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Abstract. This study numerically investigates the effect of multi-curve blade
configuration on the performance of the optimized Savonius wind turbine. The
simulation is performed utilizing a sequence of unsteady 2D computational fluid
dynamics in the commercial software ANSYS Fluent 2021R2. The results state a
high influence of the turbine performance on the multi-curve shape. The highest
performance of the rotor is recognized on the blade configuration with the main
profile made by a quarter circular R3* = 0.5 and a quarter elliptical section. For
which, the power coefficient Cp, is improved by 185.1% at the tip speed ratio
(TSR) higher than 1.0 and up to 5.5% at TSR of less than 0.8, making this design
better suited for wide working conditions over the previous configurations.
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1 Introduction

Savonius wind turbine, built by engineer S. J. Savonius [1, 2], is a popular vertical
axis wind turbine (VAWT) used in both urban and rural areas. The advanced features
of the Savonius turbine include simple assembly, low maintenance costs, low starting
speed, omnidirectional operation, and low noise. However, the efficiency of the Savonius
turbine is still relatively low compared to other turbines.

Many studies have been carried out to improve the efficiency of Savonius turbines
including flow control by flow deflectors [3, 4] and improved blade profiles [5—13]. With
flow deflectors, the wind will be oriented to the advancing blade and blocked from the
returning blade. However, in this technique, the advanced features of the Savonius turbine
were eliminated such as its compactness size and the independence of wind direction.
Therefore, at the present, most of the research focuses on the optimizing blade shape such
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as an overlap blade type [5], a modified blade with variable thickness [6, 7], Bach-type
[8-10], elliptical and multi-curve type [11, 12], and multi-blade [13]. Compared with
the conventional turbine, the power coefficient C;, of the Savonius rotor can be improved
up to hundreds of percent depending on the blade configuration [11]. However, previous
blade designs were only paid attention to specific operating conditions such as the low
TSR range of lower than 0.8 for rural application or high TSR > 1.2 for use in urban
environments.

In this study, various blade configurations for the Savonius rotor are investigated to
recognize the best configuration with the highest performance in wide operating ranges.
The multi-curve blade is designed, for which the main profile is made by a quarter circle
with a non-dimensional radius R3 " and a quarter elliptical section. The performance of
the optimized design and its advantage against the conventional one are analyzed utilizing
a sequence unsteady simulation in commercial software ANSYS Fluent 2021R2.

2 Geometry Design for Optimized Rotors with R3* Varies

Based on flow characteristics around the blade, and from previous research on the ellipti-
cal and multi-curve blade [11], the new multi-curve blade is designed. Figure 1 illustrates
a configuration of the conventional blade OB [14] (a) and the designed multi-curve blade
shapes in this study according to the non-dimensional radius of the quarter circular pro-
file R3". Here, the optimized blade is named MB02 to MBO6 which is proportional
to the R3” ranging from 0.2 to 0.6, respectively. The detailed designed parameters for
conventional and optimized blade configurations are presented in Table 1.

3 Numerical Simulation

3.1 Numerical Method

In this study, the flow around the rotor blade is numerically analyzed utilizing the
sequence unsteady simulation, which is performed using the commercial Computational
Fluid Dynamics software ANSYS Fluent 2021R2. For which, the governing equation
for a 2D incompressible unsteady Reynolds-Averaged Navier-Stokes equation is derived
as follows [11]:
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Here, p, u, u/, and v are the pressure, the mean velocity, the fluctuation velocity, and
the kinematic viscosity of the wind flow, respectively. u;uj/ denoted the Reynolds stress
tensor. The realizable k-¢ turbulence model and the enhanced wall function are selected
to account for the effect of the turbulence on the flow around the rotor [11].

