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Abstract: Savonius hydrokinetic turbine is a kind of turbine set which is suitable for low-velocity conditions. Unlike conventional turbines, Savonius turbines employ S-shaped blades and have simple internal structures. Therefore, there is a large space for optimizing the blade geometry. In this study, computational fluid dynamics (CFD) numerical simulation and genetic algorithm (GA) were used for the optimal design. The optimization strategies and methods were determined by comparing the results calculated by CFD with the experimental results. The weighted objective function was constructed with the maximum power coefficient Cp and the high-power coefficient range R under multiple working conditions. GA helps to find the optimal individual of the objective function. Compared the optimal scheme with the initial scheme, the overlap ratio β increased from 0.2 to 0.202, and the clearance ratio ε increased from 0 to 0.179, the blade circumferential angle γ increased from 0° to 27°, the blade shape extended more towards the spindle. The overall power of Savonius turbines was maintained at a high level over 22%, R also increased from 0.73 to 1.02. In comparison with the initial scheme, the energy loss of the optimal scheme at high blade tip speed is greatly reduced, and this reduction is closely related to the optimization of blade geometry. As R becomes larger, Savonius turbines can adapt to the overall working conditions and meet the needs of its work in low flow rate conditions. The results of this paper can be used as a reference for the hydrodynamic optimization of Savonius turbine runners.
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Nomenclature



	λ
	Blade tip velocity ratio



	β
	Blade tip ratio



	ε
	Blade clearance ratio



	δ
	Arc radius ratio



	e
	Overlap distance



	a
	Clearance distance



	Rb
	Blade radius



	γ
	Circumferential angle of blade



	D
	The diameter of runner



	ω
	The angular velocity of runner



	Cp
	The turbine power coefficient



	ρ
	The fluid density



	T1
	The temperature



	ω1
	Is the turbulent eddy frequency



	π
	Circumference ratio



	H
	The runner height



	U0
	The steady inlet velocity



	T
	The torque



	Cpmax
	The optimal power coefficient



	W
	The performance weighting functions



	w1
	The weight of Cpmax of 0.5



	c1
	The maximum experimental power coefficient value of 0.3



	w2
	The weight of R of 0.5



	c2
	The range of the maximum tip speed ratio of 2



	Ep
	The entropy production rate



	β1
	The model closure constant, β1 = 0.09



	k
	The turbulent energy



	T*
	The moment of motion of the runner blades



	i
	The number of segments in a π cycle



	nt
	The number of segments through which the blade passes





1  Introduction

In recent years, with the increase of the world’s population, countries around the world are facing different degrees of energy crisis. As a result, countries began to switch from fossil energy to renewable energy, hydropower is a kind of power generation technology that can alleviate the pressure of fossil energy demand to a certain extent [1–3]. Large hydropower stations need to utilize the potential energy generated by the water level difference between upstream and downstream to generate electricity. People have different reviews of such behavior. The small hydropower station appeared, with a preference for gaining energy directly from low-velocity water [4,5]. Savonius hydrokinetic turbine is a kind of turbine which works under the condition of small velocity. Under the condition that velocity is greater than 0.5 m/s, the Savonius turbine can work well and produce certain efficiency, this kind of turbine is suitable for hydropower generation and transmission in remote areas and poor geographical environments [6–8].

