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Abstract. The straightforward and dependable Savonius turbine has a lot of promise for capturing 
wind energy in low-speed settings. However, poor aerodynamic performance frequently restricts 
its effectiveness. This study uses numerical modeling methods to examine how different sweep 
angles with constant depth affect Savonius turbine performance. The turbine's aerodynamic 
behaviour, torque production, and power coefficient were examined using parametric sweep 
optimization in various sweep angle with constant depth and fixed sweep angle with variable depth 
configurations. The results highlight the influence of sweep angle and depth on flow 
characteristics, lift to drag ratio, Torque and Power coefficient, leading to an optimized design 
with enhanced energy conversion efficiency. The findings provide valuable insights into 
improving the aerodynamic performance of Savonius turbines, contributing to their viability in 
sustainable energy applications.  
Keywords: helical wind turbines, shape factor optimization, energy efficiency, tip speed ratio, 
coefficient of power, torque coefficient of torque. 

1. Introduction 

Savonius and Darrieus are the two main variations of VAWTs. While Savonius turbines are 
the subject of this paper, an explanation of the distinction between the two is needed. Although 
they both revolve around vertical axes, their physics are highly dissimilar. Long airfoil structures 
that rotate due to lift forces are known as Darrieus rotors. Darrieus turbines are comparable to 
HAWTs, at least in terms of lift. Wind drag forces power Savonius rotors. As a result, they look 
completely different from their lift-driven counterparts. A Savonius rotor’s most basic design 
involves cutting a cylinder in half and balancing the two halves around a central axis of rotation. 
Recent study uses DOE, simulations, and experiments to optimise the design of Savonius turbine 
blades, and the OR0.109BS2BN2 model improves Cp by 22.8 % [1]. The blade profile, guide 
gaps, and overlap ratio are important variables. For increased efficiency, future studies might look 
into hybrid turbine designs. The Savonius rotor design was optimised in recent work using 
response surface approach with FFD and FCCD, revealing important impacts of overlap (𝐶, 𝐿) 
and blade curvature (E, R) [2]. By comparison, the optimised blade profile outperformed the 
traditional design by 36.5 % (𝐶 = 0.2661) (𝐶 = 0.195). Helical Savonius VAWTs at 6, 8, and 10 
m/s wind speeds are analysed using COMSOL, with an emphasis on rotor shape and Bach section 
effects [3]. In comparison to the original design, the Bach-developed variant that was optimised 
demonstrated better performance, less flow separation, and more torque, particularly at 6 m/s at 
tip speed ratios. Increases in turbulence had less of an impact on performance. Using 
ANSYS-Fluent and the Taguchi Method, this work creates and models a unique blade profile that 
improves drag/lift coefficients over the Savonius blade by 65 % [4]. By reducing aerodynamic 
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instability by 93 %, the Novel Blade decreased noise and oscillation. A full-scale prototype will 
be tested in a wind tunnel and the winglet design will be improved in further work. There are 
studies chose semi-circular blades for stability and optimised environmentally friendly Savonius 
turbines using recyclable materials [5]. The best results were obtained with AR 4.5 and OR 1/6. 
Stable multi-rotor configurations were guaranteed by the 2D rotor spacing; further research is 
advised for changeable wind directions. The design of Savonius rotors has advanced, and this 
study examines these changes and how they affect performance. Improvements in Cp employing 
elliptical designs, helical forms, blade thickness, and three-fourth spline adjustments are among 
the main findings; increases range from 4 % to 20 %, depending on TSR [6]. Optimal designs 
minimise negative drag and improve flow behaviour. Using AR and OR parameters, this study 
optimised the S-RS wind turbine, with the greatest results obtained at AR = 0.848 and OR = 0.068 
[7]. Rotor efficiency was increased by varying the overlap distance and raising AR at low values. 
The performance of a helical Savonius rotor with a 45° twist angle is examined in this study, along 
with that of modified and regular rotors [8]. Outperforming the other designs, the redesigned 
helical rotor with twist demonstrated a 26.4 % performance gain, the greatest 𝐶 of 0.22, and 
positive torque coefficients across all rotor angles. Few researchers uses semi-circular Savonius 
rotors and recycled cloth to create environmentally friendly urban wind turbines [9]. According 
to CFD models, the semi-circular rotor provides steady power generation, while turbines placed 
two degrees apart maintain efficiency. With a power coefficient close to 0.4, the study 
demonstrates enhanced performance in a Savonius turbine with damaged blades [10]. Additional 
mechanisms, however, raise the energy consumption and design complexity. To solve simulation 
problems and mechanical losses, more work is required. Performance-wise, the Ugrinsky wind 
turbine outperforms the Savonius turbine by 54.5 %. Power efficiency is increased by optimising 
blade size and TSR values; additional enhancements can be made by modifying the forms and 
geometry of the blades [11]. Some study adds a secondary blade to enhance Savonius VAWT 
performance. While increasing the distance between blades decreases torque, increasing the height 
of the secondary blade increases it [12]. Researchers uses CFD simulations in ANSYS to add fins 
to enhance the Savonius rotor’s performance (13). Based on the information, the power coefficient 
(𝐶) is increased by 8.8 % when one fin is added and by 13.8 % when two fins are added. The  
2-fin setup has a 5 % higher Cp than when no fins are used.  

