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Abstract
The present study explores the effect of using two porous deflectors on the performance of the
Savonius wind turbine compared to only one porous deflector. The numerical simulation is
performed to solve the unsteady Navier-Stokes equations using the SST k-𝜔 turbulence model.
The porous deflectors under consideration are placed upstream of a Savonius wind turbine. To
improve turbine performance, deflector parameters such as porosity, angle, position, and length
are varied for one of the deflectors placed near the advancing blade. The second deflector in front
of the returning blade is retained in a previously optimized configuration. Then the finalized
configuration with two porous deflectors is compared to the previous single porous deflector
configuration. At a tip speed ratio of 0.9, the finalized two porous deflector configuration exhibits
a 26% higher power coefficient than the single porous deflector case and delivers positive torque
throughout the cycle. The maximum variation of torque coefficient in a cycle is found to be 6%
lower as well. Due to the increased blockage effect for two deflectors, suitable domain dimensions
are also studied to mitigate the overestimation of the performance coefficient. The self-starting
capability of the turbine is improved significantly for the azimuthal angle of 80° as well.

Keywords: Savonius wind turbine; Porous deflector; Porosity; Computational Fluid Dynamics
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Nomenclature
θ

Azimuthal angle [°]

β

Angle of the upper porous deflector [°]

ω

Angular velocity of the turbine [rad/s]

A

Area swept by the turbine [m2]

ρ

Density of air [kg/m3]

D

Diameter of the turbine [m]

d

Diameter of the bucket [m]

Dr

Diameter of the rotating domain [m]

μ

Dynamic viscosity of the fluid [kg/ms]

L1

Horizontal distance of the inlet measured from the center of the turbine [m]

L2

Horizontal distance of the outlet measured from the center of the turbine [m]

X

Horizontal distance of the porous upper deflector from the center of the turbine [m]

U∞

Inlet velocity of the fluid [m/s]

C2

Inertial Resistance [1/m]

L

Length of the porous upper deflector [m]

Cm

Instantaneous moment coefficient [-]

Cm,avg

Average moment coefficient [-]

e

Overlap length [m]

K

Permeability [m2]

Pt

Power [W]

Cp

Instantaneous power coefficient [-]

Cp,avg

Average power coefficient [-]

ψ

Porosity of the upper deflector [-]

DL

Lower porous deflector [-]

DU

Upper porous deflector [-]

P

Pressure [Pa]

R

Radius of the turbine [m]
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Cms

Static moment coefficient [-]

t

Thickness of the bucket [m]

λ

Tip Speed Ratio [-]

T

Torque [N.m]

W1

Vertical distance of the upper symmetry wall from the center of the turbine [m]

W2

Vertical distance of the lower symmetry wall from the center of the turbine [m]

Y

Vertical distance of the porous upper deflector from the center of the turbine [m]