The Savonius turbine is characterized by its ability to work harmoniously at low velocity without causing significant damage to fish populations and the work environment [9,10]. The early Savonius turbine was designed with an S-blade runner, which has stable working performance but low working efficiency, and some people have studied the blade shape optimization of the Savonius turbine. The work characteristics of the Savonius turbine are analyzed under steady inlet velocity conditions, and the effects of blade overlap ratio, clearance ratio, blade chord length, blade number and tip speed ratio on turbine performance are figured out. Thiyagaraj et al. [11] studied how to improve the power coefficient of the Savonius turbine by changing the number of blades, overlap ratio and increasing overturning. The power coefficients under different blade numbers and overlap ratios are analyzed. Bian et al. [12] analyzed the flow field performances of the Savonius turbine based on CFD and explored the influence of tip speed ratio and overlap ratio on the power coefficient. Kumar et al. [13] concentrated on the study of the Savonius turbine runner. Compared with the two-blade and three-blade runner, the four-blade Savonius runner performance is worse. Mosbahi et al. [14] studied how to improve the efficiency of the Savonius runner by changing the blade shape, and used CFD to simulate the different blade shapes, and optimized the power coefficient according to the tip speed ratio and the blade shape. Hashem et al. [15] took a pair of swimming koi carp as inspiration and carried out a CFD-based optimization design for the Savonius turbine, mainly aiming at the blade overlap ratio and clearance ratio to enhance the power coefficient on the meta-model. Wang et al. [16] optimized the design of the Savonius wind turbine with a double-sided contour, using sliding network technology to build CFD models, and optimized the double-sided shape of the runner based on the Kriging-PSO optimization model. Finally, the turbine performance was significantly improved. Shashikumar et al. [17] studied the performance of conventional and tapered turbine blades in hydroelectric power generation was investigated and it was found that the loss of energy measured at the outlet of the advancing blade of the tapered turbine resulted in a 5% reduction in performance. Additionally, Shashikumar et al. [18] also studied the Savonius turbine with different tip speed ratios using the dynamic grid technique and showed that the maximum torque coefficient and power coefficient for tip speed ratios of 0.22 and 0.17 were 0.7 and 0.9. Khani et al. [19] first used different software calculation methods such as Catboost, artificial neural networks, and random forests to predict the power coefficients of the Savonius hydrodynamic turbine, and the results showed that the Catboost method was more accurate. Wu et al. [20] combined the fast Fourier transform and dynamic modal decomposition to provide an in-depth analysis of the frequency distribution and dynamic patterns of velocity fluctuations in the near wake region, comparing the advantages and disadvantages of the two methods and providing a new approach to flow analysis.

It is found that the blade geometry is the key to the power coefficient performance of the Savonius turbine. When evaluating the performance of the Savonius turbine, the value of the maximum power coefficient and the value of the high-power coefficient range should also be considered. This is a typical bi-objective optimization study [21,22]. Using an algorithm to optimize design is a method often used in engineering work. It is not only widely used in water turbines, but also widely used in air turbines, pumps and so on. Based on the genetic algorithm, Chan et al. [23] optimized the blade shape of the Savonius wind turbine with conventional semi-circular blades to further improve the power coefficient. Jia et al. [24] optimized the Savonius wind turbine blade shape based on a support vector regression agent model and an improved flower pollination algorithm. The optimized wind turbine has a better ability to catch wind than the conventional semicircular blade turbine. Mohamad et al. [25] optimized the design of centrifugal pumps based on the Particle swarm optimization, optimizing the shape of the centrifugal pump runner to increase efficiency and head. Oyama et al. [26] optimized the design of a rocket engine pump based on an evolutionary algorithm, using the concept of a single-stage centrifugal pump to enhance the design. After optimization, the total head of the unit is superior to the original design, and the input power is reduced by 1%. Wu et al. [27] used the discrete particle swarm optimization algorithm to optimize the array of tidal turbines, by redefining the particle velocity to optimize the position of each tidal turbine. Based on the genetic algorithm, Han et al. [28] optimized the design of wind turbine blades by using induced iterative initialization. Lu et al. [29] optimized the design of the rotor blade and guide vane shape of the OWC device based on a genetic algorithm and artificial neural network, and the results showed that the energy loss of the optimal blade shape was greatly reduced and there was a significant widening of the efficient range of the OWC device.

In the process of optimization design, the flow characteristics in the runner blade region and the energy loss at the blade can be analyzed by means of computational fluid dynamics (CFD). Based on the entropy production theory, Chang et al. [30] analyzed the energy loss of the self-priming pump, and analyzed the type, magnitude and location of hydraulic loss under different blade thickness distributions. Su et al. [31] analyzed the performance and energy loss of the high-speed centrifugal pump with straight blades, combined with the flow stability analysis, and introduced the entropy production method to evaluate the mechanical loss. Ghorani et al. [32] utilized the theory of entropy production, and a pump was used as a turbine in the numerical study of the mechanism of energy dissipation. In this paper, entropy production theory and the second law of thermodynamics are used to study the problem of energy loss inside the pump. Based on entropy production, Wang et al. [33] optimized the geometric parameters of the pump as the impeller of a steam turbine under three different typical flow conditions. An entropy production rate analysis can effectively explain the energy loss phenomenon.

