion in a turbulent flow. Flow-3D uses the Generalized Minimum Residual Method (GMRES) as the pressure–velocity solver. In this method, the pressure and velocity variables are coupled together implicitly through time-advanced pressures and time-advanced velocities in the momentum and continuity equations, respectively. This process of semi-implicitly formulating the finite-difference equations allows for an efficient solution in case of incompressible flow problems [33].



In Flow-3D, the equations to be solved are written in terms of cartesian co-ordinates x, y, and z representing the radial, azimuthal, and axial directions, respectively. The VOF method is based on a Eulerian fixed grid technique and was primarily introduced in 1981 by C.W. Hirt and B.D. Nichols [34]. It uses a fluid fraction scalar function ‘C’, which is defined as an integral of the characteristic function of the fluid volume in a computational grid cell. The value of the function ‘C’ always deviates between 0 to 1. As shown in Figure 3, when the mesh cell is empty with no fluid, the value of the C is 0, and is 1 when the fluid completely occupies the cell. It exhibits a discontinuous function 0 < C < 1 when there is some fluid interface in the cell but does not completely occupy the cell.



The governing equations for the three-dimensional incompressible flow analysis in Flow-3D are given as:


  C   ∂ ρ   ∂ t   +  ∂  ∂ x    (  u  A x   )  +  ∂  ∂ y    (  v  A y   )  +  ∂  ∂ z    (  w  A z   )  =    R  s o r    ρ   



(1)




where (u, v, w) are velocity components in the co-ordinate directions of (x, y, z); (Ax, Ay, Az) are the fractional areas in the given directions; density is given by ρ, and Rsor is a source term for density.


    ∂ u   ∂ t   +  1 C   (  u  A x    ∂ u   ∂ x   + v  A y    ∂ u   ∂ y   + w  A z    ∂ u   ∂ z    )  = −  1 ρ    ∂ p   ∂ x   +  G x  +  f x   



(2)






    ∂ v   ∂ t   +  1 C   (  u  A x    ∂ v   ∂ x   + v  A y    ∂ v   ∂ y   + w A   ∂ v   ∂ z    )  = −  1 ρ    ∂ p   ∂ y   +  G y  +  f y   



(3)






    ∂ w   ∂ t   +  1 C   (  u  A x    ∂ w   ∂ x   + v A   ∂ w   ∂ y   + w A   ∂ w   ∂ z    )  = −  1 ρ    ∂ p   ∂ z   +  G z  +  f z   



(4)




where (Gx, Gy, Gz) represent the body accelerations in directions (x, y, z) and (fx, fy, fz) represent the viscous accelerations in co-ordinate directions (x, y, z) [33].




2.2. Standard k-ε Turbulence Model


The standard k-ε turbulence model with a no-slip wall shear boundary condition was used for the numerical simulations as it is preferred for high Reynolds number applications where the Reynolds shear stresses are important, such as in the case of this study, and as it has been widely used for similar studies [35]. A number of studies on the wind and ocean turbines have demonstrated acceptable agreement for the numerical results using a standard k-ε model with the experimental results. Sarma et al. [36] performed a numerical analysis on the Savonius hydrokinetic rotor using the k-ε turbulence model and validated it with the experimental results. The Cp value obtained was 0.39 from the experimental analysis and 0.402 from the numerical analysis showing an acceptable deviation of 1.03% between both the results. A study carried out by Doherty et al. [37] on a horizontal axis tidal turbine exhibited good agreement between the experimental and numerical values where the difference between the results was less than 2%. Similarly, some other studies have also achieved agreeable numerical results in comparison with the experimental values, thus showing the reliability of the standard k-ε model [38,39,40]. This turbulence model is also known as the two equation model as it uses two transport equations, namely, the equation for turbulent kinetic energy ‘k’, which determines the energy in the turbulence, and rate of dissipation of turbulence energy ‘ε’, which determines the scale of turbulence to solve the Reynolds stress tensor in the Reynolds-Averaged Navier–Stokes equations [41,42]. The equations used by the model have been explained below [43].