The effect of twist and tilt angles on an elliptical Savonius turbine rotor (ESTR) with wavy 
blades is investigated in this work [13]. The power coefficients of the models with 30° twist and 
12° tilt angles increased by 3.7 % and 14.55 %, respectively. In order to maximise the Savonius 
VAWT’s performance, this study analyses variables such as arc angle, overlap ratio, and blade 
number using 3D-CFD simulations [14]. The best configurations for increased torque and 
efficiency are among the main conclusions, and the results encourage the adoption of hybrid power 
systems. Researchers studied, CFD was used to analyse a two-blade Savonius turbine with a 
disruptor cylinder [15]. The outcomes demonstrate enhanced performance and increased drag at 
reduced flow rates. Researchers studied investigates how a triple-blade Savonius turbine is 
affected by secondary blades, blade spacing, slot width, and radius [16]. The findings show that 
while raising the secondary blade radius improves performance, a 6 mm blade distance and a 
16 mm slot width maximise torque. In order to determine the ideal torque values, this study 
optimises the Darrieus VAWT design using SolidWorks Flow Simulation, adjusting the rotor size, 
chord length, and pitch angle [17]. By modifying the distances at which blades overlap, this study 
maximises the performance of Savonius turbines [18]. Power and torque were increased by 7.5 % 
and 11.5 %, respectively, with the ideal vertical overlap of –0.1 and horizontal overlap of +0.15. 
This design will be applied to an oscillating water column system in future research, and structural 
forces will be examined. The ideal torque (𝐶) and power (𝐶) coefficients can be found by this 
study analyses four Savonius rotor topologies using 3D CFD simulations [19]. With a 𝐶 of 0.18 
and consistent 𝐶 values between 0.25 and 0.35, the helical rotor exhibits the greatest 
performance and excellent efficiency. With a 𝐶 of 0.073, the 3-blade rotor performs the worst. 
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2. Research methodology 

2.1. Mathematical modeling 

The frozen rotor technique is thus supported by the Rotating Machinery, Fluid Flow interfaces. 
The frozen rotor method makes the assumption that the flow in the rotating domain is completely 
developed and represented by the rotating coordinate system. 

