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Abstract: In this paper a new bucket configuration for a Savonius wind generator is
proposed. Numerical analyses are performed to estimate the performances of the proposed
configuration by means of the commercial code COMSOL Multiphysicsr with respect to
Savonius wind turbine with overlap only. Parametric analyses are performed, for a fixed
overlap ratio, by varying the slot position; the results show that for slot positioned near the
blade root, the Savonius rotor improves performances at low tip speed ratio, evidencing a
better starting torque. This circumstance is confirmed by static analyses performed on the
slotted blades in order to investigate the starting characteristic of the proposed Savonius wind
generator configuration.
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1. Introduction

The International Energy Agency expects that by 2030 the primary world energy demand will increase
by 45%, and hydrocarbon fuels will continue to have a primary role, covering 80% of the demand [1].
The increase of the world energy demand, mainly fulfilled by hydrocarbon fuels, has resulted in an
increment in greenhouse gas emissions, with serious repercussions on our environment. Reduction in
greenhouse gas emissions can be achieved by increasing plant energy efficiency and by taking concrete
actions on energy saving and recovery in the industrial and civil field [2–4]. Although wind energy is
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able to replace traditional energy sources in clean ways, many concerns are associated with its use in
urban environments, such as performances in urban environment or noise level, as well as the visual
impact, concerning integration with existing buildings [5]. The vertical axis wind turbines of Savonius
and Darrieus types are the most interesting ones from the feasibility and sustainability point of view
in the urban environment. Efficiency of Savonius generators is rather low compared to both horizontal
axis and Darrieus type turbines [6]; however, they show some advantages relating to: (i) simple and
inexpensive design; (ii) self-activation in presence of wind; (iii) operating capability not reliant on wind
direction. Moreover, they are characterized by high starting torque, which represents an advantage for
urban applications. There are many studies in the literature focusing on improvement of aerodynamic
performance of Savonius turbine. Among these, several authors have analyzed savonius blade behavior
in the presence of valves, or gaps, in the center area of the blades, in order to allow the flow passing
from one side of blade to another and thus reducing the drug for the retreating blade. Plourde et al. [7]
and Abraham et al. [8] have analyzed experimentally the behavior of both the end plates and the effects
of longitudinal vents aligned with the axis of rotation. Results have shown that use of venting give less
improvements of the blade performances if compared to endplate. Saha et al. [9] have investigated
the performances of two-stage rotor system by inserting a valves on the concave side of blade able to
be opened in the advancing blade and closed in the returning one. This configuration has allowed to
reduce the negative torque of the rotor considerably. Gupta et al. [10] have investigated the behavior of a
combined Savonius-Darrieus wind rotor and the associated advantages while Altan et al. [11] designed a
deflector with different arrangements placed in front of the rotor with the aim of preventing the negative
torque. Fujisawa [12] showed that in order to increase the power coefficient of the Savonius generator it
is useful to superimpose blades close to the rotational axis. Recently, a systematic study on the behavior
of Savonius wind turbine with blades overlapping was performed by Akwa et al. [13], who found
that the best performance can be obtained for a particular overlapping ratio. On this basis, this paper
presents a new slotted bucket configuration numerically analyzed by means of the commercial code
COMSOL Multiphysicsr. 2-Dimensional CFD analyses are performed for both static conditions, in
order to characterize the starting performance of the new configuration proposed, and dynamic conditions
by varying some geometric characteristics of the slotted blades as well as the tip speed ratio. Although
3-Dimensional studies may provide a more realistic behavior of the Savonius turbine, the 2-D numerical
analysis, firstly validated by means of experimental results obtained by Blackwell et al. [14], has allowed
to point out the effect of the modified blade with less computational efforts.

2. Computational Fluid Dynamic Analyses

In this section the main geometrical features of the slotted blades are firstly defined and described in
comparison with the classical Savonius wind generator [15]. Then control volumes and corresponding
boundary conditions considered for the analyses are introduced and a brief description of the
mathematical model used for CFD analyses are recalled for the sake of completeness.
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2.1. Characteristics of the Slotted Blade

The tested configurations are characterized by an overall diameter of the blade Dr = 1 m, which has
been chosen in agreement with experimental and computational data [14].