Turbulent kinetic energy (k):


   ∂  ∂ t    (  ρ k  )  +  ∂  ∂  x i     (  ρ k  u i   )  =  ∂  ∂  x j     [   (  μ +    μ t     σ k     )    ∂ k   ∂  x j     ]  +  P k  +  P b  − ρ ε −  Y M  +  S k   



(5)







Dissipation rate (ε):


   ∂  ∂ t    (  ρ ε  )  +  ∂  ∂  x i     (  ρ ε  u i   )  =  ∂  ∂  x j     [   (  μ +    μ t     σ ε     )    ∂ ε   ∂  x j     ]  +  C  1 ε    ε k   (   P k  +  C  3 ε    P b   )  −  C  2 ε   ρ    ε 2   k  +  S ε   



(6)







In the above two equations, Pk is the term for production of turbulent kinetic energy due to the gradient of mean velocity, Pb represents the turbulent kinetic energy due to the effect of buoyancy, YM is the contribution of fluctuating dilatation to the overall dissipation rate, xi is the co-ordinate in ith direction, µ is the dynamic viscosity, µt is turbulent dynamic viscosity, σk and σε represent the turbulent Prandtl numbers for k and ε, respectively, having a value of 1.39, terms C1ԑ, C2ԑ, and C3ԑ are the model constants. The turbulent viscosity (µt) is calculated using the equation:


   μ t  = ρ  C μ     k 2   ε   



(7)




where    C μ    is a constant, having value of 0.09, which has been data fitted by numerous iterations for a wide range of turbulent flows according to [44].




2.3. Performance Equations


The power available for extraction for an OCT is given by the equation:


   P  a v a i l   =  1 2  × ρ × A ×  v 3  .  



(8)







The hydrodynamic performance characteristics studied in the present paper have been explained below:



Tip-speed ratio: It is a ratio of the speed of the tip of the blade to the incoming flow velocity and is represented as ‘λ’.


  λ =   ω × r  v   



(9)







Torque coefficient: It is the ratio of the total torque on the turbine to the total torque available in the flow and is represented as ‘Cm’.


   C m  =  Q  0.5 × ρ ×  A s  ×  v 2  × r    



(10)







Power coefficient: It is the ratio of the power extracted by the turbine to the total available power in the flow and is represented as ‘Cp’.


   C p  =     Q × ω   0.5 × ρ ×  A s  ×  v 3     



(11)







The power coefficient can also be determined using the equation:


   C p  =  C m  × λ  



(12)







In the above equations, ‘ω’ is the angular speed of turbine blades, ‘r’ is the turbine radius, ‘v’ is the flow velocity, ‘Q’ is the torque on the turbine blades, ‘ρ’ is the fluid density, and ‘As’ is the swept area of the turbine, which is taken as 0.665 (width times the diameter of the turbine).





3. Numerical Simulations Setup


3.1. Geometry Modelling and Computational Setup


The geometry of the turbine was created using DesignModeler software and then exported to Flow-3D for the numerical simulations. The turbine model investigated in the study was a horizontal axis three-bladed turbine having a diameter of 0.95 m. Figure 4 and Figure 5 show the dimensions of the turbine used for designing. The curved and flat deflector profiles and their dimensions compared have also been described. The inner and outer arc of each blade has a radius of 0.17 and 0.34 m, respectively. The smaller drum-like rotor connecting the three blades has a diameter of 0.35 m. The deflector in the front of the rotating blades has a thickness of 0.15 m. The angle of the deflector from the horizontal was determined to be 25° after comparing the torque values obtained at different angles at a fixed value of TSR. The width of the turbine blade is taken as 0.7 m. The turbine also has end plates of diameter 1.2 m and thickness 0.1 m, which act as a stationary supporting structure, but have been neglected for the present study considering the structure complexity and economy of computation time, and hence will be considered for future study. The modeled geometry was then converted to Stereolithography (STL) format and imported into Flow-3D. A rectangular computational domain has been used for the study. As shown in Figure 6, the inlet boundary is at a distance of 3.5D (D—diameter of turbine) upstream of the turbine so that a steady velocity state can develop at the location of the turbine and the outlet is at a distance of 4.5D downstream of the turbine. The side boundaries have been set to symmetry and are at a distance of 0.5 m on either side of the turbine. The bottom and the top boundaries are at a distance of 2D from the turbine center. The top boundary is set as specified pressure and the bottom boundary as wall in order for the hydrostatic pressure to build depending upon the depth of computational domain.