The frozen rotor model then reduces to: 𝜌ሺ𝑣.∇ሻ 𝑣 + 2𝜌Ω𝑥𝑣 = ∇. ሾ𝑝𝛪 + 𝜏ሿ + 𝐹 − 𝜌Ω𝑥ሺΩ𝑥𝑟ሻ, (1)∇. ሺ𝜌𝑣ሻ = 0. (2)

The frozen rotor is an equation form as well as a study type. The Rotating Machinery, Fluid 
Flow interfaces efficiently solve Eqs. (1) and (2) as “rotating” domains when a rotating machinery 
model is solved using a Frozen Rotor study step; nevertheless, “rotating” domains do not rotate at 
all. The domains stay stationary, or frozen, in place, but boundary conditions are still changed as 
though they were spinning. The Rotating Machinery, Fluid Flow interfaces solve for the velocity 
vector in the stationary coordinate system, 𝑢, instead of 𝑣, as in the time-dependent case. 

The parameter TIME, which is defined in the Parameters node under Global Definitions, is by 
default set to zero in the Frozen Rotor research stage in order to make Eqs. (1) and (2) equivalent. 
It is altered by: 𝜔 = 𝓌. (3)𝜕𝑥 𝜕𝑇⁄  evaluates to its right value because 𝑥 is a function of TIME and TIME is a parameter. 
Ultimately, 𝜕𝜌 𝜕𝑇⁄ = 0, and the velocity’s mesh time derivative is substituted with: 𝜕𝑢𝜕𝑇 = Ω𝑥𝑢. (4)

The usual, stationary Navier-Stokes equations are solved in nonrotating domains. 
The resulting equation system is solved using a stationary solution in the Frozen Rotor research 

step. In certain situations, the frozen rotor method might provide the same result as solving 
Eqs. (1) through (2) to reach a steady state. The model is invariant with regard to the position of 
the rotating domain relative to the nonrotating domain, or the entire geometry may be rotating, for 
instance. The latter applies to a fan positioned in the center of a cylindrical, straight duct. A Frozen 
Rotor study step only includes interfaces that specifically support frozen rotors. 

2.2. Meshing  

Select a suitable geometry for both the stationary and rotating domains. Establish boundary 
conditions (such as inlet velocity and non-slip barriers) and governing equations (such as Navier-
Stokes for fluid flow). For rotational domains, use structured (swept) meshes; for stationary 
regions, use unstructured (tetrahedral) meshes as shown in Fig. 1. For precise interpolation, make 
sure that transitions at the rotating-stationary interface are seamless. For crucial locations, use 
boundary layer meshing and local refinement. Configure the frozen rotor study type and the 
spinning machinery physics interface. Set up solvers with the proper limits and provide coupling 
criteria between domains are shown in Table 1. Examine pressure contours, flow fields, and 
performance indicators (such as torque). Check findings against theoretical or experimental facts. 
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Table 1. Mesh set up solver 
Description Value 

Mesh vertices 494409 
Tetrahedra 2276535 
Pyramids 8904 

Prisms 174760 
Triangles 110556 

Edge elements 3981 
Vertex elements 58 

Number of elements 2460199 
Minimum element quality 0.01243 
Average element quality 0.6786 

Element volume ratio 6.9372E-8 
Mesh volume 1.275E5 mm³ 

 
Fig. 1. Meshing of rotating domain and fluid domain  

2.3. Parametric sweep optimization 

Describe the physics and geometry of a frozen rotor simulation that includes both stationary 
and spinning domains. Choose the parametric sweep’s angle parameters, such as the inlet guide 
vane angles, rotating orientation, and blade pitch angle. Produce top-notch meshes for both 
spinning and stationary domains. To preserve accuracy, make sure the meshing is constant 
throughout the interface. Where necessary, use boundary layer meshing to address flow close to 
walls. Define the sweep variable in degrees or radians, such as the blade inclination or rotational 
angle. Decide on the depth 𝐻 of the blade and interval range (e.g., 0.02 m-0.04 m) as shown in 
Table 2. Make sure the model is parameterised so that changes in angle can dynamically modify 
the boundary conditions and shape. Use COMSOL’s parametric sweep tool in conjunction with 
the frozen rotor configuration. To guarantee smooth convergence in any scenario, solve the system 
for every angle in the sweep. To control computational costs, use effective solvers with adjustable 
tolerances. Examine torque, pressure distributions, flow fields, and other parameters for every 
angle. Plots and graphs can be used to visualise trends, such as how performance varies with angle. 
To determine the best angle for efficiency or performance, compare the outcomes. 