The main research object of this paper is the Savonius turbine with an S-shaped blade, in which the geometric shape of the runner blade is the key point of the optimization design. The optimization will consider dual performance parameters as the objective function, and the genetic algorithm will be utilized as the foundational technique for achieving this objective. The relationship between the blade overlap ratio, clearance ratio, blade circumferential angle and the maximum power coefficient and high-power coefficient range of the Savonius turbine will be deeply analyzed and expounded. The influence of runner blade geometry on turbine performance will be thoroughly studied, which will provide technical support for hydropower generation in conditions of small flow velocity.

2  Model and Parameters Profiles of Savonius Turbine

Fig. 1 below shows a two-dimensional model of the Savonius turbine, serving as the key point of this paper. As the computational domain of the Savonius turbine is very wide compared to the runner computational domain and the results near the edges do not affect the runner computational domain, we saved both computational resources and time costs by reducing the three-dimensional model to two dimensions [34,35]. The turbine is composed of four key components: inlet, outlet, interface and runner blade. At low velocity, water flows from the inlet through the runner and blade, producing torque under the combined action of the two blades, and then flows out of the outlet.
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Figure 1: Multi-block computational domains showing dimensions and boundary conditions

The relationship between the power coefficient of the Savonius turbine and the blade geometry is studied. Therefore, we define the control parameters of blade clearance, such as the blade overlap ratio β, blade clearance ratio ε, blade circumferential angle γ, here the circumferential angle γ of the blade is limited to the circular blade, blade tip velocity ratio γ, arc radius ratio δ and dimensionless turbine power coefficient Cp. The relationship between the control parameters of blade geometry and the turbine power coefficient Cp is studied under the condition of inlet velocity of 0.8 m/s. As this paper is based on computational fluid dynamics to optimize the blade shape of the Savonius turbine, it should be noted that the study excludes the consideration of the blockage in the flow channel.

In the design of runner blades, the shape and parameter values of the turbine model used in this study are shown in Fig. 2 and Table 1. The blade tip velocity ratio λ is defined as following Eq. (1):

λ=ωD2U0(1)

where ω is the angular velocity of runner, D is the diameter of runner, and U0 is the inlet velocity. The blade tip ratio β is defined according to the following Eq. (2) :

β=eD(2)

The blade clearance ratio ε is defined according to the following Eq. (3):

ε=aD(3)

The arc radius ratio δ is defined according to the following Eq. (4):

δ=RbD(4)
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Figure 2: Geometric parameters of turbine
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Parameters e, a, Rb are shown in Fig. 2 above. D is the diameter of runner.

3  Performance Evaluation of Baseline Model

3.1 CFD Setup

In this study, the commercial software ANSYS CFX was used for CFD simulation. The fluid medium was water at 25°C, and the pressure was 1 Atm. The turbulence model utilized was the SST k-ω model, which is more accurate and reliable and widely applied. In CFD simulation, one side of the domain was taken as the inlet and the other side was taken as the outlet. The condition of the velocity inlet type was set at the inlet side, while the static pressure type outlet boundary was set at the outlet side. All wall boundaries use the no-slip wall conditions. The Multiple Reference Frame (MRF) is used. The computational domain consists of the stationary domain and the rotational domain, and the boundary between the stationary and the rotational domain is given as the interface. Steady state iterative simulation is performed first. The steady results are used as the basis for the unsteady state simulation. The convergent criterion is that the RMS residual of the continuity equation and momentum equation was less than 0.0001.

