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Abstract – The transition to renewable energy sources is 
crucial to addressing global climate challenges, and wind 
energy is emerging as a viable and cost-effective solution. 
Vertical axis wind turbines (VAWTs) offer advantages over 
traditional horizontal axis wind turbines (HAWTs), 
particularly in their ability to harness wind from multiple 
directions and operate efficiently at lower heights. This 
study focuses on the design and aerodynamic analysis of a 
Savonius-Darrieus hybrid wind turbine, which combines 
the self-starting capability of the Savonius rotor with the 
high-efficiency aerodynamic performance of the Darrieus 
rotor. Computational fluid dynamics (CFD) simulations 
performed in ANSYS Fluent were used to analyze the 
aerodynamic performance of various design modifications 
under steady-state conditions. Three modifications were 
applied to the Savonius rotor to optimize its operating 
efficiency, including extending the blade tips, altering the 
blade spacing, and introducing blade twist. The results 
indicate a 12.6% increase in torque and an 11.74% increase 
in Cp for the modified models compared to the original 
configuration, especially at low wind speeds (1-10 m/s). 
For the Darrieus turbine, the selection and optimization of 
the aerodynamic profile was performed using QBLADE, 
focusing on several National Advisory Committee for 
Aeronautics (NACA) airfoils, blade chord width, and tip 
speed ratio (TSR). The selected NACA 4412 profile 
demonstrated superior lift-to-drag ratio characteristics, 
making it ideal for integration into the hybrid system. The 
simulation results   provide   information   about   
the

velocity distributions, pressure contours, and wake 
formations, highlighting areas for further optimization. The 
hybrid turbine design shows promise for improving energy 
capture efficiency while addressing the self-starting 
limitations of conventional Darrieus rotors. This study 
concludes that the Savonius-Darrieus hybrid turbine offers 
a balanced approach to wind power generation, leveraging 
the complementary strengths of both rotor types.

Keywords-- Savonius-Darrieus, Computational fluid 
dynamics, Aerodynamic performance, Renewable energy.

Abstract -- The transition to renewable energy sources is 
crucial to addressing global climate challenges, with wind 
energy emerging as a viable and cost-effective solution. 
Vertical-axis wind turbines (VAWTs) offer advantages 
over traditional horizontal-axis wind turbines (HAWTs), 
particularly in their ability to harness wind from multiple 
directions and operate efficiently at lower heights. This 
study focuses on the design and aerodynamic analysis of a 
hybrid Savonius-Darrieus wind turbine, combining the self-
starting capability of the Savonius rotor with the high-
efficiency aerodynamic performance of the Darrieus rotor. 
Computational Fluid Dynamics (CFD) simulations 
conducted in ANSYS Fluent were used to analyze the 
aerodynamic performance of various design modifications 
at stationary conditions. Three modifications were applied 
to the Savonius rotor to optimize its operational efficiency, 
including the extension of blade ends, alterations in blade 
separation, and the introduction of blade twist. Results 
indicate a 12.6% increase in torque and a 11.74% increase 
in Cp for
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The modified models compared to the original 
configuration, particularly at low wind speeds (1-10 m/s). 
For the Darrieus turbine, aerodynamic profile selection and 
optimization were performed using QBLADE, focusing on 
various National Advisory Committee for Aeronautics 
(NACA) airfoils, blade chord width, and tip speed ratio 
(TSR). The selected NACA 4412 profile demonstrated 
superior lift-to-drag ratio characteristics, making it ideal for 
integration into the hybrid system. Simulation results 
provide insights into velocity distributions, pressure 
contours, and wake formations, highlighting areas for 
further optimization. The hybrid turbine design shows 
promise in improving energy capture efficiency while 
addressing the self-starting limitations of conventional 
Darrieus rotors. This study concludes that the hybrid 
Savonius-Darrieus turbine offers a balanced approach to 
wind energy generation, leveraging the complementary 
strengths of both rotor types.

Key words-- Savonius-Darrieus, Computational Fluid 
Dynamics, Aerodynamic Performance, Renewable Energy.

INTRODUCTION
The transition to clean energy sources has become a global 
priority as the impacts of climate change become 
increasingly apparent. Among the various renewable 
energy technologies, wind energy stands out as a leading 
solution due to its ability to generate electricity without 
emitting greenhouse gases [1-4]. In addition, wind energy 
is often more cost-effective than other renewable energy 
sources, such as solar energy.

Wind energy systems convert the kinetic energy of wind 
into electricity using turbines. Wind turbines are classified 
into two types, depending on their axis of rotation: 
horizontal axis wind turbines (HAWT) and vertical axis 
wind turbines (VAWT) [5-7]. HAWTs are the most widely 
used type of wind turbine. These systems have blades that 
rotate around a horizontal axis and are mounted on tall 
towers to reach higher wind speeds. This design facilitates 
efficient energy capture and has been the subject of 
extensive research and development. However, despite 
their high efficiency, HAWTs have certain limitations, such 
as the need for active wind orientation and higher 
maintenance requirements due to their complex mechanical 
systems [6, 7]. In contrast, vertical axis wind turbines 
(VAWTs), whose blades rotate on a vertical axis, offer 
distinct advantages. These turbines can capture wind from 
any direction, eliminating the need for the orientation 
mechanisms required by horizontal axis wind turbines 
(HAWTs) [8]. In addition,

VAWTs can be installed closer to the ground, reducing the 
cost and complexity of support structures. Among the 
various VAWT designs, Savonius and Darrieus rotors stand 
out for their unique advantages in different wind 
conditions.