Sketches of the studied Savonius blades are shown in Figure 1, where quantities used to define the
overlap s/c and the slot position f are put in evidence. The standard Savonius turbine, which will be
referred to as Standard in the remainder of the paper, see Figure 1a, is used as benchmark to assess
the soundness of the proposed Slotted Blades configuration, see Figure 1b. In particular, the latter is
obtained by truncating and rotating the inner part of the blade by an angle β in the opposite direction to
the turbine rotation.

Figure 1. Savonius geometry with buckets (a) overlapping; and (b) slotted blades.

(a) (b)

2.2. Geometrical Characteristics of Control Volumes and Boundary Conditions

The length of control volume along the free-stream direction is Lx = 60× Dr, while its width is
Ly = 44× Dr. Inside the control volume a circular rotating domain, having diameter DPE = 1.18× Dr,
has been defined with the aim of modeling flow rotation induced by Savonius buckets as shown
in Figure 2.

Figure 2. Geometry of the control volume.
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As initial boundary conditions an inlet input fluid velocity V0 = 7 m/s is imposed, in order to be
in accordance with the experiments carried out by [14], and has been kept constant throughout all of
the simulations performed. Turbulence intensity of IT = 0.1% and a length scale LT = 0.01 m [16]
are considered. Outlet conditions are represented by constant pressure equal to P0 = 101, 325 Pa.
At the interface between the two domains flow continuity boundary condition is imposed. The free
stream velocity is such that the problem is characterized by a Reynolds number Re = 4.3 × 105 based
on rotor diameter length.

2.3. Mathematical Model

The mathematical model used to analyze the problem is based on the Navier-Stokes equations, which
in their most general form read [17]:

∂ρ

∂t
+∇ · (ρu) = 0 (1)

ρ
∂u

∂t
+ ρ (u · ∇)u = ∇ · [−pI + τ ] + F (2)

ρCp

(
∂T

∂t
+ (u · ∇)T

)
= − (∇ · q) + τ : S− T

ρ

∂ρ

∂T

∣∣∣∣
p

(
∂p

∂t
+ (u · ∇) p

)
+Q (3)

where ρ is the air density; u is the velocity vector; p is pressure; τ is the viscous stress tensor; F is the
volume force vector; Cp is the specific heat capacity at constant pressure; T is the absolute temperature;
t is the time variable; I is the identity matrix; q is the heat flux vector; Q contains the heat sources; and
S is the strain-rate tensor that writes as:

S =
1

2

(
∇u + (∇u)T

)
(4)

Moreover the colon operator “ : ” denotes the double dot product of two tensors which results in a
scalar defined as [18]:

a : b =
∑
n

∑
m

anmbnm (5)

In order to close the system of Equations (1)–(3), some constitutive relationships are needed. In
particular here the assumption of Newtonian fluid is considered. The viscous stress tensor becomes:

τ = 2µS− 2

3
µ(∇ · u)I (6)

where µ is dynamic viscosity. The Equations (1) and (2) formulated in a rotating coordinate system
reads [19,20]:

∂ρ

∂t
+∇ · (ρv) = 0 (7)

ρ
∂v

∂t
+ ρ (v · ∇)v + 2ρΩ× v = ∇ · [−p I + τ ] + F− ρ

(
∂Ω

∂t
× r + Ω× (Ω× r)

)
(8)

where v is the velocity vector in rotating coordinate system; r is the position vector; and Ω is the angular
velocity vector. The relation between v and the velocity vector in stationary coordinate system is:

u = v +
∂r

∂t
(9)
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Thus, by means of Equation (9), the Equations (7) and (8) can be reformulated in terms of
a non-rotating coordinate system and consequently solved in terms of u. This is achieved by
invoking the Arbitrary Lagrangian-Eulerian formulation [18,21]. Equations are solved in a Reynolds
Average Navier-Stokes (RANS) approach where all instantaneous thermo-fluidynamical quantities are
decomposed in their mean value and their fluctuating component. This approach allows us to diminish
the huge amount of degrees of freedom required by the complete system of Navier-Stokes equations and
consequently to cut down the computational time. The RANS equations are characterized by turbulent
viscosity which changes both in time and in space and are described, for instance, by of the k − ε or the
k−ω formulations. It is well known that such turbulent models introduce additional transport equations
for the new dependent variables: the turbulent kinetic energy, k, the dissipation rate of turbulent energy,
ε and ω know as specific dissipation rate [22]. Model constants take the standard values proposed by
Launder and Spalding [23]. The commercial available code COMSOL Multiphysicsr is used to perform
numerical integration of the problem governing equations. More particularly, to perform the static
analysis a stationary nonlinear solver, which uses an affine invariant form of the damped Newton method
as described in [24], has been used. On the other hand, the IDA solver [25] which uses variable-order
variable-step-size backward differentiation formula (BDF), has been employed to carry out the dynamic
analyses convergence criteria as been adequately set according to [18,24,25].