For the second and third cases, which involve the use of deflector, the deflector vane was specified as a solid stationary body. The turbine blades were set as a rotating body with a prescribed angular velocity required to assess the performance of the turbine at the required tip-speed ratio. The setup of Flow-3D accommodates the allocation of history probes at any required point in the domain, which records the output data at those selected points. In this case, three history probes—one just at the entrance point of the flow towards the turbine blades, the second at a distance of 2D downstream, and the third at a distance of 4D downstream—were specified as shown in the side view for Figure 6 to record the flow data at those respective points.



In Figure 6, the computational domain setup for Case 1 is not included as it has a similar arrangement as that for Case 2, the only difference being the absence of a deflector. Water was loaded as fluid and a fluid region was assigned in the entire computational domain. The standard k-ε turbulence model with no-slip as the wall shear boundary conditions was selected in the viscosity and turbulence section. Fluid pressure was activated in the fluid initial conditions and second order momentum advection was implemented for the simulations. The one fluid option with no sharp interface was selected from the general settings tab as the current study involves only one fluid and hence the free surface tracking algorithm was turned off. After implementing this setting, all open space in the mesh was filled by the selected single fluid at all times.




3.2. Meshing and Sensitivity Analysis


Flow-3D employs an orthogonal structured grid meshing method in terms of both the Cartesian and cylindrical co-ordinate systems. This allows the geometry and the mesh to be defined independently, meaning that the geometry can be modified without redefining the mesh. This makes the mesh generation simpler and faster as compared to the mesh generation for body fitted co-ordinates. The accuracy of the mesh in Flow-3D can be determined by using an in-built algorithm FAVOR (Fractional Area/Volume Obstacle Representation), which visualizes the geometry that will be interpreted by the solver for the simulation. The level of refinement required depends upon the FAVOR results, which can be reviewed before initiating the simulation. Upon achieving the desired accuracy in the FAVOR for a corresponding mesh cell size, the same mesh cell size can be adopted for the simulations. However, a smaller mesh size can be used to check if the further decrease in mesh size is leading to any considerable deviation in results or if the results are stable in comparison with the selected mesh cell size. A finer size of mesh helps the solver interpret the sharp curves in the geometry with better accuracy, but on the contrary, makes the solution tedious. However, different mesh planes can be added near the important sections in the computational domain and make the mesh finer, specifically for those regions to capture the near wall surface effects and balance the accuracy–time constraint ratio.



For this study, two non-conforming mesh blocks were used for meshing the computational domain with structured grids. Two different mesh blocks were used—the bigger mesh block with the outer boundaries of the computational domain and the smaller mesh block around the geometry for accurately capturing the forces on the turbine. The mesh sensitivity analysis was done by measuring the values of torque coefficient for different sizes of mesh cells. The mesh cell size was decreased for each analysis until a stable value was observed for any further reduction in the mesh cell size. The torque coefficient values for eight different levels of refinement are shown in Figure 7. The number of mesh cells corresponding to each refinement level is shown in Table 1.



The torque coefficient displays a stable value from the Refinement level 5 and hence the corresponding number of mesh cells, i.e., 9,878,000, were used for the study. The mesh cell size of 8 mm for the smaller mesh block enclosing the turbine geometry and 20 mm for the bigger mesh block was adopted to achieve the economy in computation time and was based on the FAVOR results obtained. Figure 8 shows the different results generated by the FAVOR algorithms based on the quality of mesh. The image on the left shows the geometry interpreted by the solver for Refinement level 1, while the image on the right shows the geometry interpreted for Refinement level 5. It is clear that a higher refinement level helps interpret the sharp curves and edges of the geometry. The turbulence models in Flow-3D use the logarithmic wall function for the cells intersecting a surface. It assumes the center of the cells is within the turbulent region of the logarithmic velocity profile. A y+ value of less than 300 is appropriate when a wall function is applied in the turbulence model [44]. The y+ values refer to the dimensionless distance between the wall to the first cell height. The wall function approach used in the current study requires this dimensionless distance to be greater than or equal to 30 [45] and hence a y+ value of 30 has been maintained in the present study.