Table 2. Parametric sweep optimization for depth ℎ and sweep angle with appropriate mesh element size 
Depth 𝐻 

(m) 
Mesh element 

Size 
Number of 
elements 

Sweep angle 
(deg) 

Mesh element 
size 

Number of 
elements 

0.02 0.8 2460199 30 1.2 429635 
0.025 0.8 1709198 25 1.2 426797 
0.03 0.8 1796478 20 0.8 1817038 

0.035 0.8 1972035 15 0.8 1761422 
0.04 0.8 2122685 – – – 
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3. Numerical investigation – optimizing depth variation and sweep variation 

3.1. Parametric sweep optimizing the depth of the Savonius turbine 

A parametric sweep is a methodical approach to studying how varying a single parameter, like 
the depth of a Savonius turbine, impacts its performance. This technique is useful in optimizing 
turbine design to maximize efficiency, torque, or power output. The depth, 𝐻, is typically 
expressed as a function of the rotor diameter or chord length. Set a range of depth values, e.g., 𝐻 = 0.3𝑅 to 0.6𝑅 (where 𝑅 is the rotor radius), based on the standard design configurations. Set 
consistent wind speeds, atmospheric pressure, and models of turbulence (such as 𝑘-𝜀 or 𝑘-𝜔 
models). The velocity variations for different depth 𝐻 is plotted and the variation in velocity is 
improved with increase in depth as shown in Fig. 2. 

 
a) Time = 0 s, 𝐻 = 0.02 m 

 
b) Time = 0 s, 𝐻 = 0.025 m 

 
c) Time = 0 s, 𝐻 = 0.03 m 

 
d) Time = 0 s, 𝐻 = 0.035 m 

 
e) Time = 0 s, 𝐻 = 0.04 m 

Fig. 2. Numerical investigation of velocity variations in helical parametric sweep angle 

Similarly, the pressure contours of the exterior wall of the Savonius Turbine is plotted for 
various depth parametric sweep optimization process with respect to frozen rotor model which is 
shown in Fig. 3. 

From Figs. 2 and 3 it was observed that the pressure decreases as the depth of the blade at 
constant sweep angle increases and the velocity increases as the depth of the blade at constant 
sweep angle increases. The optimal velocity is about 35 m/s and pressure is about 1 bar maintained 
around the upper half of the regions of helical turbine. 

3.2. Parametric sweep optimizing the sweep angle of the Savonius turbine 

The sweep angle of a Savonius turbine refers to the angular extent of the blade curvature, 
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which significantly influences the aerodynamic performance, torque, and efficiency of the turbine. 
Optimizing this parameter through a parametric sweep ensures the turbine performs optimally 
under specific operational conditions. The velocity variations for different sweep angle are plotted 
and the variation in velocity is accelerated with decrease in sweep angle as shown in Fig. 4. 
Similarly, the pressure contours of the exterior wall of the Savonius Turbine is plotted for various 
sweep angles under parametric sweep optimization process with respect to frozen rotor model 
which is shown in Fig. 5. 

 
a) Time = 0 s, 𝐻 = 0.02 m 

 
b) Time = 0 s, 𝐻 = 0.025 m 

 
c) Time = 0 s, 𝐻 = 0.03 m 

 
d) Time = 0 s, 𝐻 = 0.035 m 

 
e) Time = 0 s, 𝐻 = 0.04 m 

Fig. 3. Numerical investigation of pressure drop and pressure rise in Helical sweep angle 