3. Mesh Characteristics

Considering that fixed and rotating control volumes are needed to model the problem, two different
meshes are defined as follows: (i) for fixed control volume, that represents the area outside the Savonius
rotor, Figure 3a, mesh is characterized by maximum and minimum element sizes equals to 3.8 m and
0.01 m, respectively. Moreover, the grow rate is fixed to 1.2; (ii) for rotating control volume, represented
in Figure 3b, a moving mesh is considered. It is characterized by length of the largest element equals to
0.01 m while the smallest one has 0.001 m size.

Figure 3. Mesh characteristics of the (a) fixed domain; and (b) rotating domain.

(a) (b)

Moreover, elements at the interface between the different control volumes are chosen in order to
have same characteristic size that is maintained constant along all the interface boundary. Summarizing,
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the overall number of elements is 59,600 with 1380 interface boundary elements. On the other end a
structured mesh out of the rotating domain has also been considered. It consists of 69,100 elements with
2210 edge elements and is shown in Figure 4.

Figure 4. Structured mesh characteristics.

3.1. Turbulence Models vs. Mesh Configurations

In this section convergence analyses are performed by taking into account both turbulence models
and mesh configurations. With regard to turbulence, it is known that each model has its own advantages
and drawbacks. The Spalart-Allmaras (SA) [26] model is a one-equation turbulence model where
the near wall gradients of the transported variable are much smaller than the turbulent kinetic energy
equation based κ − ε models. The standard κ − ε model [23] is more suitable when flow is fully
turbulent and has given better results than SA model for turbine analysis [27]. Howell observed [28]
that 2D simulation has over predicted the rotor performances, whereas 3D simulations have shown
more accurate predictions, as also pointed out by [29]. The shear stress transport (SST) κ−ω turbulence
model is a two-equation eddy viscosity model combining the advantages of both κ − ε formulation
for free stream flow and κ − ω formulations in the rotor boundary layer [30]. Using this model in
CFX12.0 software, Abraham et al. [8] have carried out a two-dimensional study on the Savonius
rotors. Although there seems to be a general agreement between computational and experimental
data, however, the 2D simulation results are over predicting the experimental data. Further, using
three-dimensional SST turbulence model, a very good agreement with the experimental results is found
in the work of Plourde et al. [7]. For such reasons, turbulence models κ − ε and κ − ω are investigated
to identify which model suits best, in comparison with experimental data [14], taking also into account
the associated computational efforts. Simulations have been carried out only for statical analyses as the
k-omega model was not implemented in Rotating Machinery turbulent physic analysis drawn up on the
commercial available software COMSOL Multiphysicsr. Analyses with structured and unstructured
meshes have been performed using both the turbulence models. Number of degrees of freedom (DOF)
and computational time for the simulation are reported in Table 1. Simulations with angular displacement
θ from 0◦ to 180◦ have been conducted in order to compare performances of both models. From
Figure 5a, it appears that mesh configurations have no appreciable effects on the static torque
coefficient distribution under the κ − ω turbulence model assumption. The same also stands for κ − ε
model. In Figure 5b results obtained using the unstructured mesh, under the κ− ε and the κ−ω models,



Energies 2013, 6 6341

are reported in comparison with experimental data available in literature [14]. It has been obtained that
both the κ− ε and κ− ω static results are in good accordance with reference data. However, as it stems
from Table 1 the computational time needed to solve the unstructured κ−ε problem reveals as the lowest
and for such reasons this model has been selected to perform the computational characterization of the
slotted Savonius wind turbine.

Table 1. Average value for parametric sweep simulation from 0◦ to 180◦.