The implicit pressure-based solver with the coupled method was used to solve the
governing equation above. The second-order upwind method was applied for the dis-
cretization of the convection equations. The least-square cell-based method was used
for the gradient. Besides, the second-order implicit method is used for the time variable.
The rotation of the rotor is simulated using the sliding mesh model.
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Fig. 1. Geometry and parameters of blade configurations (a—f)

Table 1. Details of rotor configuration design parameters [m]

d [m] D [m] ¢ [m] h* R * Ry* R3
MB02 0.5 1 0.004 0.25 0.5 0.55 0.2
MBO03 0.3
MBO04 0.4
MBO05 0.5
MBO06 0.6
OB 0.5 1 0.004 - - - -

3.2 Computational Domain and Simulation Conditions

Figure 2 illustrates the computational domain, boundary conditions, and mesh details
used for the simulation. The domain includes a rotating zone of size 1.2D placed at a
distance of 6D and 10D from the inlet and outlet boundaries, respectively. The stationary
zone has a size of 16D x 14D with two side boundaries located symmetry from the rotor
center. These two zones are connected by an interface model.

At the inlet boundary, the wind velocity U = 7 m/s [14], and the turbulent quantities
are specified [11, 13]. The symmetry condition is applied at the two-side boundaries,
meanwhile, the no-slip condition is used for the rotor blade. Depending on the specific
TSR, the rotating zone has different rotational speeds w, as shown in Table 2. The rotation
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of 2%/step is set for the time step size. And the simulation is performed for the completion
of 10 rotations.

The unstructured mesh is generated over the domain. Regarding the mesh indepen-
dency study, the mesh is generally fine at the rotor-stator interface with the minimum
size of 0.005m and at the blade shape with the minimum size of 0.001 m. The coarse
mesh is used for the stationary zone. Near the blade surface, the structured mesh with
20 layers, in which the first layer thickness is 10~ corresponding to mesh resolution of
y* < 1, is generated.
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Fig. 2. Computational domain, boundary conditions and mesh detail around rotor

Table 2. Rotational speed of rotating zone, w [rad/s]

0.67 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
® 9.38 11.2 12.6 14 15.4 16.8 16.8 19.6 21 22.4

4 Results and Discussions

4.1 Torque Distribution in One Period Rotating

Figure 3 illustrates the comparison of the averaged moment C,, and power C,, coefficients
between the conventional and the optimized blade configurations with different R3" at
various TSRs. For which, C,, decreases as TSR gradually increases. Rotor MB02 has the
lowest C,, of configurations considered in all TSRs. Meanwhile, at TSR > 1.0, rotors
MB04, MBO05, and MBO06 perform significantly better than the other rotor. C,, decreases
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slowly with a gentler slope at TSR between 1.0 and 1.4 in these 3 rotors. Although the
optimized MBO04 rotor has a lower C, than the previously studied MBOS5 rotor [11] at
TSR from 1.0 to 1.4, this rotor allows more efficient operation in wider wind conditions.
Specifically, the MB04 rotor gives greater efficiency at TSRs < 1.0 and TSRs > 1.4.
The best performance that the MB04 rotor offers improves up to 5.5% at TSR < 1.0 and
up to 185.1% at TSR > 1.4 when compared to the OB rotor. This greatly increases the
energy efficiency that this turbine produces at both low TSRs and high TSRs, thereby
demonstrating the applicability of the rotor MB04 under wider operating conditions than
in previous studies.
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Fig. 4. Torque distribution in one period rotating

Figure 4 presents the distribution of torque in one rotation at TSR 0.8 and 1.5 between
the rotor with blades MB04, MBO0S5, and MB06. At TSR 0.8, the rotor with blade MB04
produces a higher torque area than that with blades MB05 and MBO06 at azimuths from
80° to 175° and from 260° to 355°. Similar behavior can be seen at TSR = 1.5. For
which the area with the higher torque in the rotor with blade MB04 is much larger than
the area with the higher torque in the rotor with blades MB05 and MBO06, responding to
better performance on the MB04 rotor, as shown in Fig. 3.
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5 Conclusion

In this study, a multi-curve blade configuration that improves the performance of a
Savonius rotor is numerically recognized. The advanced feature of the optimized design
against the conventional one is analyzed through a sequence unsteady simulation using
the commercial CFD software Ansys Fluent 2021R2.

The results suppose a high dependency of the rotor performance on the main blade
configuration. The best performance is observed with blade MB04 with R3* = 0.4 with
the increment in power coefficient by 185% at high TSR of greater than 1.0 and up to
5.5% at low TSR range of less than 0.8 over the other configurations. The result implies a
high potential application of the rotor with blade MB04 for energy harvesting application
in wide wind conditions.
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