The Savonius rotor is particularly valued for its simplicity 
and efficiency in low wind speed environments, where its 
design allows for efficient wind capture and easy 
maintenance [9]. This makes it particularly suitable for 
applications in areas with variable or low wind speeds. On 
the other hand, the Darrieus rotor, characterized by its 
aerodynamic design, performs better at medium wind 
speeds, offering greater efficiency and power [10]. These 
two types of rotors exemplify the versatility and 
adaptability of VAWTs, adapting to a wide range of 
operating requirements and environmental conditions. Over 
the last decade, substantial progress has been made in 
optimizing vertical axis wind turbines (VAWTs), with a 
particular focus on Savonius and Darrieus rotors. Savonius 
rotors, which operate on the basis of drag forces, have 
undergone design improvements, such as the optimization 
of blade shapes and overlap ratios, to optimize their 
performance in low wind environments [11-13]. These 
advances, validated through Computational Fluid 
Dynamics (CFD) simulations and experimental studies, 
have demonstrated significant improvements in 
performance [14-17]. In contrast, Darrieus rotors, which 
rely on lift forces, have been optimized through the 
implementation of curved blades and advanced airfoil 
designs. These improvements have resulted in increased 
energy capture efficiency. However, Darrieus rotors still 
face challenges, such as poor self-starting capability and 
higher manufacturing costs.

Each type of rotor has specific advantages and limitations. 
Savonius rotors are simple, cost-effective, and efficient in 
low wind conditions; however, they are less efficient due to 
their drag-based design [14,15]. In contrast, Darrieus rotors 
are more efficient at higher wind speeds but face challenges 
such as poor self-starting capability and greater design 
complexity [14,17]. In this context, hybrid systems 
combining both types of rotors have become an optimal 
solution, leveraging the self-starting advantages of 
Savonius rotors and the efficiency of Darrieus rotors. 
Studies by Pallotta et al. (2019) [18] and Chegini et al. 
(2023) [19] highlight the improved performance and 
operating range of these hybrid configurations, making 
them a versatile option for renewable energy systems. In 
summary, Savonius-Darrieus hybrid systems
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represent a promising approach to leveraging the 
complementary advantages of both designs, addressing the 
limitations of individual rotors and providing a broader and 
more efficient solution for wind power generation.

This study seeks to maximize the torque generated at low to 
medium wind speeds (6 m/s) through stationary analysis. 
The Savonius rotor profile will be designed with various 
modifications to the wind attack profile, while the Darrieus 
rotor profile will incorporate a selected NACA 
aerodynamic profile, adapted to the operating conditions of 
the hybrid system under different Reynolds numbers. The 
objective is to improve operational performance, 
particularly torque, through Computational Fluid Dynamics 
(CFD) simulations with Fluent ANSYS for the Savonius 
turbine performance and Qblade for the Darrieus turbine.

DEVELOPMENT
Blade geometry selection
Savonius turbines are relatively simple to manufacture and 
offer significant advantages, such as the ability to operate 
in low wind speed environments, high starting torque, 
omnidirectional wind acceptance, low noise levels, and 
reduced wear on moving components [20]. These 
characteristics make them a suitable choice for applications 
in low wind conditions. However, they have limitations in 
their overall efficiency and can face difficulties during 
start-up [21]. This paper considers a Savonius-Darrieus 
hybrid turbine design, widely documented in the literature, 
which incorporates a two-bucket Savonius rotor mounted 
concentrically inside a three-bladed Darrieus turbine, as 
shown in Figure 1. However, the focus of this study is 
initially on the individual design and analysis of both types 
of rotors, with particular emphasis on performance during 
start-up under low to medium wind conditions.

Figure 1. A typical Savonius-Darrieus turbine.

The design is based on geometric and operational 
parameters extracted from previous studies, such as the 
diameter-to-height ratio, the spacing between blades, and the 
use of curved or twisted profiles. The objective is to 
optimize both continuous operational performance and 
start-up behavior in stationary simulations. To this end, 
multiple geometric configurations were developed and 
analyzed using numerical simulations, with the intention of 
ultimately integrating an optimized Savonius rotor into a 
Darrieus configuration, forming an efficient hybrid turbine.

The initial model was evaluated using Computational Fluid 
Dynamics (CFD) to analyze parameters such as pressure 
distribution and kinetic energy of turbulence. The results 
identified high-pressure zones and stagnation regions that 
negatively affected the aerodynamic performance of the 
turbine. This led to a series of geometric adjustments aimed 
at optimizing its operation. In Figure 2a, the pressure 
contours reveal areas with potential for improvement by 
modifying the blade profile and orientation, thereby 
increasing the starting torque. Figure 2b shows an internal 
separation region where the kinetic energy of the 
turbulence is increased, a phenomenon that reduces the 
overall efficiency of the system. This behavior suggests 
opportunities for structural redesign to minimize energy 
losses.
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Figure 2. Turbine simulation model using computational fluid 
dynamics, at 3 m/s a) pressure distribution of the blades and b) 

kinetic energy distribution of turbulence of the blades.