4. Results and Discussion


4.1. Angle and Shape of Deflector


The use of a deflector for drag type turbines has shown considerable positive results as compared to bare turbines. The use of a deflector plate not only deflects the mass flux towards the approaching blade but also shields the returning blade, thus reducing the negative torque imposed by the flow on the returning blade. The flat deflector was selected for the turbine over the curved one after measuring the torque coefficients obtained for both the profiles. Initially, it was necessary to identify the optimum angle, which can generate the highest value of Cm for both the profiles. The angles were measured starting from 21° for both the profiles as at this value of angle the returning blade is almost shielded from the flow. The values of the angle were further increased by an interval of two degrees for each simulation until it reached 33°. From the torque coefficient values measured, it was observed that for every angle tested, the flat deflector profile gives a higher torque coefficient value than the corresponding value for the curved one. The flow streamlines when the advancing blade surface is completely exposed to the flow with both the flat and curved deflectors, as shown in Figure 9. The streamlines over the curved deflector seem to follow a slight vertically upward direction due to the curved profile of the deflector as compared to the streamlines over the flat deflector, which directs the flow into the exposed surface of the blade. It also explains why the flat profile gives a higher Cm as compared to the curved one and the reason why most of the studies considering the use of deflector for drag-based turbines have opted for flat deflector profiles over any other shape [46,47,48].



The values of Cm at all the deflector angles were measured for the same TSR value of 0.8, meaning at a fixed angular velocity, calculated using Equation (9), of the turbine and an inflow velocity of 0.7 m/s. Hence, based on the tangential velocity of the blade and the absolute inflow velocity, the velocity triangle analysis as shown in Figure 10 was implemented to obtain the relative flow velocity at the tip of the blade (Vr), the angle of the relative flow velocity (θ), and the angle made between the blade tip inclination and the relative flow velocity (β) for flow over both the flat and curved deflector. Relative velocity refers to the velocity of the incoming flow with respect to the turbine blade motion through which it flows. These parameters are important to determine the optimum configuration of the blade and deflector with respect to the incoming flow for subsequently minimizing the impact power losses on the turbine blades and increasing efficiency.



As shown in the Figure 10, the angle β was calculated at the blade tip section and the blade azimuthal position for this calculation was taken as 325°, as the turbine experiences high torque at this azimuthal angle. The absolute inflow velocity angle (α) is a very critical component for this calculation and needs to be specified with respect to the inclination of the flow approaching the blade tip. This angle was the same as the angle of the deflector for the flat deflector case, however, in the case of the curved deflector, the deflector curve surface follows a higher inclination towards the outflow edge. Hence, for the curved deflector, this angle was measured as the inclination of the tangent at the outflow edge of the deflector as shown in Figure 10 and is termed as ‘α’’. The different variables measured using the velocity triangle analysis for both the flat and curved deflector cases are given in Table 2.



In both the cases, the relative velocity increases with the increasing deflector angle. Although, for both the profiles, the highest value of Cm was measured at the deflector angle of 25°. For the flat deflector, the relative velocity at this angle was 0.304 m/s, while for the curved deflector inclined at 25°, the absolute inflow velocity angle was determined to be 37.32° and the relative velocity was 0.445 m/s. The highest achieved value of Cm for the curved deflector was 0.209 and for the flat deflector the highest value of Cm was 0.23. Another important observation, which can be derived from the analysis, is the optimum angle β that should be maintained between the blade tip inclination and the direction of relative flow velocity to minimize the impact power losses on the turbine blade. This optimum angle β for the curved and flat deflector was calculated to be 70.42° and 56.88°, respectively. These values were chosen as optimum as they corresponded to the maximum value of Cm obtained, thus indicating this flow orientation better matches with the blade profile. As the flat deflector gives the highest Cm value of the two profiles tested as shown in Figure 11, the same with an angle of 25° at the upstream of the turbine has been used in this study.