1. Introduction
Global warming and the increase in greenhouse gas emissions have been the burning issue over
the last few decades. The significant change in global climate has been the key driver and
motivation for finding renewable energy options over fossil fuels worldwide. In particular, solar
and wind resources are receiving a lot of interest because they are clean and pollution-free energies.
Wind is one of the most powerful green energy sources, and it can be used to support global
electricity by more than 20% by 2030 [1]. Wind energy has emerged as a viable renewable energy
supply due to recent technological breakthroughs that have resulted in more efficient turbine
designs. The two kinds of wind turbines used to capture wind energy are horizontal-axis wind
turbines (HAWTs) and vertical-axis wind turbines (VAWTs) [2]–[4]. There are two types of
VAWT: lift-type Darrieus turbines and drag-type Savonius turbines. Savonius wind turbines
provide a number of advantages, including ease of construction and low cost, independence from
wind direction, and an acceptable starting torque at low wind speeds [5], [6]. These distinctive
characteristics have motivated many researchers to work on improving the performance of the
Savonius turbine [7]. Numerous experimental and computational studies have been conducted to
determine the effect of different design factors on the turbine's performance such as the number of
buckets, the distance between the rotor buckets, the rotor's aspect ratio, and the overlap ratio [8]–
[10]. Several studies on the modification of blade profile also have been carried out to increase the
efficiency of the turbine [11]–[17]. To improve the Savonius turbine's aerodynamic
performance, various power augmentation devices such as deflector plates [18], guide vanes [19],
windshields[20], nozzles [21], curtain plates [22], quarter blades [23], and miniature blades [24]
were introduced by researchers worldwide.
One suggestion for increasing the efficiency of the Savonius turbine was to use a V-shaped
deflector placed upstream of the rotors by Shaughnessy and Probert [25], which lowered the airflow resistance met by the portion of the wind turbine blade advancing towards the wind. They
determined the optimum deflector configuration by changing the deflector's location relative to the
rotor and the wedge angle between the deflector blades. They reported that the rotor harvested
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around 20% more power than a conventional Savonius rotor when the deflector was configured
optimally. Stout et al. [26] suggested an upstream deflector as one of the simplest power
augmentation devices for reducing the negative torque on the returning blade and redirecting the
airflow from the returning blade. They reported that the addition of a deflector resulted in a
substantial increase in turbine output power compared to open rotor designs. Golecha et al. [27]
conducted experimental research to determine the effect of the deflector plate's position on the
performance of a modified Savonius rotor. Using eight different deflector plate positions, they
found that the coefficient of power improved by 50% when the deflector plate is in its optimum
position. The maximum coefficient of power was determined to be 0.21 at a tip speed ratio of 0.82
in their study.
Putri et al. [28] examined the impact of an upstream obstruction on the performance of a Savonius
wind turbine experimentally. The obstacle had a substantial effect on the mechanical torque and
power output of the rotor, while the Reynolds number had little effect on the rotor output
power. Guo et al. [29] investigated the effects of the rear deflector on the performance of the
Savonius turbine using both numerical and experimental approaches. They concluded that
equipping the Savonius turbine with a deflector would be a cost-effective method to increase its
output power. Their findings indicated that the impact on the power coefficient decreased as the
deflector's length and distance from the center of rotation increased. The optimum deflector
location was found to be 0.82 times the turbine's diameter relative to the turbine's center of rotation.
Mohamed et al. [30] partly shielded the returning blade with an obstruction plate. As a result, the
output power coefficient improved by about 27% in comparison to a standard Savonius turbine.
Kim and Gharib [31] examined the output power of two lift-based counter-rotating VAWTs with
an upstream flat-plate deflector. They reported that the deflector enhanced the counter-rotating
VAWTs' power output. Furthermore, the deflector's shape and its distance from the turbines had a
significant effect on power production. Kailash et al. [32] analyzed the impact of two deflector
plates positioned upstream of the wind flow on the output of the Savonius wind turbine. They
determined the optimal position for the deflector plates and found a 35% improvement in power
production. Youssef et al. [33] introduced a novel method for enhancing the performance of the
Savonius wind turbine by including an upstream deflector and a downstream baffle. They
concluded that optimizing the deflector and baffle design increased the power coefficient from
0.24 to 0.47 at a tip speed ratio closer to unity.
According to the abovementioned literature study, the usage of solid deflectors has gained
significant attention from many researchers seeking to increase the efficiency of the Savonius wind
turbine. Alternatively, porous deflectors might be used to enhance performance as well. Nimvari
et al. [34] computationally studied how one porous deflector positioned upstream at the front of
the returning blade could enhance the performance of a Savonius turbine. The porous deflector
permitted wind to pass through it, causing the wake zone behind its deflector to collapse.
Consequently, the flow patterns became more uniform and less turbulent. They reported a 10%
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improvement in power coefficient at a tip speed ratio of 1 by optimizing the porous deflector
design. Moreover, the static torque coefficient was doubled for a certain range of rotation angles.
The primary aim of this research is to install two porous deflectors upstream to investigate the
combined impact of both porous deflectors on the performance of the Savonius wind turbine using
a CFD approach. To accomplish this, one deflector was maintained at the optimum condition as
suggested by Nimvari et al. [34], while the other deflector parameters were varied for maximum
performance. Then, the resulting two porous deflector configuration was compared with the single
porous deflector case.

2. Computational domain and grid
Following the experimental case of Sheldhal et al. [8], a 2D geometrical model of a two-bladed
Savonius turbine was taken into consideration (Fig. 1). The geometrical parameters for the turbine
rotor are given in Table 1. Fig. 2 depicts the computational domain, boundary conditions, and other
parameters. L1 and L2 are the respective distance of the inlet and the outlet, measured from the
center of the turbine (Fig. 2). Similarly, W1 and W2 are the distances of the horizontal symmetry
walls from the turbine center. Two porous deflectors were placed upstream aiming to increase the
power output of the turbine. The upper deflector and the lower deflector are labeled as DU and DL
respectively. The position of the lower porous deflector (DL) was fixed according to the optimum
position of Nimvari et al. [34]. The upper deflector position, size, and other parameters such as –
porosity(ψ), angle (β), length (L), horizontal distance (X), and vertical distance (Y) were varied to
determine the optimum condition. Table 2 lists all the parameters for both porous deflectors.