3.2 Grid Preparation and Check

To conduct CFD simulation, grid preparation and grid-independent checking should be carried out. The grid of the computational domain is shown in Fig. 3. In order to ensure the accuracy of CFD, four sets of different grids (N1, N2, N3 and N4) are prepared with the number of grids of 10 thousand, 20 thousand, 40 thousand, 80 thousand, respectively. The performance of the Savonius turbine under the same operating condition is tested by using these four sets of grids. The grid check results are shown in Fig. 4. From the different grid of turbine performance variation curves, the error is within the permissible range. Finally, the grid of 20 thousand nodes is selected for CFD simulation.
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Figure 3: Grid of computational domain
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Figure 4: Grid independence check details

3.3 Performance Evaluation and Comparison

In Fig. 5, we performed CFD numerical simulations of the model and compared the CFD prediction results with Nakajima’s experimental results [36]. It is found that the fitting is good from the trend of power coefficient, but the value of power coefficient Cp is relatively low; these errors may be due to differences in model size. Therefore, the numerical model can be used to simulate the operation of the Savonius turbine at low flow velocity. As shown in Fig. 5 below, the power coefficient Cp rises slowly when λ is smaller than 1.1, and then decreases slowly when λ is bigger than 1.1.
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Figure 5: Comparison of power coefficients Cp of CFD prediction and Nakajima’s test

4  Runner Blade Geometry Optimization

4.1 Parameterization and Coding

In this paper, the key optimization parameters are blade overlap ratio β, clearance ratio ε, and blade circumference angle γ. Before the genetic algorithm optimization, it is necessary to carry out binary coding for the parameters above. In this study, the range of blade overlap ratio β is 2~2.5, the range of clearance ratio ε is −0.2~0.2 and the range of the blade circumference angle γ is 0~30. The precision of the three parameters is 0.2001, 0.0015 and 0.1176, respectively. Thus, an 8-bit binary code string is chosen to describe a parameter, so that an individual contains a 24-bit binary code. By selecting 10 individuals as a generation, a total of 10 generations of genetic manipulation were performed in order to finally obtain the best individual.

4.2 Objective Function

In this paper, the optimal power coefficient and maximum power coefficient area width of the Savonius turbine are analyzed and optimized, so define the dimensionless number power coefficient Cp according to Eq. (5):

Cp=2TωρHDU03(5)

where T is the torque, ω is the rotor angular velocity, ρ is the fluid density, H is the runner height, D is the runner diameter, and U0 is the steady inlet velocity.

Define the optimal power coefficient is Cpmax, the width of optimal power coefficient R is defined as the range of the tip speed ratio λ corresponding to 90% or more of the optimal power coefficient Cpmax. Cpmax and R are used as the objective function to judge the performance of Savonius turbine, and construct the performance weighting functions W as following Eq. (6):

W=Cpmaxw1c1+Rw2c2(6)

where w1is the weight of Cpmax of 0.5, c1 is the maximum experimental power coefficient value of 0.3, w2 is the weight of R of 0.5, and c2 is the range of the maximum tip speed ratio of 2. In order to make the Savonius turbine have better operating power, and to operate efficiently and permanently under overall conditions, w1 and w2 are set to 0.5 and 0.5.

4.3 Setup of GA

The optimization parameters had previously been binary coded, followed by genetic algorithm (GA) operations that set the probability of crossover at 20%, the probability of variation at 5%, and the probability of copying/eliminating the best/worst individuals at 100%. The flow chart illustrating this process is drawn in Fig. 6 below. On the basis of this configuration in place, the optimization design is carried out combined with CFD simulation.
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Figure 6: Flow chart of genetic algorithm operation

5  Comparative Analysis

5.1 Geometry Comparison

Compare the blade geometry of the initial scheme with the optimal scheme, as shown in Fig. 7 below. The initial scheme has the following parameters: β = 0.2, ε = 0, γ = 0°. The blade parameters of the optimal scheme are β = 0.202157, ε = 0.179608, γ = 27.64706°. From the data and the figure below, it can be seen that the circumferential angle of the blade decreases by approximately 27°, the overlap ratio experiences a modest increase, and the gap ratio noticeably increases. The optimization of the blade geometry of the Savonius turbine further enhances the operation performance of the turbine and is well-adapted for the overall working conditions.
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Figure 7: Comparison of blade geometry before and after optimization