4.2. Measurements of Torque and Power Coefficients


The values for the torque and power coefficients have been calculated using the performance equations. The torque coefficients were obtained using Equation (10) for all the three cases and are shown in Figure 12. For Case 1, where the turbine was simulated without a deflector, the highest value of Cm achieved was 0.2 at a TSR of 0.8. Case 2 and 3 arrangements, where the turbine was provided with a deflector at different depths in the computational domain, reached a peak Cm of 0.237 and 0.19 at TSR values of 0.8 and 1.2, respectively. From the obtained results, it is clear that the turbine arrangement in the second case achieved the greater value of Cm at all the tip-speed ratios. The peak value of Cm for Case 2 was 18% and 24% higher than that achieved for Case 1 and 3, respectively. Another notable observation from this graph is that even though the peak value for turbine in Case 1 (0.2) was higher than Case 3 (0.19), a constantly higher stable value can be seen for the turbine with a deflector for most values of TSR.



The torque coefficient values obtained at the different azimuthal angles for the turbine in all the three cases are presented in Figure 13. These values were recorded when the flow velocity achieved a steady state. The turbine without a deflector in Case 1 experiences a negative torque in two ranges of operation: 120°–140° and 300°–320°. The value of negative torque reaches up to -0.04 at a 130° azimuthal angle and -0.03 at 310°. The occurrence of the negative torque values along some azimuthal angles is a common phenomenon, which depends upon the position of the blade at those respective angles, as well as differing for each type of turbine, and is also influenced by the number of blades. The angle of attack of the flow towards the azimuthal angle of the turbine also contributes to the positive or negative torque generation [49]. Examples of similar results, where the turbine experiences negative torque at some of the azimuthal angles, can be seen in [50,51,52] and many other studies. The higher values can be observed at 60°, 180°, 325°, and 360°.



Similarly, for Cases 2 and 3, the lowest values were observed for the same operation ranges as that for Case 1, but no negative torque was measured for these cases, thus exemplifying the advantages of the deflector to eliminate it. Higher values for Case 2 were measured at the angle of 20°, 325°, and 360°, while for Case 3, the peak values were obtained at 40°, 220°, and 360°.



The torques extracted in all the three cases at different rotating speeds expressed in Revolutions Per Minute (RPM) of the turbine are shown in Figure 14. The turbine without a deflector in Case 1 extracted the highest torque of 15.47 Nm at a rotating speed of 11.2 RPM. For Cases 2 and 3, the maximum extracted torques were 18.34 and 14.78 Nm at rotating speeds of 11.2 and 16.9 RPM, respectively. As the rotating speeds were further increased depending upon the tip-speed ratios, a decrease in the value of extracted torque can be observed from the graph, hence defining the optimum rotating speed of the different turbine arrangements for the given velocity.



The power coefficients achieved by the turbine for all the 3 cases are shown in Figure 15. These values were calculated using Equations (11) and (12). The first comparison can be made between Cases 1 and 2, where the turbine is operating at the same position along the vertical axis and the only modification being the use of a deflector for the second case. The maximum value of Cp obtained for Case 1 was 0.195 at a TSR value of 1. For Case 2, the turbine achieved a highest Cp value of 0.28 at a TSR of 1.2. From the equations used to calculate Cp, it is apparent that the efficiency of the turbine is directly dependent upon the torque coefficient values and hence the torque acting on the turbine. In Case 2, the deflector plate is acting as an obstacle to the flow and shielding the returning blade, thus preventing the generation of negative torque. This elimination of negative torque due to the use of a deflector is evident from Figure 13, which shows the torque coefficient over the entire azimuthal rotation of the turbine. In addition to covering the returning blade, the inclined profile of the deflector plate diverts the flow towards the exposed face of the advancing blade, thus increasing the mass flux approaching the turbine. Although the peak values for both the cases came at different TSRs, it clearly demonstrates the fact that a deflector provided in front of the turbine helps to achieve a higher value of Cp than that achieved for the bare turbine without a deflector.