Fig. 1. (a) Savonius wind turbine blades. (b) Rotating domain and turbine dimensions.
Different zones and boundary conditions are indicated in different colors in Fig. 2. Sliding Mesh
Model (SMM) was implemented with an interface assigned between the rotating and the stationary
domain [35]. The density of the air was 1.25 𝑘𝑔/𝑚3 and the viscosity was 1.7894 × 10−5 𝑘𝑔/𝑚𝑠.
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The inlet velocity was set to 𝑈∞ = 7 𝑚/𝑠. The outlet was specified to be a pressure outlet. The
boundaries parallel to the flow direction were defined as symmetry walls. A no-slip wall condition
was employed at the turbine blades.
Table 1. Geometrical parameters of the Savonius turbine.
Geometrical parameters
Turbine diameter (D)
Turbine radius (R)
Bucket diameter (d)
Bucket thickness (t)
Overlap length (e)
Overlap ratio (e/D)
Rotating domain diameter (Dr)

Values (m)
0.9054
0.4527
0.25
0.002
0.0906
0.1
1.1

Fig. 2. Computational domain and boundary conditions.

A hybrid mesh containing structured quadrilateral and unstructured triangular elements was
created on the rotating and stationary domain as illustrated in Fig. 3. The grid is refined at the
zones of interest rather than the whole domain to decrease the computational time. A relatively
finer mesh was generated in the rotating and porous zones, compared to the stationary zone.
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Structured meshing was done exclusively for the porous deflectors as shown in Fig. 3c. Fifteen
inflation layers were employed to mesh the buckets of the turbine as depicted in Fig. 3b. The first
layer height of the inflation layers was chosen to be 0.08 mm. A growth rate was also used to
gradually decrease the number of mesh elements further away from the interfaces and the turbine
buckets.

Table 2. Porous deflector parameters and position
Deflector

Parameters

Values/Ranges

Lower deflector (DL) [34]

Porosity
Angle
Horizontal distance
Deflector height (length)

0.9
90°
0.99D
0.257D

Upper deflector (DU)

Porosity (ψ)
Angle (β)
Horizontal distance (X)
Vertical distance (Y)
Length (L)

0.4-0.9
60°-120°
0.1-1D
0.6-1D
0.25-1D

Fig. 3. Generated mesh: (a) Turbine and the deflectors (b) Inflation layers around the turbine
blades. (c) Structured mesh in porous deflector zones
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3. Methodology
Computational Fluid Dynamics or CFD is an excellent way to simulate experimental studies with
minimal use of resources and time. This reduces the expenses and other environmental
uncertainties that might be associated with experimental studies and provides an estimation with
reasonable accuracy.

3.1. Governing equations
In the present study, an incompressible 2D Unsteady Reynolds-Averaged Navier Stokes (URANS)
formulation was utilized to solve the flow field numerically. Fluid flow inside the porous deflectors
was modeled by incorporating Darcy and Forchheimer terms into the momentum equation. The
governing equations are –
𝜕
(𝑢 ) = 0
𝜕𝑥𝑖 𝑖
𝜌

𝜕
𝜕
𝜕𝑃
𝜕 𝜕𝑢𝑖
𝜕
(𝑢𝑖 ) + 𝜌
(𝑢𝑖 𝑢𝑗 ) = −
+𝜇
( )+
(−𝜌𝑢𝑗 ′ 𝑢𝑖 ′) + 𝑆𝑖
𝜕𝑡
𝜕𝑥𝑗
𝜕𝑥𝑖
𝜕𝑥𝑗 𝜕𝑥𝑗
𝜕𝑥𝑗

(1)

(2)

Here, the term −𝜌𝑢𝑗 ′ 𝑢𝑖 ′ is the Reynolds stress modeled by the k-ω SST model, ui is the velocity
component, P is pressure, and μ is the dynamic viscosity of the fluid. In equation 2, the source
term, Si applies only for the porous medium, and elsewhere it is zero. Si is defined as [35] –

𝑆𝑖 = −

𝜇
𝐶2
𝑢𝑖 − 𝜌|𝑢|𝑢𝑖
𝐾
2

(3)

Here, K and C2 are permeability and inertial resistance factors of the porous media respectively.
They are the functions of the porosity and the particle diameter of the porous material of the
deflectors [35]. Different porosity values changed the values of inertial resistance and permeability
accordingly. These values were modeled using the modified Ergun equation [36].