5.2 Performance Comparison

The performance of the turbine with the optimized blade is compared with the that of the turbine with the initial blade, as shown in Fig. 8. The overall performance of the optimal Savonius turbine is superior to the initial turbine. In the initial scheme, the power coefficient Cp rises gently before the blade tip velocity ratio λ = 1.1, then falls slowly before λ = 1.5 and falls sharply after λ = 1.5. Finally, the power coefficient Cp drops to around 10%. However, the power coefficient Cp of the optimal scheme rises continuously until the blade tip velocity ratio λ = 1.5, and then falls after the blade tip velocity ratio λ = 1.5, but it ends up at about 22.5%. The performance improvement of the Savonius turbine is very obvious.
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Figure 8: Comparison of Savonius turbine’s performance of initial and optimal scheme

The fluctuation curves of the power coefficient Cp before and after blade optimization were analyzed. Condition with (a) λ = 0.831 of Fig. 9 shows that the fluctuation peak value of the initial scheme was significantly higher than that of the optimal scheme, but it is also clear from the figure that the value Cp of the optimal scheme is always higher than that of the initial scheme in the upward region. The descending area is sometimes higher and lower than that of the initial scheme. Condition (b) with λ = 1.207 of Fig. 9 indicates that it is obvious that the optimal scheme is higher than the initial scheme both in the upward region and the peak value, while the descending area is slightly lower than that of the initial scheme. Condition (c) with λ = 1.674 of Fig. 9 reveals that the fluctuation curve of the optimal scheme is more pronounced, which is basically consistent with the trend of Fig. 9b. To sum up, the Cp of the runner blade is also changing at different times of rotation and it changes periodically. Therefore, the power coefficient of this turbine needs to be analyzed at different times of operation.
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Figure 9: The comparison of the Cp fluctuating curves of the initial and optimal scheme under three conditions

5.3 Flow Pattern Comparison

In this paper, the energy loss analysis based on the entropy production rate of the Savonius turbine is carried out. The entropy production rate Ep is defined as Eq. (7):

Ep=β1ρω1kT1(7)

where β1 is the model closure constant, given β1 = 0.09, ω1 is the turbulent eddy frequency, k is the turbulent energy, ρ is the fluid density, and T1 is the temperature.

The initial scheme and optimal scheme of blade rotation are examined at different locations under various working conditions. Conditions like blade tip velocity ratio λ = 0.831, λ = 1.207, λ = 1.674 are discussed. Fig. 10 shows the position of the blade rotation angles, applied to 36°, 72°, 108°, 144° and 180°. Define the moment of motion of the runner blades T∗ followed as Eq. (8):

T∗=πint(8)

where π is circumference ratio, i is the number of segments in a π cycle, nt is the number of segments through which the blade passes.
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Figure 10: The position of the runner blades at five moments

Fig. 11 shows the condition of λ = 0.831 and T∗ = 1. The blade leading edge is defined as the end near the rotating shaft, the blade trailing edge is defined as the end near the interface. It can be seen from Fig. 11 that Blade A runs well before optimization, with no obvious energy loss, only a slight energy loss at the leading edge. Blade B’s leading edge and trailing edge have some energy losses, especially at the trailing edge part. After optimization, Blade A has a slight energy loss, and Blade B’s energy loss is significantly reduced, about 98%.
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Figure 11: The comparison of the entropy production rate of initial and optimal schemes at five moments when λ = 0.831

When T∗ = 2. Before optimization, there is a slight energy loss at the leading edge of Blade A, and the energy loss at the trailing edge is bigger than that at the leading edge. There is a slight energy loss at the leading edge of Blade B, but a big energy loss at the trailing edge, which is about 10 times that of the leading edge. After optimization, there is a slight energy loss at the leading edge of Blade A, but the energy loss at the trailing edge increases greatly, about 5 times of that before optimization. Blade B has almost no energy loss, much less than that before optimization.