 
a) 𝜃 = 30° 

 
b) 𝜃 = 25° 
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c) 𝜃 = 20° 

 
d) 𝜃 = 15° 

Fig. 4. Illustrates the velocity variations in Helical sweep angle 

 
a) 𝜃 = 30° 

 
b) 𝜃 = 25° 

 
c) 𝜃 = 20° 

 
d) 𝜃 = 15° 

Fig. 5. Illustrates the pressure drop and pressure rise in Helical sweep angle 

From Figs. 4 and 5 it was observed that the pressure decreases as the sweep angle of the blade 
at constant depth decreases and the velocity increases as the sweep angle of the blade at constant 
depth decreases and flow separation exceeds at the boundary layer wall thickness. The optimal 
velocity is about 35 m/s and pressure is about 1 bar maintained around the upper half and lower 
half of the regions of helical turbine. 

4. Results and discussion 

The torque coefficient symbolizes the proportion of the turbine’s torque to the wind energy 
that is accessible: 
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𝐶் = 𝑇𝜔0.5 𝜌𝐴𝑉ଶ, (5)

where: 𝐶் is torque coefficient, 𝑇 is torque (Nm), 𝜔 is rotational speed (rad/s), 𝜌 is density of air 
(kg/m³), 𝐴 is surface area (m²), 𝑉 is wind speed (m/s). 

The ratio of the turbine's power output to the available wind energy is known as the power 
coefficient: 𝐶 =  𝑃0.5 𝜌𝐴𝑉ଷ, (6)

where: 𝐶 is power coefficient, 𝑃 is power output (W), 𝜌 is density of air (kg/m³), 𝐴 is surface 
area (m²), 𝑣 is wind speed (m/s). 

The coefficients of torque and power for the different sweep angle with constant TSR of 3.5 
and constant depth Savonius helical turbine was calculated and plotted in Fig. 6. Similarly, the 
coefficients are plotted for variable depth 𝐻 with constant TSR of 3.5 and constant sweep angle 
Savonius helical turbine which is shown in Fig. 7. 

 
Fig. 6. Torque and power coefficients of sweep angle variations 

 
Fig. 7. Torque and power coefficients of depth 𝐻 variations 

From Figs. 6 and 7, the torque and power coefficients are inconsistent in sweep angle variations 
at constant wind speed, but it was consistent and decreases in depth variations at same constant 
wind speed. To enhance the aerodynamic efficiency of the helical Savonius turbine, it is essential 
to design the blades with an optimized combination of high depth and a lower sweep angle. This 
specific configuration enables the generation of additional induced drag, which in turn augments 
the blade's lift characteristics. The increased lift contributes significantly to improved turbine 
performance by enhancing torque and power output. 

To achieve a higher lift-to-drag (𝐿/𝐷) ratio at a constant Tip-Speed Ratio (TSR), the design 
was validated using blade depths (𝐻) within the range of 20 % to 30 % of the hub diameter. 
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Additionally, the optimal aerodynamic behavior was observed at a sweep angle (𝜃) of 20°. This 
balance between depth and sweep angle effectively maximizes the aerodynamic advantage, 
providing a solid foundation for efficient turbine operation across various wind conditions. 

5. Conclusions 

The study examined the effects of varying sweep angles and depth angles in different 
configurations of Savonius helical turbine blades. Based on the velocity and pressure plots, it was 
observed that blades with a moderate sweep angle paired with a larger depth angle demonstrated 
improved aerodynamic performance. This configuration generated additional lift, which was 
attributed to the increased induced drag caused by vortex buildup in the upper and lower halves 
of the helical blade. This aerodynamic phenomenon, when combined with the blade's attachment 
to a circular drum, contributed to the development of torque and improved the power coefficient. 

Using a Tip-Speed Ratio (TSR) of 3.5, the vertical axis wind turbine operated optimally under 
steady wind conditions. However, to comprehensively understand and optimize the performance 
of Savonius helical turbines, further studies are recommended. Future research should explore the 
variations in torque and power coefficient across a wider range of TSR values. This would provide 
insights into the behavior of the turbine under dynamic wind conditions and facilitate the design 
of more efficient configurations for diverse operating environments. 
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