3.2. Performance parameters
One of the most important parameters for any wind turbine is the tip speed ratio (TSR). TSR
describes the ratio between free stream velocity to the linear speed of the turbine blade tips.
The rotational speed of the rotor is described in terms of the TSR as follows –
𝜆=

𝜔𝑅
𝑈∞

Here, ω is the angular velocity of the rotor, and R is the radius of the rotor.

(4)
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The performance of a Savonius turbine is often indicated by the average power coefficient (Cp, avg)
and the moment coefficient (Cm, avg). The instantaneous moment coefficient (Cm) was monitored
throughout the turbine revolutions. The average moment coefficient (Cm,avg) is calculated by
averaging the instantaneous moment coefficient (Cm) over one turbine revolution. Instantaneous
Cm and Cp are defined as follows –

𝐶𝑚 =

𝐶𝑝 =

𝑇

(5)

1
2
2 𝜌𝐴𝑈∞ 𝑅
𝑃𝑡

1
3
2 𝜌𝐴𝑈∞

= 𝜆𝐶𝑚

(6)

Here, T is effective produced torque, Pt is extracted power, ρ is the air density, U∞ is the free stream
velocity of the air, and A is the projected area swept by the turbine.

3.3. Solver settings and convergence criteria
In this study, the commercial CFD code Ansys Fluent v17 is used to solve the two-dimensional
flow field numerically. The k-ω SST turbulence model [37] is used in this study. This model is
selected because it comprises the benefits of k-ω model which performs better in viscous sublayer
flow along with the advantage of k-ε model which is more suitable in the free streamflow [38]. Kω SST model toggles between these two models when necessary. The pressure-based coupled
solver is used due to its faster convergence than other schemes [39]. The least squares cell-based
method was applied for the gradients. The discretization methods were set as power-law scheme
for momentum, and second order upwind scheme for all other equations. Power-law scheme was
chosen instead of the second order scheme after observing a better fit with the experimental results
as explained in section 4.3. Sliding mesh technique was used to achieve the rotational motion of
the rotor. A timestep equivalent to 0.5° advance in turbine rotation was selected after the time
sensitivity test described in section 4.3. Each time step was iterated 30 times to ensure that the
residuals dropped below 10-5. The velocity of the incoming air was 7 m/s, which corresponded to
a Reynolds number of 442732.
In this study, the convergence was determined by monitoring the average moment coefficient
(Cm,avg) as the literature suggests. However, unlike most of the literature, the maximum number of
revolutions for the turbine was not fixed for every simulation. Doing so would create inconsistency
in results, as simulations at different tip speed ratios or any other parameters might require different
numbers of turbine revolutions to converge. This phenomenon is well described in Fig. 4, where
the convergence behavior of two different simulations is displayed. Thus, all the simulations in the
present study were considered to be converged when the variation of Cm,avg in two subsequent
revolutions became less than 0.05%.
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Fig. 4. Convergence behavior for two simulations done at
TSR 0.5 and 1.2.

4. Validation
The solution to the numerical simulation must be insensitive to mesh and timestep changes. It is
important to get a mesh and timestep independent result while keeping the computational time as
low as possible. Additionally, the domain dimensions also play a significant role in determining
the solution accuracy. Thus, choosing a balanced mesh and timestep with proper domain
dimensions is crucial. Sensitivity tests were performed to find out the suitable mesh, and timestep.
Domain dimensions were also investigated.

4.1. Mesh Sensitivity
Normally, with finer meshes, the solution becomes unaffected to further changes in the mesh. The
computational time on the other hand greatly increases with the growth in the number of mesh
elements. The purpose of the mesh sensitivity test is to find a suitable mesh – one with a lower
number of elements that can reproduce the results of the fine mesh. A huge computational time is
saved this way, without sacrificing any significant accuracy. In this study, the mesh sensitivity test
was performed by monitoring the instantaneous moment coefficient (Cm) throughout one turbine
revolution for three different meshes. The meshes were fine, medium, and coarse mesh having
172k, 95k, and 52k cells respectively.
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Fig. 5. (a). Mesh sensitivity test at TSR 1 (b). Timestep sensitivity test at TSR 1.
The comparison for the three meshes is shown in Fig. 5a. It is seen that the solution from the
medium mesh (95k) is consistent with the fine mesh, i.e., refining the medium does not change the
solution. Indeed, the difference between the average moment coefficient (Cm,avg) for the medium
and fine mesh is less than 1%. Thus, further simulations were carried on with the medium mesh
(95k).

