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In this study, the performance of a new wind turbine design derived from a conventional Savonius turbine is optimized by numerical simulation. The new design consists of three blades without passage between them (closed center). The coupling between the CFD codes (ANSYS Fluent) and the optimizer (OPAL) is used through an automatic procedure in-house codes, as documented, for example, in Thévenin et al.’s Optimization and Computational Fluid Dynamics (2008). A single-objective function (output power coefficient, Cp) is considered as the target of the optimization technique and the shape of the blade as an optimization parameter and relies on evolutionary algorithms. An optimal solution can emerge from this optimization study. By comparison between regular design (semi-cylindrical shape blades) and the optimal configuration, a considerable improvement (up to 7.13% at λ = 0.7) of the optimal configuration performance can be obtained in this manner.
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1 INTRODUCTION
Due to the deep energy crisis in the world, research studies and development activities in the field of renewable energy, especially wind energy, have considerably increased during the last few years in many countries. Although wind energy technology has been greatly improved during that time, the available technical design is not enough to extract wind energy and convert it into mechanical energy for residential and remote areas which have low wind speed. Savonius turbines (Figure 1) and derived configurations could be a very good solution for such conditions. This is the purpose of the present study.
[image: Figure 1]FIGURE 1 | Conventional Savonius rotor (Gupta et al., 2008).
2 PURPOSE OF THE PRESENT STUDY
Many literature reports have appeared in the last 2 decades related to Savonius turbines and their performance. The theoretical and experimental results concerning the performance of Savonius turbines in these previous publications have indicated that such turbines are interesting for some specific applications but show very low efficiency. It is thus essential to increase the performance of these turbines. Therefore, several design improvements have been introduced to enhance the efficiency of the Savonius rotor (Huda et al., 1992; Menet and Nachida, 2004; Saha and Rajkumar, 2006; Irabu and Roy, 2007; Menet, 2007; Hassan et al., 2021; Mohamed et al., 2021). For instance, Kedare et al. (2009) studied the helical design of Savonius turbines to improve the performance, and they found that the helical shape enhanced the self-starting of the turbine. In 2006, Saha and Rajkumar investigated the twisted design of Savonius turbines, and they improved the performance, but it is a costly and complex design (Saha and Rajkumar, 2006). Installing a guide box around the rotor was studied by Irabu and Roy (2007), which improved the performance of the three blade rotor, but it was a very complex design. Iio et al. (2011) increased the performance by installing a shielding plate. Elbatran et al. (2017) found that installing a ducted nozzle increases the performance to obtain a maximum power coefficient equal to 0.25. Kerikous and Thévenin (2019) optimized the blade thickness to improve the performance, and they found that the relative increase was 12%. Dual splitters were added by Patel and Patel (2021) to the Savonius turbine blades to improve the aerodynamic distribution of the flow inside the blades, and they succeeded in increasing the performance by 7.3%. Ramadan et al. (2021) used S-shaped blades with deflectors to enhance the performance. They enhanced the performance, and the maximum power coefficient was 0.24. The self-starting of the three blade rotor is studied by Salleh et al. (2021) by installing frontal guiding plates. In 2021, Mohamed et al. (2021) optimized the position of the frontal guiding plates and its effect on the Savonius turbine performance, and they concluded that the guiding plates increased the maximum power coefficient to be 0.31.
In the present study, we will numerically optimize the blade shape of a Savonius turbine using one new concept: it is a turbine consisting of three semi-cylindrical blades without a passage in between, as shown in Figure 2. This concept has been proposed in several publications. In this study, the geometry is always treated in two dimensions since there is no geometrical change along the third (vertical) direction.
[image: Figure 2]FIGURE 2 | Schematic shape of the modified design.
3 MATHEMATICAL OPTIMIZATION
In the field of turbomachinery, the automatic optimization is a relatively new field, but in the last decade, some research and several publications used the mathematical optimization in the turbomachine field to improve the performance. [For more details, see Van den Braembussche et al. (2008).] Optimization is utilized to distinguish the blade shape that best satisfies some specified requirements pertaining here to the efficiency of a new design. Optimization criteria can be taken into consideration both for mechanical and aerodynamic features, as used in the current article. The main objective when designing any system is enhancing the turbine design to obtain higher efficiency and higher power output. In addition, it should be taken into consideration that turbomachinery normally works outside the design point condition and in the off-design performance. Therefore, the current calculations consider a typical maximum output power coefficient which occurs at the speed ratio λ = 0.7.