Similarly, comparison can also be made between Cases 2 and 3 where the same arrangement of a turbine with a deflector operates at two different values of depth and pressure. Here, the value of the pressure at the respective operating location of the turbine is directly proportional to the depth of the operating location and increases with the depth. In Case 2, the turbine was located at a distance of 2D from the top boundary of the computational domain and the pressure at the location of the turbine was 1.813e+004 pascals. For Case 3, the location of the turbine is at a greater depth, which is 4D from the top boundary and hence a higher pressure acts on the turbine. The value of the pressure layer at the location of the turbine for Case 3 is 2.720e+004 pascals. As mentioned earlier, the maximum value of Cp for Case 2 is 0.28, while the turbine in Case 3 reached a crest Cp value of 0.23 at the same TSR of 1.2. The lower values of both Cp and Cm when the turbine is operating under higher hydrostatic pressure supports the fact that the maximum efficiency by an ocean current turbine is achieved when it is deployed at a lower depth from the free surface of the channel. On the other hand, the efficiency value deteriorates when the turbine is located at close proximity from the channel bed and is under a high hydrostatic pressure. A similar trend in results has been reported in some other studies focusing on the free surface effects and depth of deployment for the OCTs [53,54,55,56].




4.3. Hypothesis Testing


The torque and power coefficient data obtained from the simulations were subjected to hypothesis testing using statistical analysis. The paired t-test was adopted for the analysis. This statistical tool compares two sets of data to identify the differences within the data sets and determines the significant changes based on the null and alternative hypothesis. The conclusion for the paired t-test depends upon the obtained p-value after comparing the data sets. Generally, a 95% level of significance is considered for the paired t-test. The 95% level of significance indicates that if the achieved p-value is greater than 0.05 (5%), then in that case the null hypothesis is said to be true. However, if the p-value is smaller than 0.05, the alternative hypothesis is true. The closer the p-value is to zero, the stronger is the probability of the alternative hypothesis being true [57,58].



Four different cases, as shown in Table 3, were compared with each case comparing two data sets.



For each of the cases compared, the null hypothesis that there is no significant difference in the measured values was adopted. The alternative hypothesis indicated that both the data sets being compared differed significantly from each other. From the results of hypothesis testing, the p-values, mean, and standard deviation achieved for each of the data sets, and for the different comparisons of Cp and Cm, have been shown in Table 4, Table 5, Table 6 and Table 7.



The results achieved from the paired t-test for every compared case gave a p-value < 0.001. As this value was way below 0.05, the alternative hypothesis stating that each of the data sets compared differ significantly from each other can be said to be true. The distribution of differences for every case compared is shown in Figure 16. Furthermore, the location of mean value for each case can be observed.



From the statistical analysis, it is clear that for the Case A comparison, the turbine with a deflector achieves a maximum Cp value, which is 43% higher as compared to the maximum value of Cp for the turbine without a deflector in similar operating conditions. From the Case B comparisons, where the Cp values are compared for turbines operating at different depths, the turbine for Case 2 attains a Cp maximum value, which is 21% higher than that achieved for the turbine in Case 3. The difference in the peak values achieved for each of the cases, in which the value for Case 2 is the higher one, illustrates the influence of a greater pressure magnitude hampering the performance of the turbine. However, even at a greater fluid pressure, the Cp value measured for Case 3 was higher than that obtained for Case 1, which very well explains the advantage of deflector and its need to overcome the negative torque in drag types of hydrokinetic devices. A similar trend can be seen in terms of the torque coefficient for the comparisons made in Case C and Case D, where the turbine with a deflector at a lower operating depth (Case 2) gives better performance by 18% and 24% in each comparison, respectively.





5. Practical Applications


Most of the conventional hydrokinetic turbines are designed for locations having flow velocities greater than 1.2–1.5 m/s and for high ocean depths [59]. These limitations restrict their deployment for regions having shallow depths and low flow velocities. The studied design of the in-plane HAOCT can prove useful for such sites where the flow velocity is not feasible for deployment of the conventional designs and where the depth of the water channel is limited. In such a case, a number of rotors can be stacked side-by-side over a large distance across a channel flow to harness the kinetic energy. On the other hand, as mentioned earlier in Section 1, many optimization studies considering the use of a deflector, with some considering multiple deflectors, have been carried out for drag types of turbines. These studies, however, do not provide the overall turbine structure idea which can be practically installed in the water channels. For real applications, a design with structural equilibrium needs to be considered, rather than focusing on the sole purpose of achieving high efficiency, by proposing an unrealistic arrangement of deflectors. By taking into account the discussed design aspects for the current turbine design, a structural arrangement can be proposed where the rotor with the rotating blades and the deflector is connected to the end plates as shown in Figure 17.