The original model was simulated using computational 
fluid dynamics (CFD) to analyze pressure and kinetic 
energy of turbulence. The results identified high-pressure 
regions and stagnation zones that could negatively affect 
turbine performance, requiring subsequent design 
modifications. In Figure 2a, the pressure contours reveal 
areas where a larger contact surface can be exploited by 
modifying the blade profile and rotation to increase torque 
on the front blade. Conversely, in the internal separation 
region shown in Figure 2b, an increase in turbulent kinetic 
energy is observed, which reduces efficiency. This 
represents an opportunity to propose alternative designs 
that address these inefficiencies.
The geometric design of the models was carried out using 
SolidWorks software, where three different Savonius 
turbine configurations were proposed. These variants were 
subsequently evaluated using CFD simulations in the 
ANSYS Fluent environment. The main objective of this 
analysis was to identify the most favorable geometric 
configuration in terms of torque production during the start-
up phase.

Savonius turbine
The geometric design of the Savonius turbine was based on 
critical parameters reported by various authors, such as the 
ratio between the diameter and height of the rotor, the 
spacing between blades, the thickness of the profile, and the 
overall dimensions of the rotational assembly. The 
elements in Table 1 were selected based on empirical 
guidelines and optimization studies available in the 
specialized literature [22, 23].

The objective of this design was to ensure high starting 
torque and favorable operating conditions at low to medium 
wind speeds, considering that the Savonius turbine will 
play a fundamental role within the hybrid assembly as an 
auxiliary starting system in the final Savonius–Darrieus 
configuration. The proposed dimensions allow for proper 
integration with the Darrieus rotor, both structurally and 
aerodynamically, maintaining a balance between efficiency 
and simplicity of construction. In addition, alternative 
geometric configurations were evaluated in order to 
identify the design with the best aerodynamic performance. 
The corresponding CFD simulations allowed us to observe 
the flow behavior around the buckets, particularly in areas 
of recirculation, vortex generation, and high-pressure points 
that directly impact the torque generated.

Table 1. Geometric parameters of the original Savonius turbine.
Parameter Value
Height 40 cm
Blades 2
Distance between blades 1/6 diameter
Internal blade radius 5.83 cm
Diameter 20 cm
Internal blade area 733.04 mm2

The simulations were carried out for wind speeds between 
1 and 10 m/s, considering an incident flow perpendicular to 
the turbine's axis of rotation. The standard k–ε (k-epsilon) 
turbulence model, widely validated for this type of 
application, was used, and standard environmental 
conditions at sea level (atmospheric pressure of 101325 Pa 
and temperature of 298 K) were assumed. The mesh 
generated for the fluid domain was refined in the areas near 
the rotor to capture pressure and velocity gradients more 
accurately. Figure 3 shows the main geometric 
characteristics of the turbine.

Figure 3. Original model of the Savonius turbine, a) top view and 
b) side view.

First modification of Savonius (MOD 1)
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This modification involves adding a straight segment 
tangent to the ends of the turbine blades, keeping the blade 
spacing (e), blade height (H), and internal blade area 
constant. The main objective of this first modification to 
the original Savonius turbine is to extend the ends of the 
blades to increase the pressure inside the turbine and, 
consequently, the torque generated. However, despite this 
modification, the area of the turbine must remain constant 
to ensure that, during the manufacturing phase, the 
modified turbine uses the same amount of material as the 
original model. To achieve the desired extension, a straight 
segment (L) is added, tangent to the semicircular shape of 
each blade, as shown in Figure 4.

Figure 4. Top view and parameters of the modified Savonius 
turbine.

To maintain a constant area and avoid significantly altering 
the size of the turbine, the separation between the blades (e) 
and the blade height (H) were kept unchanged. 
Consequently, the greatest modification occurred in the 
straight segment (L) and the radius of each blade
(R). To achieve this, the lengths of the blades (which must 
be equal for both blades) were related, both in the original 
turbine (πR) and in the modified blades (Curved Segment + 
Straight Segment).

Through a series of mathematical and geometric 
relationships, the following formula was derived, as shown 
in equation 1, which allows the determination of both the 
values of the radius of each blade (R) and the length of the 
straight segment (L) based on the angle of inclination of the 
modified blade (i.e., the elongation of the ends).

𝐴 = (𝜋 −𝛽 )𝑅 +𝑅 𝑇𝑎𝑛 (𝛽 ) Eq. (1)

The area of the Savonius turbine blades is calculated using 
A=πRH, where𝐴 represents the area,𝑅 the radius of the 
blades, and𝐻 the height. In the original turbine, the area of 
each blade is 733 cm². This value remains constant
in all modified models, despite the changes

introduced by the addition of the straight segment (Table 2) 
and the geometric profile (Table 3).

Table 2. Characteristics of Savonius turbine models (MOD 
1).

Model Blade 
Radiu

s
(R)

Straight 
Segment

Angle of 
Straight 
Segment

(β)

Diameter 
(D)

Original 5.8333
cm

0.000 cm 0 20 cm

MOD 
1A

5.8220
cm

1,560 cm 15° 20.36 cm

MOD 
1B

5.7352
cm

3.311 cm 30 21.38 cm

MOD 
1C

5.4604
cm

5.460 cm 45 23.03 cm

MOD 
1D

4.7893
cm

8.295 cm 60 25.4 cm

MOD 
1E

3.2933
cm

12.291 cm 75 28.7 cm

To ensure consistency in the area, the radius
𝑅 of each blade is adjusted using the derived formula. 
Based on this mathematical formula and the graph 
presented above, the models described in the following 
tables have been designed.

Table 3. Geometry generated in SolidWorks for the first 
modification (MOD 1).