The optimization method attempts to calculate the n design variables Xi (i = 1 … n) that minimize or maximize the user-defined objective functions, denoted as OF(U(Xi), Xi), where U(Xi) is the computational fluid dynamic solution of the aerodynamic relations (Thévenin and Janiga, 2008). In the recent study, the free design parameters taken into consideration for the optimization are first the blade shape which consists of two parameters (X1 and Y1), as shown in Figure 3. For the most complex case involving a concurrent optimization, one performance goal is taken into consideration as objective function which is the simulation output that must be maximized to extreme possible values: the Savonius turbine power output coefficients.
[image: Figure 3]FIGURE 3 | Schematic shape of the optimization parameters.
4 OPTIMIZATION METHODOLOGY
In the last decades, the category “optimization” has been severally utilized in the engineering work to introduce a trial-and-error, manual sequence at the variance of the real, automatic optimizing methods. So, this is recently modifying quickly. Thus, in the current article, the optimum blade shape will depend on automatic optimization as an initial step toward deep intensive optimization of the two considerable factors affects the performance of a modified Savonius rotor. Real-valued functions f(x) of an N component vector arguments x = (x1, x2, … , xN) whose values are restricted to satisfy several real-valued equations hk (x) = 0, some of inequalities gj (x) ≥ 0, and variable bounds [image: image]. In subsequent discussions, we will refer to the function f (x) as the objective function, to the equations hk (x) = 0 as the equality constraints, and to the inequalities gj (x) ≥ 0 as the inequality constraints. For our purposes, these problem functions will always be assumed to be real-valued, and their number will always be finite.
 | 
[image: T1]The general problems are called the constrained optimization problems. The problem in which there is no constraints are unconstrained optimization problems.
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[image: T3]A suitable algorithm must be selected in the optimization work. A deep experience is obtainable in our research group concerning the mathematical optimization depending on computational fluid dynamic studies (Thévenin and Janiga, 2008). Our own optimization library is employed in this study, called OPtimization ALgorithms (OPAL), containing several optimization methodologies. OPAL had already been used with different computational fluid dynamic solvers (in-house codes, CFX, and ANSYS Fluent), and it was utilized successfully to enhance a variety of implementations, such as heat exchangers (Hilbert et al., 2006), turbomachines (Mohamed et al., 2008a; Mohamed et al., 2008b; Mohamed et al., 2010; Mohamed et al., 2011), or burners (Thévenin et al., 2005; Janiga and Thévenin, 2007).
For the present configuration, evolutionary algorithms are used. The used parameters are listed as follows: twenty population sizes are used in the optimization sequence; eleven generations are utilized with 50% survival probability and 33.3 average probability. In addition, crossover probability is 16.7, and 100% mutation probability is used with mutation magnitude 30%. The reader should note that mutation magnitude is multiplied by 0.8 at every generation. For instance, the mutation magnitude will be 4% (±2%) after 10 generations. For solution stability, mutation magnitude should be decreased throughout the optimization sequence.
OPAL is the optimizer which is used in this study as a decision maker for the tested configurations; it is coupled with geometry and a mesh generator called Gambit. After the mesh quality checking in Gambit, a computational fluid dynamic code (ANSYS Fluent) is used to solve the aerodynamic flow around the turbine for every configuration sent by the optimizer. For every configuration, the objective function (power coefficients) is calculated and stored in the result file. All steps of the optimization sequence is conducted in an automatic manner utilizing journal scripts (Gambit and Fluent), and the main controller of the right sequence is the C program which is called the master program. After every generation, the optimizer takes a decision with the new generation with new input parameters after studying the stored results from the old generation. This sequence of mathematical optimization and coupling with CFD codes is very complex, and some previous studies described the procedure in detail, for example, Thévenin et al. (2005), Hilbert et al. (2006), Janiga and Thévenin (2007), Thévenin and Janiga (2008).