Configuration Degree of freedom Computational time (s)

Strcttured κ− ε 213718 724
Strcttured κ− ω 213718 807
Unstrcttured κ− ε 161772 383
Unstrcttured κ− ω 161772 454

Figure 5. (a) Structured v.s. unstructured mesh; and (b) unstructured κ− ε and κ−ω model
vs. experimental data [14].
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Moreover it is worth noting that near wall refinement is taken into account. The wall functions in
COMSOL Multiphysicsr are such that the computational domain is assumed to start a distance δw from
the wall [18]. The distance δw is computed so that:

δ+w = ρuτδw/µ (10)

where

uτ =
|u|

1
κv

ln δw +B
(11)
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is the friction velocity. For numerical purpose δw should be grater than half of the height of the boundary
mesh cell and is determined by the classical law of the wall. For the static analyses the mesh refinement
carried out to a value of δ+w equal to 11.06, whereas for the time-dependent simulation was obtained
values between 11.06 and 15.48. In the Equation (11) κv is the von Krman constant, set to 0.41 and B is
an empirical constant for smooth walls that is set to 5.2 in accordance with Kuzmin et al. [31].

4. Results

Static and transient analyses are carried out in this section to characterize the performances of the
investigated wind turbine; its benefits and drawbacks are investigated with respect to the standard.
Results are compared with experimental data reported in literature to show the soundness of the
employed numerical scheme. Performances of Savonius wind turbine is described in terms of torque
and power coefficients, CT and CP respectively, which are computed using procedures described
in [12,14,16]. On the other hand, dynamical wind turbine performances are obtained by computing
the average of both torque and power coefficients, CAv

T and CAv
P respectively, over an operational cycle

of the rotor.

4.1. Validation Results

The averaged torque coefficients are computed for different tip speed ratio and the results compared
to experimental [14]. As it can be observed from Figure 6, very good agreement is achieved for all
tip speed ratio λ validating the numerical scheme employed to analyze the proposed Savonius turbine
configuration. Being λ equals to U/V , where U is the tip peripheral velocity of the rotor equal to ωR,
ω is the angular velocity of the blade and R is the rotor radius while V is the free stream velocity which
has been kept constant to 7 m/s.

Figure 6. Averaged CAv
T coefficients for CFD model vs. experimental data [14].
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Two dimensional simulation led to a slight overprediction of the static torque compared to the real
three dimensional with endplate rotor experiments for angular values of θ between 70◦ and 100◦ as
demonstrated in Figure 5b.

4.2. Results for the Slotted Blades

The first analysis is performed with the aim to study the effect on turbine starting performances (i.e.,
static analysis) by varying slot position f and keeping constant the “slot gap”. More particularly, slot
position f is defined in percentage of blade chord line and static analyses are performed by varying the
rotor angular position from 0◦ to 180◦. From the obtained results, shown in Figure 7, it can be inferred
that the presence of the slot for position f lower than 40% improves the starting torque performance of
the turbine with respect to the standard configuration.

Figure 7. Torque static coefficients for standard (a) f = 1%, f = 3% and f = 12%; and for
(b) f = 25%, f = 40%, f = 60% and f = 75%.
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The same trend is confirmed by values of static average torque coefficient, CTStatic, computed
over half a cycle and listed in Table 2, where it is also evidenced that best configurations are those
corresponding to f = 1%, f = 3% and f = 12%.

Table 2. Average CTStatic value over half a cycle of the rotor.

Configuration CTStatic Configuration CTStatic

Standard 0.345 f = 25% 0.389
f = 1% 0.425 f = 40% 0.338
f = 3% 0.442 f = 60% 0.304
f = 12% 0.428 f = 75% 0.260
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The second set of analyses deal with the dynamic behavior of Savonius generator obtained for the
same slot configurations analyzed for static conditions. The dynamic response is characterized in terms
of dynamic average torque and power coefficients , CAv

T and CAv
P respectively, by varying the tip speed

ratio λ. From the results reported in Figures 8 and 9 it appears that the best configuration is the one
represented by a slot position corresponding to f = 1%. It must be noticed that, for given free stream
velocity, the torque coefficient and the power coefficient grow with omega in standard configuration,
until the best operating condition λ = 1 are met.

