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Abstract- The interaction between Savonius vertical axis wind turbine clusters installed in far or close proximity can devalue 
or enhance the output power of single Savonius vertical axis wind turbines.  In this paper, the effect of spatial distribution is 
studied for the development of efficient Savonius vertical axis wind turbine farms. Numerical simulations are performed for a 
single Savonius wind turbine, sets of two rotating turbines in three different configurations  (aligned, parallel and oblique 
configurations), and clusters of three rotating turbines, using five separation distances of 0.25D, 0.5D, 1D, 1.5D and 2D, 
making a total of twenty-two test scenarios. The commercial Computational Fluid Dynamics (CFD) software Fluent 15.0 is 
used for the numerical study. The torque and power coefficient results of single Savonius turbine are compared and validated 
against experimental and numerical data based on the literature review. The results showed that there was a combined effect 
related to the inter-turbine distance and the output power. This combined effect showed an efficient three Savonius turbine 
cluster having an average power coefficient 3 times higher than an isolated turbine. Best Savonius farm efficiency and high 
output power could be obtained by considering, at least, these two parameters.  

 

Keywords Wind energy, Vertical axis wind turbines, CFD simulation, Savonius interaction, wind farms. 

 

1. Introduction 

Wind energy proves to be an alternative to fossil and 
nuclear energies based on efficiency [1-6]. The most efficient 
wind energy harvesting method consists in the use of 
horizontal axis wind turbines (HAWTs), that in the last years 
have been developing towards larger diameters (up to 160 m) 
and larger power production (up to 10 MW). After research 
studies on horizontal-axis wind turbines, which dominate the 
majority of the wind energy industry because of their higher 
efficiency, compared to vertical-axis wind turbines 
(VAWTs) [7-10]. Recently, vertical axis wind turbines have 
been receiving increasing interest. They are seen as a good 
candidate for installation in urban areas [11] and also as a 
potential candidate for the future of large-scale offshore wind 
turbines [12-14]. VAWTs can be classified into two 

categories: lift devices technology (Darrieus turbines), and 
drag devices technology (Savonius turbines). This type of 
wind turbines can operate under wind from any direction and 
is particularly advantageous for its lesser maintenance 
requirement, easier assembling, cheaper installation, and 
lesser aerodynamic noise [15-18]. In this present paper, a 
numerical simulation of the interaction between adjacent 
Savonius vertical axis wind turbine was conducted for 
renewable energy generation. This wind turbine is a simple 
device, designed by cutting a cylinder into halves, along its 
central axis and relocating the semi cylindrical surfaces 
sideways. The outlook of this turbine is analogous to an « S » 
when viewed from the top. These turbines are designed to be 
driven by the wind drag force and their peak power 
efficiency can reach up to 30% [18, 19]. 
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Experimental investigations have been carried out to 

improve the performance of Savonius vertical axis wind 
turbine by studying the effect of the number of blades, blade 
overlap, overlap ratio, gap width, shape of the blade and 
reduction of the anti-rotation torque of the rotor shaft using 
curtains or ducts [20-24].  

Sukanta Roy et al. [25] proposed a differential evolution 
algorithm based on inverse methodology to optimize the 
overall dimensions of a Savonius wind turbine with 
semicircular blades.  The interaction between multiple 
Savonius wind turbines implemented in close proximity 
enhances their performance [26]. This interaction is a 
function of the gap distance, relative direction of rotation and 
relative phase angle between the rotors.  

To investigate the flow evolution around Savonius wind 
turbines and estimate their efficiency, some recent studies 
[27-30] take advantages of CFD simulations. In a recent 
work done by Shaheen et al. [31] a cluster of Savonius 
triangular farms was developed using the enhanced three co-
rotating triangular turbine cluster developed in their previous 
study [32]. Triangular clusters of three Savonius wind 
turbines are studied to obtain the optimum gap distance and 
oblique [32].  The performance of the clusters showed an 
enhancement in the average power coefficient up to 34% 
relative to an isolated turbine of power coefficient. The effect 
of modifying the Savonius rotor blade showed that the 
modification of the blades of the rotor causes an increase of 
the rotor performance [33].  Effect of spacing between four 
hydraulic Savonius rotors was studied [34] and it is found 
that the rotors at the rear have higher rpm and that maximum 
energy capture takes place for minimum spacing between the 
rotors. Recent other studies have been performed to assess 
the performance of lift-driven VAWTs [35, 36] and drag-
driven Savonius [37] turbines using experimental and CFD 
approaches. 