4.2. Timestep Sensitivity
The timestep sensitivity test helps determine the suitable timestep for performing the simulations.
The solution usually gets more accurate with smaller timesteps which, inconveniently, increases
the computational time. A relatively bigger timestep is chosen that generates results similar to that
of the smaller timestep with minimal variation. Similar to the mesh sensitivity test, three
different timesteps were compared to find out the suitable timestep. The timesteps were equivalent
to 1°, 0.5°, and 0.25° of turbine revolution.
It is seen from Fig. 5b, there is no significant difference (<1%) between the results with 0.5° and
0.25° timesteps. Consequently, the suitable timestep was chosen to be 0.5°, and further
simulations were run with this timestep.

4.3. Validation with experimental study
The numerical method should be validated before proceeding with the simulations. In this study,
the experimental study of Sheldahl et. al [8] was selected for validation. Two different schemes
for the momentum discretization were used in the simulations – the 2nd order upwind scheme and
the power law. All the other discretizations were kept the same as described before in section
3.3. Fig. 6 shows the average power coefficient (Cp,avg) vs TSR for the experiment and two
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aforementioned simulation methods. It is evident that the numerical solution with the Power Law
scheme reproduces the experimental results much more consistently, especially after TSR 0.8.
Indeed, the power law scheme accurately predicts the peak performance to be at TSR 0.9, while
the Cm,avg for 2nd order upwind scheme peaks at TSR 1. The 2nd order scheme seems to have a
better agreement with the experiment in lower TSRs. However, as the TSR increases, the solution
becomes oscillatory with the 2nd order discretization sooner (TSR > 1.2) compared to power law
(TSR > 1.4). Thus, the power law scheme was used for the momentum discretization in this study.

Fig. 6. Validation with experimental study [8] using two momentum discretization schemes.

4.4. Effect of domain size
Domain size plays an important role in the numerical simulation of a wind turbine. Four domains
with different dimensions are listed in Table 3. The validation was done with the “A1” domain,
following numerous previous studies [13], [34]. However, upon adding the upper porous deflector
(DU), a significant overestimation of the power coefficient may result from using the same domain
(A1). This is due to the increased blockage effect introduced by the upper deflector and the
symmetry boundary condition, which only allows the flow to be parallel to itself [40]. This effect
becomes negligible with a large enough domain. Four sets of domain dimensions (Table 3 and Fig.
7) have been investigated to obtain the optimum domain dimensions. The simulations for domain
sensitivity were done at TSR 1.2 with the maximum upper deflector length used in this work, i.e.,
1D, with β = 90°, since this configuration produces maximum blockage. The difference
in Cm,avg using domain A3 and A4 is ~2% (Fig. 7). Hence, the 3x domain (A3) was chosen for
computational efficiency.
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Table 3. Domain sensitivity test
Dimensions

L1

L2

W1

W2

A1

8D

16D

10D

10D

A2

16D

32D

20D

20D

A3

24D

48D

30D

30D

A4

32D

64D

40D

40D

Domain name

Fig. 7. Comparison of Cm,avg calculated using four different domains for the
maximum blockage case at TSR 1.2