5 FLOW SIMULATION METHODOLOGY
From the previous studies, it is noted that an accurate computation fluid dynamic simulation of the aerodynamic flow around the Savonius rotors is a complex and challenging mission, fundamentally, due to the rotor’s deeply time-dependent nature. Additionally, a strong separation around the blades plays a significant role for turbine efficiency and the power output. Therefore, the quality of the numerical simulations and the procedure should be checked with great care. Then the methodology sequence must be validated and verified.
All aerodynamic flow simulations (denoted also computational fluid dynamics, CFD) introduced in the current article depend on the industrial software ANSYS Fluent. The Semi-Implicit Method for Pressure-linked Equations (SIMPLE) algorithm is utilized to calculate the unsteady Reynolds-averaged Navier–Stokes equation for pressure–velocity coupling. Discretization of the aerodynamic flow parameters and the turbulent values utilized the finite-volume formulation with the second-order upwind scheme. The realizable k − ɛ model is used in this study as a turbulence model to calculate the flow characteristics inside the domain. The realizable k − ɛ model is recommended for rotating bodies.
The realizable k-ϵ model usually provides improved results for swirling flows and flows involving separation when compared to the standard k-ϵ model.
• Transport equations:
[image: image]
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where
[image: image]
where S is the modulus of the mean rate of the strain tensor.
In these equations, Pk represents the generation of turbulence kinetic energy due to the mean velocity gradients, calculated as follows:
[image: image]
Pb is the generation of the turbulence kinetic energy due to buoyancy, negligible for our applications:
[image: image]
where Prt is the turbulent Prandtl number for energy and gi is the component of the gravitational vector in the ith direction. The default value of Prt is 0.85.
The coefficient of thermal expansion, β, is defined as follows:
[image: image]
• Modeling turbulent viscosity
[image: image]
While Cμ is constant in the standard k-ϵ model, in the realizable k-ϵ model, this coefficient is calculated as follows:
[image: image]
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and
[image: image]
where [image: image] is the mean rate of rotation viewed in a rotating reference frame with the angular velocity ωk. The model constants A0 and As are given as follows:
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where
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• Model constants
[image: image]
During the simulation of the current design, the two-dimensional simulation is suitable (no geometry change in the third direction when the turbine has an end plate); therefore, the extremely fine and accurate grid can be utilized. Therefore, the sliding mesh model (SMM) is used in the current study, and four complete revolutions are always computed with fixed time-step equivalents to the half of one degree of the azimuth angle. The first revolution is used to initiate the correct flow solutions. The remaining three revolutions are used to calculate the turbine performance (in particular the power coefficient Cp and the torque coefficient Cm) by averaging the results of these three revolutions. By checking the results, it should be noted that the results are constant noticeably by further iteration with time. Every revolution takes around 360 min on the normal PC of computing time. To complete the CFD setting accurately, the mesh independence study has been executed to eliminate the effect of the mesh from the results. This study indicated that 175,000 control volumes are appropriate to obtain accurate results of the simulation.
6 RESULTS AND DISCUSSIONS
6.1 Validation of the Computational Procedure
Before investigating design modifications, the whole numerical model was validated by comparing the current model results with previous published experimental data (Hayashi et al., 2005) for a conventional Savonius rotor. After this comparison, the current model results shown in Figure 4 demonstrated excellent agreement obtained between the present model results and published experiment results for these conventional configurations, at least for λ > 0.3. It is clear from Figure 4 that both the torque and the power output coefficients are extremely well predicted. As a consequence, it is now possible to start the investigation of modifications of the Savonius turbine.
[image: Figure 4]FIGURE 4 | Validation of the current CFD model. (A) Torque coefficient (top), (B) power coefficient (bottom), with comparison to published experiment result (Hayashi et al., 2005).
Recently, a modified rotor design of a three-bladed turbine was introduced by many studies to enhance the performance of the standard system. Beyond the geometry difference from the conventional turbine, one issue must be specifically investigated in this study: by changing the blade shape from semi-cylindrical, the performance of the Savonius turbine can be enhanced. Therefore, we should ask a question now: is it possible to enhance the efficiency by changing the shape of the blades (different from the semi-cylindrical shape)?
6.2 Blade Shape Optimization
In this study, the comparison between the conventional (semi-cylindrical blades) and optimal design is considered. It is not sure that such blade shapes lead to an optimal performance. Therefore, an optimization of this geometry based on splines between five points (see Figure 3) has been investigated.