In this present work, Savonius wind turbine farms are 
studied using the enhanced two-turbine-cluster. The two 
Savonius turbines cluster with a gap distance of 0.5D having 
an average power coefficient 2 times higher than an isolated 
turbine. Numerical simulations of farms that consist of three 
backward and forward configurations confirm the 
enhancement and the pattern progression for larger farms. 

Nomenclature 

rpm  rotation per minute 

 d  overlap ratio  

e  overlap distance  

D  overlap diameter  

D0   rotating zone diameter 

𝜌   air density 

V   free stream velocity 

A   swept area of the turbine 

TSR   tip speed ratio 

CFL  Courant-Friedrichs-Lewy condition 

𝜔   rotational speed of the turbine 

Pturbine   power produced by the turbine,  

Pwind   power available in the wind   

T  torque acting on the turbine 

CT   torque coefficient  

CP   power coefficient  

𝜇   Dynamic viscosity 

u       Instantaneous velocity 

𝑢&  Mean velocity 

u′  Fluctuating velocity  

f*̅	   Body forces  

S&*-  Mean rate of strain tensor. 

2. Numerical Model  

2.1. Computational domain and boundary conditions  

Fig.1 shows the geometry of two-bladed semi circular 
Savonius wind turbine used on this 2D unsteady simulation, 
where the overlap distance ‘e’ corresponds to the distance 
between two buckets, D is the overlap diameter of Savonius 
turbine and D0 is the diameter of the rotating zone (see Fig. 
1).  The power coefficient of two bladed turbines is about 1.5 
times higher than the three bladed turbines [38]. The overlap 
ratio corresponds to the distance between the turbine blades, 
divided by the blade chord length and is given by ��= 0.20. 
The Savonius turbine of this work founded in reference [25] 
and its dimensions are listed in the Table 1. 

The computational domain is divided into two sub-
domains; a circular moving zone containing the turbine, 
rotating with the same angular velocity of the rotor (zone 1) 
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and a rectangular fixed zone, determining the overall domain 
extent (zone 2). The dimensions of the rectangular zone are 
selected in such a way that the results are not affected by the 
boundaries of the domain. The main dimensions of the fixed 
zone are shown in Fig.2. The connectivity between the two 
separated regions as well as the relative motion of the 
velocity components is guaranteed by a circular sliding 
interface. The rotating region is placed at a distance 3D from 
the upper and lower sides of the domain, where a symmetry 
condition was assigned. The inlet velocity of 6.2 m/s and 
pressure outlet boundary conditions were placed respectively 
at a 4D distance upwind and 6D distance downwind with 
respect to the rotational axis of the turbine. The blades are 
considered to be a no slip wall in reference to a moving fluid 
zone. The same domain features are used for the simulation 
of the two and three turbine cluster turbine farms, 

 

 

Fig. 1. Two bucket Savonius vertical axis turbine 

 

 
Fig. 2. Computational domain 

 

The performance of the Savonius wind turbine is 
estimated in terms of the following equations: 

𝐶/ =
𝑇

0.5	𝜌𝐴𝑉7𝑅
 

𝐶9 =
𝑃;<=>?@A
𝑃B?@C

=
𝑇	𝜔

0.5	𝜌𝐴𝑉D
= 𝑇𝑆𝑅. 𝐶/ 

 

2.2. Domain discretization and mesh sensitivity study: 

       Fig.3a shows the mesh distribution near the blade.  The 
finite volume method is used to transform the fluid dynamics 
partial differential equations into a set of algebraic equations, 
which is solved by iterative methods.  Fig.3b shows a close 
view of the mesh in the vicinity of the rotating region. An 
inflation of 12 levels of quad cells is imposed to adjust a fine 
boundary layer near the blade with first layer thickness of 4 
10-5 m and the increment ratio of 1.12.  