5. Results and discussions
In this present study, two porous deflectors were placed upstream of the turbine to investigate the
combined effect of both porous deflectors on the performance of the Savonius wind turbine. To
accomplish this task, one deflector was maintained at the optimum condition as suggested by
Nimvari et al. [34], and this deflector was named as ‘lower deflector’. The other deflector, placed
near the advancing blade, was referred to as the ‘upper deflector’. Several parameters of the upper
deflector such as porosity, angle, position, and length, were varied sequentially to maximize the
turbine efficiency. Afterward, the obtained two deflector configuration was used to assess the
overall performance of the turbine and compare it with the previous single porous deflector
configuration by [34].
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5.1. Optimization of Upper Deflector Parameters
The upper deflector parameters such as deflector porosity (ψ), angle (β), position (X, Y), and length
(L) – all play significant roles in determining the efficiency of the turbine. These parameters should
be optimized for the most efficient design configuration. In the present study, each parameter is
optimized individually, i.e., after a parameter is optimized, the resulting configuration was used
for optimizing the next parameter.
5.1.1. Effect of upper deflector porosity (ψ)
The porosity of the deflectors has a significant influence on the performance of the Savonius wind
turbine. Nimvari et al. [34] first investigated the effect of porosity of the lower deflector on the
wind turbine efficiency, and they reported that the Savonius wind turbine gives an optimum
performance at porosity 0.9 of the lower deflector. In this study, to observe the effect of upper
deflector porosity (ψ) on the performance of the turbine, four different values of porosity (ψ) of
the upper deflector (DU) were chosen. The simulations were run at six different tip speed ratios
(TSR), keeping the porosity and the other parameters for the lower deflector constant at its
optimized configuration. The upper deflector porosity (ψ) was varied while keeping the other
parameters constant with the initial values of angle β = 60°, horizontal position X = 0.8D, vertical
position Y = 0.75D, and length L = 0.5D. It was expected that a certain solidity of deflector would
direct the incoming airflow towards the turbine most efficiently. The effect of upper deflector
porosity (ψ) on the Cm,avg and Cp,avg at different TSR is shown in Fig. 8. It can be seen that as the
porosity of the upper deflector increased, the average power coefficient (Cp,avg) started to increase
compared to the case with no upper deflector. After reaching a certain porosity value, the average
power coefficient (Cp,avg) started decreasing again.

Fig. 8. Effect of upper deflector porosity (ψ) on the average moment (Cm,avg) and power (Cp,avg)
coefficients.
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From the numerical results presented in Fig. 8, it is observed that the maximum power coefficient
was achieved at an upper deflector porosity value of 0.6 at almost all of the TSRs considered in
this study. The maximum value of the average power coefficient (Cp,avg) is obtained at TSR 1 with
ψ = 0.6, which is about 11% higher compared to the case without the upper deflector.

Fig. 9. Comparison between turbulent intensity contours with the upper deflector porosity of (a) 0.4,
(b) 0.6, and (c) 0.9 at TSR 1. The porosity of the lower deflector is kept constant at 0.9.

Fig. 10. Comparison between pressure contours with the upper deflector porosity of (a) 0.4,
(b) 0.6, and (c) 0.9 at TSR 1. The porosity of the lower deflector is fixed at 0.9.
The effect of porosity on the performance and flow field can be further understood by looking at
the turbulent intensity and pressure contour shown respectively in Fig. 9 and 10. From Fig. 9, it is
evident that with increasing porosity of the upper deflector (ψ), the region behind the upper
deflector and the wake of the turbine becomes less turbulent. In addition, Fig. 10 indicates that as
the upper deflector gets less porous, more pressure is created upstream of the turbine. With the
value of ψ = 0.6, the maximum performance is achieved at TSR 1. This is because the porosity of
ψ = 0.6 for the upper deflector creates the optimum balance between the turbulence suppression
and the positive pressure difference on the advancing blade. The highest porosity of ψ = 0.9 causes
the lowest turbulence behind the deflector and the wake zone of the turbine. However, it also
Fig. SEQ Fig._ \* ARABIC 9. Effect of upper deflector porosity (ψ) on the average moment (C m,avg) and power
(Cp,avg) coefficients.
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creates the lowest pressure difference on the advancing blade of the turbine. On the other hand,
the porosity of ψ = 0.4 creates the maximum pressure difference on the advancing blade, but it
also adds more turbulent zones and increases the pressure in front of the returning blade as well,
causing a lower performance overall.
5.1.2. Effect of the upper deflector angle (β)
The angle of the upper porous deflector (β) was studied with the optimized porosity value (ψ =
0.6). Other parameters were kept at their initial values. The angle was varied from 60° to 120° in
an interval of 10 degrees. The effect of the upper deflector angle (β) on the turbine performance is
shown in Fig. 11. All the angles of the upper deflector show an improved performance compared
to the turbine with only the lower deflector. The performance coefficient started increasing as the
angles were increased from 60°. The maximum performance was achieved with β = 80° at TSR
0.9. Both 80° and 100° angles generated very similar performance, however, 80° was chosen due
to the maximum Cp,avg, and better performance in the mid-TSRs.

Fig. 11. Effect of upper porous deflector angle (β) on the average moment (Cm,avg) and power
(Cp,avg) coefficients.