These end plates can act as a stationary support structure, along with the deflector resting on the bed if the turbine is located at the channel bed for shallow water applications in the case of flat channel beds. For uneven channel beds, a foundation structure can be designed with the turbine structure attached to it by bolting, or any other suitable means. However, for deep water applications, a tethered system for a floating structure can be considered. From the overall analysis presented in this study, it can be stated that in order achieve the maximum performance, the turbine arrangement with a deflector oriented at 25° at the upstream of the blades operating at a TSR of 1.2 can harness power at an efficiency of 23% to 28%, depending upon the depth of operation, and in a flow velocity as low as 0.7 m/s.




6. Conclusions


The performance of a horizontal axis ocean current turbine was studied using three-dimensional numerical simulations, and comparisons were made for three different cases of operation. The achieved results exhibit that the Case 2 arrangement, where the turbine with a deflector was located at the center of the computational domain, achieved higher power and torque coefficients (0.28 and 0.237) in comparison to the turbine without a deflector (0.195 and 0.195) and the turbine with a deflector at a higher depth (0.23 and 0.191). The torque coefficients at different azimuthal angles along the 360° rotation of the turbine were measured, and a distinguishable outcome from the results can be observed for the turbine without a deflector where a negative torque was induced for two different operating ranges (120°–140° and 300°–320°). There were no negative values when the turbine was simulated with a deflector for the other two cases, which highlights the enhancement of turbine performance due to the use of a deflector. From the context of operating depth, it can be concluded that the given turbine demonstrates better performance when it is operating under low hydrostatic pressure conditions. On the contrary, the efficiency of the turbine was seen to deteriorate when it was operating under comparatively higher hydrostatic pressure and in close proximity to the tank bed. For shallow waters, however, the turbine with a deflector and stationary end plates can also be installed on the seabed. The values of power coefficients can be said to be very much acceptable given the low flow velocity of 0.7 m/s in which the turbine was simulated.




7. Future Work


The future work will consider varying the radius of the inner and outer arcs of the turbine blade and determining the optimum radius values which can generate the maximum torque. The concept of velocity triangle will be used for determining the optimum deflector angle in future modifications of the design using flow-driven simulations on the turbine. The present study only considered the blade and deflector, and hence future work will include the end plates at the either end of the blade. From a number of studies, the use of end plates has shown considerable improvement in the performance of Savonius turbine design, and as the current design operates on a similar drag mechanism, an increase in efficiency of the device with the integration of end plates can be expected. Likewise, the optimum aspect ratio for the turbine, which is the ratio of the width to the diameter of the turbine, will be investigated. The parameter of aspect ratio can be useful for commercial manufacturing of large-scale devices for practical applications.
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Figure 1. Turbine blade concept. 






Figure 1. Turbine blade concept.
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Figure 2. (a) Turbine arrangement for Case 1; (b) turbine arrangement for Case 2; (c) turbine arrangement for Case 3. 
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Figure 3. Fluid volume fraction representation. 
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Figure 4. Modeled geometry 2D sketch. 
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Figure 5. Modeled geometry isometric view. 
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Figure 6. (a) Computational domain for Case 2; (b) computational domain for Case 3. 
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Figure 7. Torque coefficient vs. mesh refinement levels. 
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Figure 8. (a) Geometry interpreted for Refinement level 1; (b) geometry interpreted for Refinement level 5. 
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Figure 9. (a) Flow streamlines for a flat deflector; (b) flow streamlines for a curved deflector. 
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Figure 10. Velocity triangle for the turbine blade. 
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Figure 11. Angle of deflector vs. torque coefficient. 
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Figure 12. Tip-speed ratio vs. torque coefficient. 
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Figure 13. Azimuthal angle vs. torque coefficient. 
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Figure 14. Rotating speed vs. torque. 
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Figure 15. Tip-speed ratio vs. power coefficient. 
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Figure 16. Distribution of differences: (a) for Case A; (b) for Case B; (c) for Case C; (d) for Case D. 
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Figure 17. Turbine structural arrangement. 
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Table 1. Number of mesh cells for different refinement levels.
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Refinement Level