Original MOD 1A MOD 1B

MOD 1C MOD 1D MOD 1E

Second Modification of Savonius (MOD 2)
The second modification consists of changing the 
separation between the internal profiles of the turbine 
(Table 5). Four modifications were implemented in the 
model that obtained the best results in the previous section 
(MOD 1), as shown in Tables 4 and 5.
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Table 4. Savonius turbine models (MOD 2).
Original MOD 2A MOD 2B

MOD 2C MOD 2D

Table 5. Characteristics of Savonius turbines (Second 
modification).

Model Space between blades (cm)
MOD 2A 2.5
MOD 2B 3
MOD 2C 3.5
MOD 2D 4

Third Savonius Modification (MOD 3)
The modification involves twisting the profile as shown in 
Figure 5. This ensures that, from a manufacturing 
perspective, all modified models would require the same 
attack area as the original design.

Figure 5. Third modification of the profile twist.

Darrieus turbine
The design of the Darrieus turbine requires careful 
consideration of various factors to optimize its aerodynamic 
performance. This section presents an analysis of NACA 
(National Advisory Committee for Aeronautics) airfoils, 
along with calculations for chord width and determination 
of blade twist and radius necessary for optimal hybrid 
turbine operation at low to medium start-up airflow speeds.

For the Darrieus turbine, NACA 0012, 0015, 0018, 0021, 
2415, 4412, and 4418 airfoils were selected for evaluation, 
based on the literature [24, 25, 26], specifically for these 
hybrid models with low to medium start-up airflow 
velocities.

Chord length
To determine the appropriate chord length for the blades of 
the Darrieus turbine, factors such as the airfoil profile, 
radius, and height were considered, as defined by the 
following formula:

𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑑𝑒𝑐𝑢𝑒𝑟𝑑𝑎  =𝑅𝑎𝑑𝑖𝑜 × 0.15 Ec. (2)

This calculation, verified using QBLADE simulations, 
initially yielded a value of 4.5 cm. However, the simulation 
results suggest that the chord length should be between 4 
and 6 cm, as the turbine has a wider TSR range with these 
values. Given that the Darrieus turbine will be integrated 
into a hybrid configuration with a Savonius turbine, the 
literature suggests that the chord width should be optimized 
to minimize aerodynamic drag, thereby improving the 
performance of the Savonius turbine during start-up and in 
low wind conditions. Therefore, slightly shorter chord 
lengths are recommended compared to those typically used 
for a stand-alone Darrieus turbine.

Darrieus rotor: radius, height, number of blades, and 
blade rotation
The four parameters for the turbine design were selected 
based on findings in the literature [18, 27], which suggest 
the following guidelines:
For hybrid models, the radius ratio between Savonius and 
Darrieus turbines should be 1:3, resulting in a Darrieus 
turbine radius of 30 cm. The height of the Darrieus turbine 
should be three times its radius. Optimal efficiency has 
been achieved with a 3-blade turbine configuration. A 90° 
twist in the blades of a Darrieus turbine can improve flow 
smoothness in the medium-high TSR range.
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3𝑟 𝑟

Angle attack
The determination of the angle of attack is based directly on 
the results obtained by

𝐶𝑚 = 𝑇
0.5𝜌𝑉2𝐴𝑅

Eq. (6)

profile simulations performed in QBLADE. It was 
observed that the angle of attack values of the profiles vary 
according to the Reynolds number at which they are 
simulated.
The Reynolds number (Re) was calculated using equation 
(2):

𝑅𝑒 = 𝜌.𝑉 ·𝑙 µ = 𝑉.𝑙 𝑣  Eq. (3)

where ρ represents the density of air, V is the air velocity, l 
is the width of the rope (0.2 m),𝜇  is the dynamic viscosity 
of air, and𝜈  is the kinematic viscosity of air, with a value 
of 1.5111×10−5 m2·s
−1.

Governing equations
The performance of the modified Savonius vertical axis 
wind turbine was analyzed computationally using a finite 
volume Computational Fluid Dynamics (CFD) solver 
implemented in ANSYS

𝐶𝑝 =𝑇𝑆𝑅 𝑥 𝐶𝑚  Eq. (7)

Where ρ represents the density of air, R is the radius of the 
rotor, and A is the projected area of the turbine. T denotes 
the torque (moment) of the turbine, and𝑃 represents the 
power output of the turbine. The TSR (tip speed ratio) [30-
33] is the ratio between the tip speed
and the inlet wind speed. In equation (8), the TSR is 
mathematically expressed as:

𝑇𝑆𝑅 =𝑆𝑝𝑒𝑒𝑑𝑡𝑖𝑝 =𝜔 𝑑/𝑉 Eq. (8)
𝐼𝑛𝑝𝑢𝑡 𝑆𝑝𝑒𝑒𝑑

Where Speedtip is the tip speed or peripheral speed of the 
rotor (m/s); ω is the angular speed of the rotor (1/s); d is the 
diameter of the rotor cylinder halves (m), and V is the wind 
speed (m/s). The torque coefficient or Ct is defined as the 
ratio between the actual torque developed by the rotor (T) 
and the theoretical torque available in the wind (Tw), 
according to equation (9):

Fluent. The physical process was mathematically modeled 
based on the equations governing the process in the 
conservative form   from   the   equations   from   
Navier-Stokes,

𝐶𝑡 =
𝑇 =

𝑇𝑊

4𝑇
Eq. (9)

𝜌𝐴𝑠𝑑𝑉2

formulated for incompressible flow with constant viscosity. 
These equations are expressed in finite difference form, as 
shown in equations (4) and (5).