 

Table 1. Dimensions of the Savonius wind turbine 

Turbine type      Savonius wind turbine 

Number of buckets     2.0 

Blade diameter (m)     0.21 

Buckets diameter (m)     0.105 

Overlap ratio      0.20 

Fig.4 shows the y+ variations at two different rotation angle. 
In order to capture the flow properties at the vicinity of the 
blade, an average y+ value less than 1 can be observed in this 

Fig.4. A mesh sensitivity study is performed for all 
simulations. Six mesh independent tests have been carried 
out  until there is no significant change 

observed in the torque coefficients of the different rotors. The number of cells is shown in Table 2. From 190 000 
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elements we remark that the torque coefficient value remains 
stable and its value is in good agreement with the results 
found by Sukanta [21]. The same mesh topology is repeated 

for the two and three turbine farm simulations. For mesh 
convergence, 𝐶𝐹𝐿 = 𝑉𝑑𝑡 𝑑𝑥⁄  close to 1 is ensured. 

 
Fig.3. Mesh distribution near the blade 

 

Fig.4. Y+ on the turbine blades at q = 5° and q = 45° 

 

Table 2. Mesh refinement for single Savonius turbine. 

Mesh level Number of cells Cm Cp 

1 35 000 0.282 0.226 

2 

3 

4 

5 

6 

54 000 

90 000 

190 000 

290 000 

500 000 

0.304 

0.347 

0.357 

0.355 

0.357 

0.243 

0.278 

0.286 

0.284 

0.286 
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3. Numerical Simulation Model 

In this present paper, the results are obtained by applying the 
finite volume method to solve the unsteady Reynolds 
average Navier-Stokes equations using Fluent code [39, 40]. 
These equations are given as follows : 

ρ𝑢&M	 	
𝜕𝑢&?
𝜕𝑥M

= 𝜌𝑓?̅ +
𝜕
𝜕𝑥M

Q−𝑝̅	𝛿?M + 2𝜇𝑆?̅M − 𝜌𝑢VW𝑢VW&&&&&&&X 

Where,   𝑆?̅M =
Y
7 Z

[<\]
[^_

+ [<\_
[^]
` 

To achieve a good resolution, these equations are solved 
using SIMPLE method with the second order upwind scheme 
for the spatial discretization for momentum, energy and 
turbulence equations, as well as the second order fully 
implicit for the time differencing. For the solution iteration, 
the time step size is taken as 1 10-4 corresponding to 1° 
revolution and the number of iterations per time step is 30. 
The simulations are run for 10 complete revolution cycles of 
the turbine.  

The choice of turbulence models plays an important role to 
capture the correct solution. However, each of the turbulence 
models has their own advantages and disadvantages. In this 
paper, standard k-e turbulence model and SST k-w 
turbulence model are tested to predict the flow field over 
Savonius wind turbine with overlap δ = 0.20.  The inlet 
velocity is equal to 6.2 m/s and TSR is given as 0.8. The 
average CT and CP are compared with the experimental study 
of Sukanta et al. [25]  and Blackwell et al. [38]. Fig.5 show 
the results of torque coefficient variation at different time 
steps, using standard k-e turbulence model and SST k-w 
turbulence model. 

4. Results  

4.1. Validation of single Savonius wind turbine  

The variation of average torque coefficient of single 
Savonius turbine at different time steps is calculated at tip 
speed ratio of 0.8. Fig.5 shows this variation during 10 
complete revolution cycles using standard k-e turbulence 
model and SST k-w turbulence model. It is observed that 
after the third period, it follows almost a cyclic path, and 
hence, averaged to give a more accurate value. 