	
No. of Mesh Cells

	
Mesh Cell Size (mm)




	
Bigger Mesh Block

	
Smaller Mesh Block






	
1

	
1,009,400

	
40

	
20




	
2

	
1,663424

	
34

	
17




	
3

	
3,120,932

	
28

	
13




	
4

	
5,958,240

	
23

	
10




	
5

	
9,878,000

	
20

	
8




	
6

	
18,671,088

	
17

	
6




	
7

	
46,699,438

	
14

	
4




	
8

	
257,178,582

	
12

	
2
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Table 2. Velocity triangle components.






Table 2. Velocity triangle components.





	
Flat Deflector

	
Curved Deflector




	
α°

	
θ°

	
Vr (m/s)

	
β°

	
α′°

	
θ°

	
Vr (m/s)

	
β°






	
21

	
69.59

	
0.266

	
50.56

	
33.29

	
86.98

	
0.380

	
67.95




	
23

	
73.49

	
0.280

	
54.46

	
35.52

	
88.73

	
0.406

	
69.70




	
25

	
75.91

	
0.304

	
56.88

	
37.32

	
89.45

	
0.424

	
70.42




	
27

	
78.75

	
0.323

	
59.72

	
39.64

	
87.30

	
0.445

	
68.27




	
29

	
81.27

	
0.342

	
62.24

	
41.83

	
85.21

	
0.467

	
66.18




	
31

	
83.65

	
0.362

	
64.62

	
43.63

	
83.60

	
0.485

	
64.57




	
33

	
85.93

	
0.380

	
66.90

	
45.68

	
81.80

	
0.505

	
62.77
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Table 3. Different cases for hypothesis testing.






Table 3. Different cases for hypothesis testing.





	Case A
	Comparison of Cp values obtained for Case 1 and Case 2 turbine arrangements



	Case B
	Comparison of Cp values obtained for Case 2 and Case 3 turbine arrangements



	Case C
	Comparison of Cm values obtained for Case 1 and Case 2 turbine arrangements



	Case D
	Comparison of Cm values obtained for Case 2 and Case 3 turbine arrangements
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Table 4. Paired t-test for power coefficient data.






Table 4. Paired t-test for power coefficient data.





	
Case

	
Case 1

	
Case 2

	
Hypothesis Testing Paired t-Test




	
mean

	
Standard Deviation

	
mean

	
Standard Deviation

	
mean

	
Standard Deviation

	
p-value






	
A

	
0.131

	
0.048

	
0.189

	
0.056

	
−0.057

	
0.233

	
<0.001
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Table 5. Paired t-test for power coefficient data.






Table 5. Paired t-test for power coefficient data.





	
Case

	
Case 2

	
Case 3

	
Hypothesis Testing Paired t-Test




	
mean

	
Standard Deviation

	
mean

	
Standard Deviation

	
mean

	
Standard Deviation

	
p-value






	
B

	
0.189

	
0.056

	
0.1486

	
0.048

	
0.040

	
0.009

	
<0.001
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Table 6. Paired t-test for torque coefficient data.






Table 6. Paired t-test for torque coefficient data.





	
Case

	
Case 1

	
Case 2

	
Hypothesis Testing Paired t-Test




	
mean

	
Standard Deviation

	
mean

	
Standard Deviation

	
mean

	
Standard Deviation

	
p-value






	
C

	
0.126

	
0.061

	
0.175

	
0.068

	
−0.048

	
0.017

	
<0.001
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Table 7. Paired t-test for torque coefficient data.






Table 7. Paired t-test for torque coefficient data.





	
Case

	
Case 2

	
Case 3

	
Hypothesis Testing Paired t-Test




	
mean

	
Standard Deviation

	
mean

	
Standard Deviation

	
mean

	
Standard Deviation

	
p-value






	
D

	
0.175

	
0.068

	
0.137

	
0.053

	
0.037

	
0.015

	
<0.001
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