𝛛  (𝜌𝑉→) + 𝛻(𝜌𝑉→𝑉 →) + 𝜌(2𝜔→𝑉→ + 𝜔→𝜔→𝑟) = −𝛻𝑃 +

where ρ is the density of air (1.225 kg/m³); T is the torque 
(Nm), and AS is the swept area of the blades (m²), 
calculated as follows in equation (10):

𝐴𝑠 =𝐴𝑙𝑡𝑢𝑟𝑎 𝑥 𝐷𝑖á𝑚𝑒𝑡𝑟𝑜𝑑𝑒𝑙 𝑅𝑜𝑡𝑜𝑟  Ec. (10)
𝛛𝑡 𝑟 𝑟 𝑟 𝑠

𝜌𝑔→ + 𝛻(𝜏 ) Eq. (4) The power coefficient of a wind turbine (Cp) is the ratio between 
the maximum power obtained from the wind (Pt)

𝜏𝜇  [(𝛻 𝑉 →𝑟 +𝛻 𝑉 →𝑇  ) − 2 𝛻 𝑉 ⃗→ 𝐼] Eq. (5) and the total available wind power (Pa) according to equation 
(11):

In this study, the standard model of 𝐶 =  𝑃𝑡=    𝑃𝑡 Eq. (11)
turbulence𝑘 –𝜖 , a widely used two-equation model. This 
model is especially

𝑝 𝑃𝑎
1𝜌𝐴𝑉 3
2

Suitable for flows with sharp corners and straight or curved 
edges, such as those found in turbine blades, as it 
incorporates wall functions derived from the wall law. The 
turbine's ability to capture wind is quantified by the 
moment coefficient (Cm) and the power coefficient (Cp) [9, 
28, 29]. The moment coefficient (Cm) represents the ratio 
between the torque produced by the turbine and the torque 
available in the wind. Similarly, the power coefficient (Cp) 
is defined as the ratio between the power extracted by the 
turbine and the total power available in the wind passing 
through the projected area of the turbine. The equations for 
Cm and Cp are presented in equations (6, 7):

where the maximum power of the wind turbine is 
determined in equation (12)

𝑃𝑡 =𝑇 𝜔 (𝑊𝑎𝑡𝑡) Eq. (12)

Relationship between the power coefficient Cp and the tip 
speed ratio TSR or λ as an effect of the robustness of the 
wind turbine's performance.

CAD models and boundary conditions
The geometric design created in SolidWorks was imported 
into ANSYS for simulation setup, with special attention 
paid to ensuring compatibility and accuracy. The process of 
importing geometry from SolidWorks   to   ANSYS   is   
described   briefly   as follows
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1) Save the SolidWorks geometry in a compatible file 
format, such as IGES or PARASOLID. 2) Use the "Import 
Geometry" function to load the saved file into the ANSYS 
Workbench menu. 3) Configure the appropriate options and 
settings during the import process. 4) Prepare and repair the 
geometry in ANSYS to correct any possible export errors.
In this 3D-CFD simulation, commercial ANSYS Fluent 
software was used. A steady-state approach was adopted to 
model the physics of the problem. A velocity inlet 
boundary condition was applied to the inlet section face, 
while the outlet zone of the volume domain was defined as 
a pressure outlet condition. The remaining faces of the 
computational domain were treated as symmetry boundary 
conditions, as their distance from the turbine ensured a 
negligible impact on the results. For this simulation, a 
double precision scheme was selected and second-order 
upwind spatial discretization was applied to the pressure, 
momentum, and turbulence equations. The simulations 
were performed under steady-state mesh conditions using 
the standard k-epsilon turbulence model, assuming standard 
atmospheric conditions. The inlet wind speed was set in a 
range of 1 to 10 m/s, and the outlet pressure was set to 0 Pa. 
Convergence criteria were set at a residual of 1 × 10⁻⁵, with 
a maximum of 1000 iterations.

The meshing process was performed using ANSYS 
Meshing, with a refined mesh density applied to the 
concave and convex surfaces of the turbine blades to ensure 
the accuracy and convergence of the solution. The 
simulation assumed incompressible flow conditions in a 
steady state. Symmetry boundary conditions were applied 
to the upper and lower surfaces, representing the side walls 
of the wind tunnel, as shown in Table 6.

Table 6. Volume control dimensions around the Savonius 
turbine model.

Front Rear Sides Top-Bottom

300 cm 1000 cm 200 cm 100 cm

The turbine blades were adjusted to standard wall 
conditions and the models were simulated with constant 
rotation to represent start-up conditions at low to medium 
wind speeds.
The mesh characteristics were carefully defined to ensure 
accuracy and convergence in the simulation. The element 
size was set to 10 mm, started from the active assembly, 
with high smoothing and a slow transition. The

minimum edge length was specified at 1.07 mm. For 
inflation, automatic inflation was enabled and a smooth 
transition option was selected with a transition ratio of 0.77, 
a maximum of 10 layers, and a growth rate of 1.2, using the 
"Pre" inflation algorithm. The final mesh consisted of 
approximately
800,000 nodes and 500,000 elements. The Fluent analysis 
of the vertical axis hybrid wind turbine (VAHWT) was 
performed in ANSYS Fluent under variable aerodynamic 
speeds from 1 to 10 m/s, ensuring a robust evaluation of the 
turbine's performance.

DISCUSSION AND ANALYSIS OF RESULTS
This section presents the results of the CFD analysis of the 
modified Savonius turbines, along with a comparison with 
the original Savonius turbine. In addition, the 
recommended characteristics for the Darrieus turbine and 
the Savonius-Darrieus hybrid model are described, with the 
aim of identifying the optimal performance for each model 
individually.