5.1.3. Effect of the upper deflector position (X, Y)
The horizontal distance of the upper deflector from the turbine center (X) was varied to obtain the
ideal horizontal position of the deflector. The simulations for X optimization were carried out with
the resulting optimized porosity (ψ = 0.6) and angle (β = 80°) of the deflector. The effect of
horizontal position (X) on the performance of the turbine is shown in Fig. 12a. It is observed that
the performance kept increasing as X decreased until after 0.25D. The performance, however,
decreased as the deflector was positioned too close to the turbine (0.1D). Indeed, some of the
deflected air passed freely without hitting the advancing blade when the deflector was too close.
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Fig. 12. (a). Effect of upper porous deflector horizontal position (X) on the average moment
(Cm,avg) and power (Cp,avg) coefficients.
The vertical position of the upper deflector (Y) is an important parameter that considerably affects
the performance of the turbine. To investigate this effect, the vertical position was gradually
increased from 0.6D to 1D, while keeping the optimized porosity (ψ = 0.6), angle (β = 80°), and
horizontal position (X = 0.25D) constant. The effect of vertical position on the performance is
portrayed in Fig. 12b. It was found that the upper deflector placed at the vertical position, Y = 0.7D,
generates the maximum performance. It is also observed that increment or decrement of vertical
position from Y = 0.7D significantly reduces the turbine performance.

Fig. 12. (b). Effect of upper porous deflector vertical position (Y) on the average moment
(Cm,avg) and power (Cp,avg) coefficients.
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5.1.4. Effect of the upper deflector length (L)
The upper deflector length (L) is another parameter in determining the performance of the turbine.
The length was increased from 0.25D to 1D with an interval of 0.25D, keeping all the other
parameters in optimized conditions (ψ = 0.6, β = 80°, X = 0.25D, Y = 0.7D). The effect of deflector
length on the performance at different TSR is illustrated in Fig. 13. According to Fig. 13, L = 0.5D
delivers the best performance for nearly the whole TSR range, and it was chosen as the optimal
value for the parameter. The maximum average power coefficient Cm,avg was found to be 0.3 at
TSR 0.9, a 26% increase compared to the case with only the lower porous deflector.

Fig. 13. Effect of upper porous deflector length (L) on the average moment (Cm,avg) and power
(Cp,avg) coefficients.

5.2. Power and performance analysis
The final configuration of the Savonius turbine needs to be analyzed further to assess the overall
performance of the turbine. The average power coefficient (Cp,avg) is one of the most used
indicators of turbine performance. Besides power generation, another important aspect of wind
turbines is the self-starting capability at a wide range of tip speed ratios (TSR). The static torque
coefficient (Cms) indicates the self-starting performance of a turbine.
5.2.1. Enhancement of average power coefficient
After optimizing the upper porous deflector (DU), a significant improvement in the power
coefficient is observed. The bar chart in Fig. 14 shows the comparison of the average power
coefficient (Cp,avg) at TSR 0.9 among different cases. The case without the upper porous deflector,
i.e., only with the lower porous deflector (DL) improved the power coefficient by about 8.33%
compared to the standard Savonius turbine without any deflector. This comparison is done in the
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A1 domain. Nimvari et al. [34] found this increase in Cp,avg to be 10%, which is in close agreement
with the present study.

Fig. 14. Comparison between average power coefficient (Cp,avg) at TSR 0.9 using different
cases in different domains.
The present study used a larger A3 domain to minimize the increased blockage effect by the upper
deflector (DU). The case with the optimized upper porous deflector (DU) increased the Cp,avg about
26% compared to the case without upper deflector, both done in the A3 domain.

Fig. 15. Comparison in instantaneous Cm between the optimized upper porous deflector (DU)
case and the one without DU at TSR 0.9, both performed in A3 domain.
The comparison of instantaneous Cm vs θ graph between the no upper deflector case and the
optimized upper deflector case is shown in Fig. 15. Negative torque is present for the case with no
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upper deflector. In contrast, the optimized upper deflector case has no negative torque throughout
the whole turbine revolution. Furthermore, it is observed that a substantial increase in torque is
achieved by placing and optimizing the upper porous deflector (DU). There is an apparent phase
difference between the two cases as well. The upper deflector causes the pressure difference on
the advancing blade to keep rising later in the revolution compared to the other case. Consequently,
the instantaneous moment coefficient (Cm) of the optimized case lags and reaches the peak later.