The influence of cell number on the choice of turbulence 
model is shown in Fig.6.  The average torque coefficient 
increases as number of cells increases, and achieves its 
correct value (CT = 0.355) very early in the case of SST k-w 
turbulence model compared to standard k-e turbulence 
model.  The value of average torque coefficient is in good 

agrement with experimental and numerical data [25, 39]. The 
SST k-w turbulence model is more appropriate, it is due to 
fact that this model is a blended model of k-w and k-e 
turbulence models, comprising the benefits of near wall and 
free stream compabilities.  The SST k-w turbulence model is  
adopted in this study. 

The k-ω model is an empirical model based on model 
transport equations for the turbulence kinetic energy (k) and 
the specific dissipation rate (ω), which incorporates 
modifications for Low- Reynolds-Number effects, 
compressibility, and shear flow spreading [41]. 

Fig.5. Variation of torque coefficient at different time steps 

 

Fig. 6. Comparative study of various turbulence models at 
different time intervals 

Fig.7 and 8 show the velocity vector and pressure 
distribution at two different time steps for single Savonius 
turbine with ��= 0.20. Different kinds of flow phenomena 
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are observed around the blades during their rotation. The 
momentum transfered to the blades on the curved surfaces by 
the air flow particles causes the rotation. The curved blades 
are aligned so that there is always a directional flow striking 
the concaved surfaces. The curvature of the blades helps in 
capturing the maximum kinetic energy from the orbiting air 
flow particles. At t = 1.31s (corresponding to 9 complete 
revolutions and 270°), the Coanda effect is observed on the 
concave surface of the advancing blade (blade 2), and a 
pressure difference appears between the concave and convex 
sides of the same blade. Simultaneously, a flow separation 

takes place on the returning blade (blade 1) which causes the 
vortices and dead zones. In contrast, at t = 1.34s 
(corresponding to 10 complete revolutions), the Coanda 
effect and pressure difference move to the returning blade 
and  the flow separation appears on the advancing one.  

Flow separation and vortices are observed near to the tip and 
are responsible to reduce the performance of the Savonius 
turbine. Hence, the pressure difference contribute to the lift 
force of the blade. 

 

 

Fig. 7. Velocity vectors around a Savonius vertical axis turbine at t = 1.31s and  t = 1.34s. (Blade 1 : returning blade and Blade 
2 : advancing blade) 

 

Fig. 8. Pressure distribution around a Savonius vertical axis turbine at t = 1.31s and  t = 1.34s. (Blade 1 : returning blade and 
Blade 2 : advancing blade) 

 

4.2. Two Savonius turbine cluster results  

The efficiency of two Savonius turbines in aligned, parallel 
and oblique configurations is simulated and studied in this 

part, using different gap distances.  

a Two Aligned turbines 

Two aligned Savonius turbines are simulated at tip speed 
ratio of 0.8 and at six different gap distances (0.25D, 0.5D, 
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1D, 1.5D, 2D and 4D) using the same numerical method for 
the single Savonius turbine. Fig.9 shows an enhancement in 
the average power coefficient of the two aligned turbines 
compared to isolated Savonius turbine. The maximum 
average power coefficient is found to be 0.404 achieved at a 
gap distance equal to 4D. This maximum value represents 
41.7% higher than the isolated Savonius turbine. In the case 
of small farm clusters and for practical reasons the choice of 
gap distance is limited to 4D. 

b Two Parallel turbines  

Two parallel Savonius turbines are simulated at tip speed 
ratio of 0.8 and at six different gap distances (0.25D, 0.5D, 
1D, 1.5D, 2D and 2.5D) using the same numerical method 
for the single Savonius turbine. The numerical results in 
Fig.10 show an enhancement in the average power 
coefficient of the two parallel turbines compared to isolated 
turbine. The comparison shows that the maximum average 
power coefficient reach 0.377 achieved at a gap distance 
equal to 0.5D.  This value represents 32% higher than the 
isolated turbine. The enhancement in the average power 
coefficient increases from 0.25D to 0.5D and then deceases 
as the gap distance increases.  