Savonius Turbine
From the control volume shown in Figure 6a, with 
dimensions of 60 cm high, 61 cm wide, and 142 cm long, 
the meshing was performed in Ansys, as shown in Figure 
6b, with a linear element order of 886,434 nodes and 
4,794,510 elements, with element sizes in the control 
volume of 20 mm and 1.5 mm near the Savonius blade 
region.

Figure 6. Characteristics of the original Savonius turbine; a) Control 
volume, b) Volume mesh.

The simulations performed in ANSYS Fluent provided 
detailed information on the aerodynamic behavior of the 
Savonius turbine, including pressure distribution, velocity 
curves, and torque generation. Figure 7 illustrates the 
velocities, ranging from 0 m/s to 5.57 m/s, highlighting the 
interaction between the airflow and the turbine. It should be 
noted that there is a significant reduction in speed at the 
front of the turbine due to wind interception. A wake region 
forms behind the turbine, characterized by low-speed zones 
that indicate flow separation and energy dissipation. The 
lateral acceleration zones (shown in green and yellow) 
show how the flow deviates around the blades, facilitating 
the rotational movement.
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Figure 7. Velocity gradient in ANSYS Fluent (original 
Savonius turbine).

In terms of aerodynamic performance, the wake region 
behind the turbine shows the energy losses typical of 
Savonius turbines, which are less aerodynamically efficient 
compared to other designs, such as the Darrieus. Despite 
this, the curved blades generate pressure differentials that 
drive rotational torque. The simulation results match the 
expected behavior of a Savonius turbine and provide 
valuable information on possible design modifications to 
improve energy capture and minimize aerodynamic losses.

First Avonius modification (MOD 1)
Figure 8 shows the variation in torque generated (Newton-
meters) as a function of the external angle of the blade (in 
degrees) in the modified Savonius turbine. The results 
indicate a steady increase in torque up to an optimal angle 
of 40°, after which it begins to decrease. This behavior 
suggests that the aerodynamic forces acting on the blade are 
maximized at this angle, improving energy capture. 
However, at angles greater than 40°, an increase in 
aerodynamic drag can offset the benefits, reducing overall 
efficiency.

Figure 8. Relationship between torque and external angle of the 
modified Savonius turbine blade at 3 m/s.

This behavior is consistent with the aerodynamic principles 
governing Savonius turbines, where the angle of the blades 
plays a crucial role in influencing the aerodynamic forces 
acting on the turbine. The results suggest that the modified 
turbine

modified turbine achieves maximum torque generation at a 
blade angle of 40°. This optimal condition is particularly 
advantageous for harnessing wind energy during start-up 
operations, where maximizing torque is essential for 
efficient turbine performance. The graph provides valuable 
insight into the performance characteristics of the modified 
turbine. The observed relationship between torque and 
blade angle highlights the importance of blade geometry 
and its influence on efficiency. The maximum performance 
at 40° indicates that this angle should be prioritized in 
design optimization efforts to improve energy capture and 
overall turbine efficiency.

Second Savonius Modification (MOD 2)
Figure 9 examines the impact of varying blade spacing on 
the torque generated. The results show that increasing blade 
spacing improves torque up to a certain threshold, beyond 
which performance begins to degrade. This trend suggests 
that blade spacing plays a critical role in optimizing the 
interaction between wind flow and turbine structure.

Figure 9. Torque generated with different blade separations.

Optimal blade spacing ensures a balance between 
aerodynamic efficiency and mechanical stability. Excessive 
spacing can lead to inefficient energy transfer, as more air 
can pass through the turbine without being effectively 
harnessed. On the other hand, insufficient spacing can lead 
to increased turbulence and energy losses. The findings 
emphasize the importance of an experimentally validated 
blade spacing range for different wind conditions.

This model was simulated with incoming wind speeds of 1 
to 10 m/s to obtain pressure, velocity, and torque 
distributions when the wind strikes the turbine 
perpendicularly. Table 7 presents the torque values 
obtained from the Computational Fluid Dynamics (CFD) 
analysis performed on both the
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original model (OM) and modified models (M1-2) in the 
same wind speed range of 1 to 10 m/s, under the previously 
specified boundary conditions.

Table 7. Comparison of the torque generated by the original 
turbine and the modified turbines.

Wind speed 
(m/s) Torque 

(Nm) OM
Torque 
(Nm) M1-2 %

1 0.00178305 0.002 12.2
2 0.00720821 0.00809042 12.2
3 0.0162682 0.01821297 12.0
4 0.02896821 0.03237664 11.8
5 0.04533428 0.05059608 11.6
6 0.06230613 0.07288592 17.0
7 0.08879838 0.09923683 11.8
8 0.11562856 0.12962911 12.1
9 0.14624226 0.16406252 12.2
10 0.18051243 0.203728 12.9

This gives us an average increase of 12.6% in the torque 
generated by the Savonius MOD1 and MOD2 turbines 
compared to the original when the wind hits the turbines 
perpendicularly.

Third Savonius Modification (MOD 3)
Figure 10 shows the influence of the blade rotation angle 
on the torque generated. The results reveal that the torque 
fluctuates as the blade rotates, reaching a maximum before 
gradually decreasing. This cyclical behavior suggests that 
the optimal rotation angle maximizes energy extraction at 
specific positions within the turbine's operating cycle.