Figure 8. Averaged CAv
T coefficients for standard (a) f = 1%, f = 3% and f = 12%; and

for (b) f = 25%, f = 40%, f = 60% and f = 75% .
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Figure 9. Averaged CAv
P coefficients for standard (a) f = 1%, f = 3% and f = 12%; and

for (b) f = 25%, f = 40%, f = 60% and f = 75% .
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Moreover, it is possible to highlight that for low tip speed ratio λ, all of the slotted configurations are
characterized by better torque and power performances with respect to the standard one with the only
exception of slotted configuration having f = 60%. On the other hand, for higher values of the tip
speed ratio λ, the presence of the slot leads to a deterioration of blade performances with respect to the
standard configuration.

In order to fully characterize the behavior of the Savonius turbine, the instantaneous torque coefficient
is plotted in Figure 10 for different slotted configurations with respect to the standard one. It is worth
noting that highest peaks of the torque coefficient values are obtained for high values of f , which is
representative of a slot position moving towards the leading edge of blades.

Figure 10. Dynamic torque coefficient vs blade angular position θ at λ = 1 for standard
(a) f = 1%, f = 3% and f = 12%; and for (b) f = 25%, f = 40%, f = 60% and
f = 75%.
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For slotted configurations f = 60% and f = 75% in the range through 40◦ and 120◦ θ values,
the blowing of the fluid from the bottom to the top side of the blade allows to delay the separation
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of the main vortical region close to the leading edge of the blade moving in forward direction, thus
improving aerodynamic performances of blades, in addition the drag of the returning blade is reduced
by the presence of the “slot gap”.

This behavior is highlighted for a particular case, f = 75% θ = 248.4◦, by the gauge pressure
distribution, equal to absolute pressure minus atmospheric pressure, shown in Figure 11 and by the
velocity contours shown in Figure 12. All the contours are referred to the angular position where
maximum value of the torque coefficient are reached, see Figure 10.

Figure 11. Gauge pressure distribution [Pa] for the standard (a) and f = 75%;
(b) configurations at λ = 1 .

Wind direction
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Figure 12. Velocity vector contours for the standard (a) and f = 75%; (b) analyzed at
λ = 1.
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Moreover, Figure 11 shows how the presence of slot increase the pressure difference through the
upperwind and lowerwind zones; in fact, for the advancing blade the slat near the leading edge increase
the external velocity as shown in Figure 12 producing a major rotating torque generated by the lift
effect, furthermore the lowerwind central zone reveal an underpressure region more extended which also
contribute to increase the torque.

For the sake of completeness and to better highlight the trend of the torque coefficient over a full
cycle, the polar distributions of two different representative tip speed ratio λ = 0.4 and λ = 1.25 are
shown in Figures 13 and 14 respectively.

Figure 13. Polar torque coefficient distribution at λ = 0.4.
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Figure 14. Polar torque coefficient distribution at λ = 1.25.
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Figure 13 show that all of the configurations provide similar torque variations except for configuration
having f = 40%. For high values of TSR as shown in Figure 14 no fluctuation appear but average torque
value decrease drastically, in particular for f = 3% configuration.

The last set of analyses aim at showing the effect of the slot angle β, see Figure 15. Slot position
corresponding to f = 1%, is considered as it shows the best averaged torque performances. Results are
shown in Figure 16 in terms of averaged torque and averaged power coefficients by varying the tip speed
ratio λ. It is possible to point out that, as already mentioned, presence of the slot leads to an improvement
of blade performances with respect to the standard configuration at low rotational speed but the effects
of the slot angle variation can be considered negligible.

Figure 15. Savonius geometry with slot angle “β” definition.
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Figure 16. (a) Averaged CAv
T ; and (b) CAv

P coefficients for f = 1% and different angle β.
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5. Conclusions

A new bucket configuration for Savonius wind turbine has been presented in this work. Slotted
savonius blades have been considered and then compared to classical configuration considering blades
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overlap only. Numerical simulations have been carried out by means of the commercial code COMSOL
Multiphysicsr. The static analyses have pointed out better starting torque performances of the slotted
blades with respect to the standard configuration for slot position f less than 40%. Moreover, under
dynamic conditions, the obtained results have shown that this new configuration performs better than the
Standard one only at low angular velocity. Lastly, the configuration characterized by f = 1%, which
has shown the better aerodynamic performances, have been analyzed by varying the slot angle β. The
obtained results have shown very small influence of the slot angle β on the torque and power coefficients.
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