Fig. 16. Pressure contour comparison between the case without upper porous deflector
(DU) and with DU at TSR 0.9.
The pressure contour for both cases is presented side by side in Fig. 16. It is seen that the upper
deflector creates a high-pressure region upwind, thus, the low-pressure vortex on the tip of the
blade is reduced. Furthermore, the upper deflector creates a significantly higher pressure
difference on the advancing blade compared to the case without DU.

Fig. 17. Instantaneous Cm on individual buckets without upper porous deflector (DU) and
with DU at TSR 0.9.
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The pressure also increases on the returning blade due to the upper deflector, however, the pressure
difference on the advancing blade is greater compared to the pressure increase on the returning
blade – which ultimately increases the combined instantaneous moment coefficient (Cm). This is
also evident in Fig. 17, which shows the torque on individual blades for both cases.
The vorticity contour shown in Fig. 18, only confirms the previously discussed observations. It can
be seen that the vortex stream from the lower edge of the upper deflector helps create a low
pressure on the convex side of the advancing blade. Additionally, it is also evident that the case
with only the lower deflector decreased the pressure on the convex side of the returning blade
while the other case increased it slightly due to the influence of the upper porous deflector.

Fig. 18. Vorticity contour comparison between with and without upper porous deflector
case at TSR 0.9.
5.2.2. Self-starting performance
The comparison of Cms with and without the upper porous deflector (DU) is shown in Fig. 19. The
figure indicates a period of 180° for the static torque coefficient (Cms). Furthermore, both cases
generate a similar Cms profile and positive torque (Cms > 0) over the entire azimuthal angle range
(0° – 180°), ensuring the self-starting of the turbine. However, the upper deflector increased the
static torque coefficient significantly at the azimuthal angle of 80°, where the other case generates
very low torque.
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Fig. 19. Static torque coefficient (Cms) with and without upper porous deflector (DU)
done in A3 domain.

6. Conclusion
In this present study, a performance improvement technique for drag-based Savonius turbine has
been studied by placing two porous deflectors upstream using a CFD model. The lower porous
deflector (DL) was kept at optimized configurations taken from the work of Nimvari et al.
[34]. Several configuration parameters of the upper porous deflector (DU) such as porosity, angle,
position, and length were varied to improve the efficiency of the turbine. The 2D flow field was
solved using incompressible unsteady Navier-Stokes equations with the SST k-𝜔 turbulence
model. The key finding from this current study is that the placement of the upper porous deflector
near the advancing blade improved the performance of the turbine significantly. When the porosity
of the upper deflector as well as the angle, position, and length, were optimized, a 26% increase in
power co-efficient was found compared to the single porous deflector case reported in current
literature. Additionally, the instantaneous Cm vs θ graph with the optimized upper porous deflector
case (Fig. 15) produced positive torque throughout the whole turbine revolution. The lowest peak
of the graph (Fig. 15) shifted to a higher value as well. The upper deflector created a higher
pressure on the concave side of the advancing blade while lowering the pressure on the convex
side, thus the pressure difference on the advancing blade increased significantly. The pressure on
the returning blade increased as well. However, the pressure difference on the advancing blade
was increased much more compared to the returning blade (Fig. 15), which eventually increased
the performance of the turbine. The pressure difference on the advancing blade kept rising later in
the revolution influenced by the upper deflector, which increased and shifted the peak of the
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instantaneous Cm vs θ graph shown in Fig. 15. Furthermore, the domain dimensions played an
important role in the numerical simulations, especially with the added blockage effect from the
upper porous deflector (DU). Performing the simulations for the two deflector cases with a smaller
domain could have led to an overestimation of the performance coefficients. Thus, the domain
dimensions were investigated as well. The static torque coefficients (Cms) using the porous upper
deflector were positive in the whole azimuthal angle (θ) range as seen in Fig. 19. The profile was
similar to the case without the upper deflector. However, the upper deflector increased the C ms at
80° azimuthal angle, where the other case struggled the most (Fig. 19). In addition, the peak-topeak difference in instantaneous Cm for the case with two deflectors was also lower (Fig. 15),
which could help reduce the fatigue load on the blades of the turbine. While optimizing the upper
deflector parameters, the present study did not consider the dependency of the lower deflector, i.e.,
after introducing the upper deflector, the optimum configuration of the lower deflector might have
changed. This could be an excellent direction for future studies.
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