Figure 10. Savonius torque blade and torque (Nm).

At lower rotation angles, when the blade is positioned at 
more favorable angles to the wind, an increase in torque is 
observed. It is important to note that the surface area 
exposed to the airflow remains constant in all models. The 
graph indicates the

presence of an optimal angle at which maximum torque is 
achieved. At this point, the configuration of the blade with 
respect to the wind flow maximizes the aerodynamic force, 
thus maximizing the power extracted. Beyond this optimal 
angle, the torque begins to decrease due to the less 
favorable position of the blade with respect to the wind, 
which reduces the aerodynamic force and, consequently, 
the torque generated, increasing the effects of turbulence.

These turbulence effects must be considered when 
evaluating turbine performance under real conditions. In 
conclusion, the graph provides valuable information about 
the relationship between the blade angle of attack and the 
torque produced in a Savonius turbine. This data can be 
used to optimize turbine design and improve its efficiency 
in wind power generation. Figure 11 illustrates the 
variation in torque generated by a Savonius turbine as a 
function of the turbine's angle of rotation, considering two 
initial blade positions: 0° and 90° for the original and 
modified turbines, respectively. The x-axis represents the 
angle of rotation (in degrees), which denotes the angular 
position of the turbine blade relative to a reference position, 
while the torque values (N·m) are shown on the y-axis. The 
curves for both initial positions (0° and 90°) show periodic 
behavior, indicating that the torque generated by the turbine 
varies cyclically as the blade rotates. It should be noted that 
the torque curves for 0° and 90° are out of phase, 
suggesting that maximum torque is reached at different 
angular positions of the blade.

Figure 11. Comparison of torque for the initial blade positions of 
0° (original) and 90° (modifications) at 3 m/s.

At the 0° position, the curve shows a maximum near 120°, 
indicating that the blade captures the most wind energy and 
generates maximum torque at this angle. Similarly, for the 
90° position, the curve also shows a local maximum, but at 
a slightly different angle of approximately 130°. With a 90° 
twist, the torque shows an average increase of 3% 
compared to the 0° twist, as calculated from the curve.
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from the curve. This confirms that the initial position of the 
blade significantly influences torque generation.

The results are based on a wind speed of 3 m/s. The shape 
and profile of the blades have a substantial impact on 
turbine performance, as small variations in their geometry 
can cause significant changes in the torque curve. In 
addition, wind turbulence can affect torque generation, and 
these factors must be considered when evaluating turbine 
performance under real conditions. The graph provides 
valuable information about the behavior of a Savonius 
turbine as a function of the blade rotation angle. These 
findings can be used to optimize turbine design and 
improve its efficiency in generating wind power. The 
pressure, velocity, and turbulence in both Savonius turbines 
are shown in Figures 12, 13, and 14. In Figures 12a-b, both 
images show a different pressure distribution, with high-
pressure zones at the front of the rotor (where the wind hits 
directly) and low-pressure zones at the rear. The modified 
turbine design appears to have several advantages over the 
original design in terms of pressure distribution.

The more pronounced high-pressure region on the concave 
side of the advancing blade suggests that the modified 
design generates greater positive torque, which could result 
in higher power output. The less intense low-pressure 
regions on the convex face of the advancing blade and on 
the returning blade indicate a reduction in drag force, which 
could improve turbine efficiency. The pressure around the 
rotor varies as it rotates, representing the torque variations 
in Figures 11 and 12.

Figure 12. Convection pressure in a) original turbine, and b) 
modified turbine.

The airflow velocity observed in Figure 13 shows the 
formation of a wake behind the rotor. The more 
pronounced high-velocity region on the concave side of the 
advancing blade suggests that the modified design achieves 
greater flow acceleration, while the less intense low-
velocity regions on the convex side of the advancing blade 
and on the returning blade indicate a reduction in separation 
and

flow recirculation, which could improve turbine efficiency.

Figure 13. Rotational speed in a) original turbine and b) modified 
turbine.

The modified design appears to achieve greater flow 
acceleration, reduce flow separation, and achieve a greater 
velocity difference between the concave and convex sides 
of the advancing blade. These improvements could 
contribute to greater overall efficiency and power output of 
the turbine.

Figure 14 shows the turbulent kinetic energy (TKE) 
contours. The more uniform distribution of TKE in the 
modified design suggests that it generates less intense 
turbulence, which could result in lower noise emissions and 
reduced mechanical stress on the turbine. The less intense 
TKE in the wake region of the modified design (Figure 
14b) indicates a reduction in turbulent energy dissipation, 
which could contribute to higher overall turbine efficiency.

Figure 14. Velocity and turbulence profile at 3 m/s in a) 
original design and b) modified design.
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Modifications made to the design, such as changing the 
external opening of the profile, the internal separation 
between the blades, and the torsion of the profile, probably 
influenced the airflow around the turbine, thereby 
improving its efficiency. Modifications made to the design, 
such as changing the external opening of the profile, the 
internal spacing between the blades, and the twist of the 
blade profile, likely influenced the airflow around the 
turbine, thereby improving its efficiency. Further analysis 
of additional data and dynamic simulation would be 
necessary to fully understand the impact of design 
modifications on overall turbine performance.

The actual design of turbines in real-world conditions may 
differ from the simulation results due to factors such as 
wind turbulence, manufacturing tolerances, and 
environmental conditions.