When T∗ = 3. Before optimization, there is a part of energy loss at the leading edge of Blade A and in front of it, and a small loss at the trailing edge. There is no energy loss at the leading edge of Blade B, and a large amount of energy loss is produced at the trailing edge of Blade B. After optimization, there is an energy loss part at both the leading and trailing edges of Blade A, which is in the shape of a dot. There is no energy loss at the leading edge of Blade B, and there is a slight dot-like energy loss at the trailing edge, which is weaker than that before optimization.

When T∗ = 4. Before optimization, Blade A runs in good condition with no energy loss. There is no obvious energy loss at the leading and trailing edge of Blade B, but there is a large energy loss area behind the trailing edge. After optimization, Blades A and B run in good condition, with almost no energy loss, there is a slight energy loss behind the Blade B trailing edge, which is significantly weaker compared with that before optimization.

When T∗ = 5. Before optimization, Blade A has a good performance with no energy loss. There is a dot-like energy loss at the leading edge of Blade B, but there is a large energy loss area behind the trailing edge. After optimization, Blades A and B operate well, with almost no energy loss. The leading and trailing edge of Blade B have a slight energy loss. The big energy loss before optimization almost disappeared.

Fig. 12 shows the condition of λ = 1.207 and T∗ = 1. Before optimization, Blade A ran in good condition with no energy loss. There was a dot-like energy loss at the leading edge of Blade B, but there was also a thin arc-like energy loss area at the trailing edge and the convex side of Blade B. After optimization, the energy loss in the leading edge of Blade A was increased, and Blade B was in good condition with almost no energy loss. There was a small energy loss in the leading edge and trailing edge of Blade B, but it became small compared to what it was before it was optimized.
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Figure 12: The comparison of the entropy production rate of initial and optimal schemes at five moments when λ = 1.207

When T∗ = 2. Before optimization, Blade A ran in good condition with no energy loss. There were strip energy loss regions at the leading and trailing edge of Blade B. After optimization, the energy loss at the leading edge of Blade A was increased, and the energy loss at the leading edge of Blade B was reduced to a dot-like area. The energy loss at the trailing edge and rear of Blade A was decreased, but it was still a thin strip.

When T∗ = 3. Before optimization, Blade A operated well, there was a certain degree of energy loss in the concave side of Blade A near the leading edge. There was a strip-like energy loss area at the front and trailing edge of Blade B, in which the energy loss behind the trailing edge was larger, and the distribution was linear. After optimization, the energy loss at the leading edge of Blade A increased; the energy loss at the trailing edge of Blade B decreased to a dot-like area, and the energy loss at the rear of the trailing edge decreased, but it was still a thin strip.

When T∗ = 4. Before optimization, there were circular and thin strip energy loss regions at the leading edge and concave side of Blade A, thick and long strip energy loss regions at the trailing edge of Blade B, and a small spiral energy loss region at the concave side of Blade A. After optimization, the energy loss at the leading edge of Blade A was approximately unchanged, the energy loss at the trailing edge of Blade B was reduced to a short strip, and the small spiral energy loss at the concave side of Blade B was also reduced to a short arc.

When T∗ = 5. Before optimization, there was a circular arc energy loss at the leading edge of Blade A, a good condition at the trailing edge of Blade B, a thin strip energy loss area at the trailing edge of Blade B, and a slightly thick arc energy loss area at the concave side of Blade B. After optimization, the energy loss of Blade A showed no significant reduction, the energy loss of Blade B reduced obviously.

Fig. 13 shows the condition of λ = 1.674 and T∗ = 1. Before optimization, there was a slight energy loss at the trailing edge of Blade A and a small energy loss area at the trailing edge of Blade B. There was a certain energy loss at the convex side surface of Blade B. After optimization, the energy loss at the trailing edge of Blade A was obviously decreased, but the energy loss at the leading edge was slightly increased, and the energy loss at the convex side of Blade B was obviously reduced, but there was still a 25% blade-size energy loss area.
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Figure 13: The comparison of the entropy production rate of initial and optimal schemes at five moments when λ = 1.674

When T∗ = 2. Before optimization, Blade A was in good condition with no obvious energy loss, Blade B had a slight energy loss at the leading and trailing edge, and some energy loss was produced on the convex side surface of Blade B. After optimization, there was a slight increase in energy loss at the leading and trailing edges of Blade A, a slight increase in energy loss at the trailing edges of Blade B and its rear slender strips, and a significant decrease in energy loss at the convex side of Blade B, but there is still a 15% blade-sized area of energy loss.