The optimum shape of the blade is obtained by applying the previously discussed mathematical optimization procedure (evolutionary algorithms relying on automated evaluations through CFD). The optimization and all the simulations are executed for the speed ratio λ = 0.7, taking into consideration an upstream wind velocity U = 10 m/s. However, this value of the tip speed ratio (λ) is fixed in all simulations. The reader should note that from the previous publications, λ = 0.7 matches the maximum output power coefficient of the standard Savonius turbine.
Two free parameters (X1 and Y1) are studied in this shape optimization as two degrees of freedom for the optimizer (OPAL). The two parameters control the position of the center point of the blades, as shown in Figure 3. A selected domain for the optimization was defined for every parameter as space limits. These domain spaces are defined as (0.3 : 0.7) for (X1/R) and (−0.3 : 0.3) for (Y1/R).
Eventually, the optimization procedure also includes two free parameters (the degrees of freedom) simultaneously: X1 and Y1. For each new configuration, one single objective (power output coefficient) has been calculated by CFD simulations and should be maximized by the optimizing process.
The results showed in Figure 5 and Figure 6 indicated that the target objective is extremely affected by the two free parameters X1 and Y1. In addition, as a whole, 120 several geometrical settings were assessed by computational fluid dynamics.
[image: Figure 5]FIGURE 5 | Two–degree of freedom parameters of the optimization procedure and the power coefficient.
[image: Figure 6]FIGURE 6 | Optimal configuration compared to the original turbine (semi-cylindrical shape).
An optimum design can thus easily be distinguished for λ = 0.7. Therefore, this optimal design corresponds to the point coordinates X1/R = 0.621 3 and Y1/R = − 0.062 23, as presented in Figure 7. Furthermore, this optimum configuration leads to a power coefficient Cp = 0.163 5 and a torque coefficient Cm = 0.234.
[image: Figure 7]FIGURE 7 | Optimal and worst configurations compared to the modified turbine (semi-cylindrical shape).
With deep comparison between the optimum configuration (optimization output) and the conventional design (semi-cylindrical blade shape), the optimum configuration found by the optimizing process corresponds simultaneously to an increase in the power coefficient by 0.014 55 and in the torque coefficient by 0.020 8 at λ = 0.7. Furthermore, for the power coefficient, this gain leads to a relative increase in the performance by 7.13% compared to the modified turbine. The off-design performance is now checked to trust the gain through the full operating range of the tip speed ratios λ. Therefore, the turbine power coefficient of this design has been evaluated for several useful λ-values through the operating of the Savonius turbine, as represented in Figure 8. The modified turbine results are also presented for comparing the results. Furthermore, Figure 8 indicates the improvement of the power output coefficient noted throughout for middle values of λ (e.g., between λ = 0.7 to λ = 1.1), in comparison to the modified turbine. In Figures 9, 10, the velocity and pressure distributions of the flow around the optimized configuration as well as the original turbine are presented at several azimuth angles. It is clear that there are deep differences between the two turbines in the distributions due to different shapes. The low-pressure zones behind the optimized blades are larger than the zones of the original blades. These low-pressure zones enhanced the flow inside the blade and increased the impact of the flow on the turbine.
[image: Figure 8]FIGURE 8 | Power coefficient of the optimized configuration compared to the modified turbine.
[image: Figure 9]FIGURE 9 | Velocity contours of the optimized configuration compared to the original turbine.
[image: Figure 10]FIGURE 10 | Pressure contours of the optimized configuration compared to the original turbine.
7 CONCLUSION
This study numerically optimizes the blade shape of the design based on the conventional Savonius turbine but involving three blades without a passage in between. The automatic optimization is used in this study to modify the three-blade Savonius turbine to improve the turbine performance. In the optimization study, the optimizer used evolutionary algorithms, and all geometrical designs were assessed using a mathematical procedure by computational fluid dynamics. The optimization sequence can be identified as a considerably better configuration than the regular turbine (semi-cylindrical shape), leading, in particular, to a relative raise (gain) of efficiency by 7.13% at the tip speed ratio equal to 0.7. This increase in the performance is also noted for the torque coefficient, and it has even higher values for middle tip speed ratios λ. Therefore, performance of the blades with a new shape is extremely positive at middle values of the speed ratio.
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