Fig.9. Average power coefficient for two aligned Savonius 

turbines 

 

Fig.10. Average power coefficient for two parallel Savonius 
turbines 

 

c Two oblique turbines 

The performance of two oblique Savonius turbines are 
simulated and studied in forward and backward 
configurations compared to the principal turbine. Six 
different gap distances (0.25D, 0.5D, 1D, 1.5D, 2D and 
2.5D) are used at a tip speed ratio of 0.8 with the same 
numerical method for the single Savonius turbine. In case of 
backward configuration, rotor (1) has the same power 
coefficient as an isolated rotor, an enhancement occurs in the 
power coefficients of rotor (2) due to the Magnus effect of 
rotor (1).  

 

Table 3. Average power coefficients for the two-oblique turbine cluster, after 10 complete revolutions. 

Configuration Cp (rotor1) Cp (rotor2) Cp (average)  

Forward 

Backward 

0.277 

0.282 

0.245 

0.278 

0.261 

0.280 

 

In the case of forward configuration the average power 
coefficient is 7.7% less than the reference value of an 
isolated rotor. The comparison of the average power 
coefficients for both configurations with the isolated turbine 
shows that backward configuration has higher efficiency than 

forward one. The average power coefficient for backward 
configuration is 0.280 reached at a gap distance of 0.5D as 
shown in Table 3. The average power coefficient decreases 
as the gap distance increases. 
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4.3 Three oblique turbine results 

The performance of two parallel and oblique Savonius 
turbines shows that the oblique configuration is the most 
efficient. This result was used to develop a triangular three 
turbine cluster perpendicular to the wind direction. The 
performance of two backward oblique turbines is just 6.8% 
higher than two forward oblique turbines. In this part the 

performance of three oblique turbine clusters is studied as 
shown in Fig.11. The cluster consists of two forward turbines 
(2) and (3) as shown in Fig.11a and two backward turbines 
(2) and (3) as shown in Fig.11b. The numerical simulation is 
conducted at a tip speed ratio of 0.8 with the same numerical 
method for the single and two Savonius turbines. The mesh 
of rotating zones is refined until there is no significant 
change in the torque coefficient.  

 

Fig. 11. Velocity distribution around three rotor Savonius turbines, after 10 revolutions.  

(a) Forward configuration, (b) Backward configuration. 

Table 4. Average power coefficients for the three-oblique turbine cluster, after 10 complete revolution. 

Configuration            Cp (rotor1)              Cp (rotor2)             Cp (rotor3)            Cp average 

Forward   0.274  0.242  0.247    0.254 

Backward  0.283  0.280   0.278    0.280 

The power coefficients of the three turbines are shown in 
Table 4. The results show an enhancement in the power 
coefficients of the three turbines compared to the isolated 
one. The total average power coefficient of the backward 
cluster is 0.841 and this represents about 3 times the power 
coefficient of an isolated turbine. The developed backward 
three turbines cluster generates 123 W at tip speed ratio of 
0.8. The efficiency of the developed three turbine cluster is 
10% higher than the forward three turbine cluster. Rotor (1) 
has the highest power coefficient due to the incoming higher 
velocity. 

Conclusion : 

The efficiency of a single Savonius vertical axis wind 
turbine, set of two aligned, parallel, forward oblique, 
backward oblique and triangular three cluster configurations 
are numerically studied for wiind energy generation. The 
numerical simulations for the single Savonius turbine, after 
10 complete revolutions, are used for the validation of the 
numerical method. The results  are in good agreement with 
experimental and numerical data coming from literature 

review. The assessment parameters are torque and power 
coefficients.  

The results for the two turbine farms show an enhanced 
efficiency compared to single turbine. The power coefficient 
of backward two oblique turbines is 2 times higher than the 
reference value of an isolated rotor. The developed backward 
three turbines farm has an average power coefficient up to 
6.8% higher than that of forward configuration and generates 
about 3 times the power coefficient of an isolated turbine. 
The three turbines are arranged in optimal proximity to 
increase their average output power and the farm topology is 
a geometric progression of the three turbine cluster by factor 
3. This result shows that the average output power of large 
Savonius farms will be proportional to the number of three 
turbine clusters. 
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