When T∗ = 3. Before optimization, Blade A was in good condition with no obvious energy loss, and there was a slight energy loss at the leading and trailing edges of Blade B, and there was a fine arc-shaped energy loss area behind the tail edge. After optimization, Blade A remains in a state of no apparent energy loss, and the length of energy loss behind Blade B’s trailing edge is obviously shortened.

When T∗ = 4. Before optimization, the leading and trailing edges of Blade A were in good condition with no obvious energy loss, but there was a certain degree of energy loss near the concave side of the leading edge, and there was a slight energy loss at the trailing edge of Blade B, and there is a long arc-shaped energy loss region behind the trailing edge. After optimization, the energy loss of Blade A’s concave side is obviously weakened, and the energy loss length behind Blade B’s trailing edge is obviously shortened.

When T∗ = 5. Before optimization, there was circular spot energy loss at the front and trailing edge of Blade A, circular arc energy loss at both sides of Blade B, and slender circular arc energy loss area at the rear of Blade B’s trailing edge. After optimization, the energy loss of Blade A’s concave side is obviously weakened, and the energy loss length behind Blade B trailing edge is obviously shortened.

6  Conclusions

The main conclusions of this study are as follows:

(1) In this paper, before optimization, the power coefficient of the turbine in the original scheme increases slightly with the increase of the blade tip speed ratio from 0.7 to 1.1, then it decreases slowly, and finally decreases sharply to 10% at λ = 1.9. After optimization, the power coefficient of the turbine in the original scheme experiences a modest increase to approximately about 24% and decreases to about 22.5%. Before optimization, the turbine power coefficient peaks at a blade tip speed ratio λ = 1.1, and after optimization, it reaches the peak at λ = 1.5. From the change in power coefficient of the Savonius turbine, its performance optimization has improved significantly. The overall performance of the optimized turbine is higher than before the optimization. The power coefficient Cp remains fairly constant over the range of λ studied. This is highly significant.

(2) In this paper, a Genetic Algorithm (GA) was used to optimize the blade overlap ratio β, blade clearance ratio ε and circumference angle γ at 0.2~0.25, −0.2~0.2 and 0~30°, respectively, and verified with computational fluid dynamics (CFD). Optimal: β = 0.2021, ε = 0.1796, γ = 27.647°, initial: β = 0.2, ε = 0, γ = 0°. β increased by 0.0215, ε increased by 0.1796 and γ increased by 27.647°. the optimized turbine blade increases the circumference angle by about 30° near the rotating shaft, but decreases the circumference angle by about 30° near the interface. After optimization, the maximum power coefficient Cpmax of the Savonius hydrokinetic turbine is increased from 21.48% to 24.5%, and the width of the high-power coefficient zone R is also increased from 0.73 to 1.02.

(3) In this paper, the energy loss of the optimized turbine, especially around the runner blades, is obviously reduced. The five moments (T∗ = 1, 2, 3, 4 and 5) of the runner running in the initial and optimal conditions are analyzed and compared. The energy loss is reduced by about 95% under the condition of λ = 0.831, the energy loss is reduced by about 90% under λ = 1.207, and the energy loss is reduced by about 85% under λ = 1.674. The reduction in energy loss from the blades corresponds to an increase in the power coefficient.
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Table 1: Information of geometric parameters

Parameter Symbol Value Unit
Diameter of runner D 0.15 (m)
Runner height H 0.03 (m)

Inlet velocity U, 0.8 (m/s)
Blade radius R, 0.04 (m)
Overlap distance e — (m)
Clearance distance a — (m)
Circumferential angle of blade y - (degrees)
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