Darrieus turbine
Based on the results obtained from the simulations in 
QBLADE and the Savonius-Darrieus model 
recommendations found in the reviewed literature, the 
following characteristics for the Darrieus turbine are 
established in Tables 8 and 9. Visualizations of the 
Darrieus and Savonius-Darrieus turbines are shown in 
Tables 8 and 10, respectively.

Table 8. Final visualization of the Darrieus turbine.
Top view Front view Isometric view

Table 9. Geometric parameters of the Darrieus turbine.
Parameter Value

Aerodynamic Profile NACA 4412
Chord width 5 cm

Radius 30 cm
Number of blades 3

Height 90 cm
Twist 90

In the case of the Darrieus turbine, QBLADE simulations 
of aerodynamic profiles were used, along with SolidWorks 
for 3D modeling.

Table 10. Visualization of the Savonius-Darrieus turbine.
Top view Front view Isometric view

Analysis of aerodynamic profiles, chord width, blade 
twist, radius, height, and number of blades of the 
Darrieus rotor
An analysis of six aerodynamic profiles was performed 
using QBLADE software. The selection of profiles was 
based on the lift-to-drag ratio, evaluated with different 
Reynolds numbers. The results are presented in Figure 15.

Figure 15 shows that the Cl/Cd ratio increases with the 
Reynolds number, indicating that the aerodynamic profiles 
become more efficient as the Reynolds number increases, 
due to the higher lift-to-drag ratio.

Figure 15. Cl/Cd ratio of aerodynamic profiles at different Reynolds 
numbers.

Among the profiles, aerodynamic profiles 4412 and 4418 
exhibit the highest Cl/Cd ratio values, particularly at higher 
Reynolds numbers (750,000 and 1,000,000). This suggests 
that these profiles perform more efficiently in turbulent 
flow conditions. Conversely, at lower Reynolds numbers 
(50,000), the Cl/Cd ratio is significantly lower, implying 
reduced aerodynamic efficiency in laminar flow conditions 
or at lower speeds. Profiles 0012, 0015, 0018, and 0021 
show a similar trend, with a gradual increase in the Cl/Cd 
ratio as the Reynolds number increases; however, they do 
not reach the
maximum values observed for profiles 4412 and 
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4418. These findings are crucial for the selection of 
aerodynamic profiles in applications where maximizing 
aerodynamic efficiency and performance is a priority.

To determine the optimal chord width for the turbine 
blades, factors such as aerodynamic profile, radius, and 
height were considered. The results of the QBLADE 
simulation indicated that the ideal chord width is 4 to 6 cm, 
as shown in Figure 16. A greater range of operating TSR is 
observed for those with a chord width of 3, 4, and 5 cm.

Figure 16. Power coefficient (Cp) curves as a function of TSR for 
different chord lengths.

Figure 17 shows the NACA 4412 profile with the lift-to-
drag ratio (Cl/Cd) to obtain the angle of attack. The graph 
shows that the NACA 4412 profile reaches its maximum 
Cl/Cd ratio at an angle of attack of approximately 5 
degrees.

Figure 17. Cl/Cd with respect to the angle of attack of the NACA 
4412 airfoil.

In summary, we can establish the following points:
1. For hybrid models, the ratio of the radius between the 
Savonius and Darrieus turbines should be 1:3, resulting in a 
Darrieus turbine with a radius of 30 cm [6,7].

2. The height of the Darrieus turbine is three times its 
radius [6,7].
3. Maximum efficiency is achieved with three-bladed 
Darrieus turbines [6].

Based on the two models presented in the previous sections, 
the final Savonius turbine and Darrieus turbine assemblies 
were created using SolidWorks software to create a single 
hybrid model, as shown in Table 10. This integrated model 
is designed to be tested in the field or through dynamic 
simulations to evaluate the behavior and potential 
performance of this new energy alternative.

The first analysis seeks to study the effect of slot position 
variation on initial turbine performance (i.e., stationary 
analysis). Specifically, the slot position is defined as a 
percentage of the blade chord, and static analyses are 
performed by varying the angular position of the rotor from 
0° to 180°. From the results shown in Figure 3, it can be 
inferred that the presence of the slot, for positions below 
40%, improves the turbine's starting torque performance 
compared to the standard configuration.

CONCLUSIONS
The study successfully optimized the designs of Savonius 
and Darrieus turbines to improve their performance. 
Extending the blade tips and adjusting their spacing 
significantly increased torque generation, especially at low 
wind speeds (1-10 m/s). The modified Savonius turbine 
showed an average 12.6% increase in torque compared to 
the original configuration. Optimizing the blade pitch angle 
can further improve turbine performance. The study 
identified an optimal angle that maximizes torque 
generation, improving energy capture efficiency. The initial 
position of the blades significantly influences torque 
generation. The analysis showed that a 90° twist resulted in 
an average 3% increase in torque compared to a 0° twist.

The modifications made to the Savonius design in the final 
model have improved performance with a TSR greater than 
0.8. However, performance with a TSR less than 0.7 could 
be similar. Further analysis of additional data would be 
necessary to fully understand the impact of the design 
modifications on the overall performance of the turbine. 
The NACA 4412 airfoil profile had a higher lift-to-drag 
ratio, making it the ideal choice for the hybrid system. The 
study established the optimal parameters for the Darrieus 
turbine, including chord width, blade twist
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blades, radius, height, and number of blades, based on 
simulation results and bibliographic recommendations.

Further research, including field tests or dynamic 
simulations, is required to fully evaluate the interaction 
between the Savonius and Darrieus rotors in the hybrid 
configuration.
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