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Abstract 

This study introduces a new configuration of the Savonius 

turbine (NCST) to improve the performance of the classical 

Savonius wind turbine. The static torque at different rotor 

angles ranging from 0° to 360° in step of 30° has been 

analyzed in both experimentally and numerically using CFD 

analysis. Moreover, the dynamic torque and mechanical 

power of the rotors have been measured experimentally. The 

experimental tests on NCST are conducted in an open wind 

tunnel. The influence of blade geometries on the torque and 

mechanical power of the rotors is investigated. Furthermore, 

the effect of end plate with various sizes and shape of the 

aerodynamic performance of the NCST has been studied 

experimentally and numerically. In both studies, NCST was 

tested at various wind speeds ranging from 3 to 13 m/s. The 

obtained results show that the use of both upper and lower 

end-plates significantly increase the power of the rotors by 

35% compared with no end plate. It was also observed all the 

rotors have positive static torque at all the rotor angles. 

Keyword: Mechanical power; new configuration; Savonius 

turbine; SolidWork Flow Simulation; torque 

 

INTRODUCTION  

Wind energy is very important as one of clean energy 

resources. Wind rotors are the most important tool of the wind 

energy. Savonius wind turbine is simple in structure and 

design. It has many advantages such as good starting 

characteristics, an ability to operate in any wind direction and 

operates at relatively low speed [1-5]. Hence, Savonius wind 

turbines are widely used in small scale turbine application [1, 

6].  

The basic design of Savonius turbine is formed by two 

semicircular blades mounted around a central pole and 

arranged for creating S-shape [7-9]. At present, researchers 

have been studied the influence of main parameters, including 

blade geometry and number of blade and improve the 

performance of Savonius by changing scoop shape or adding 

end-plates in both experimental and numerical [8-15]. 

On the basis of the previous studies, it appears important to 

propose a new design to improve the performance of the 

simple Savonius wind rotor. For this purpose, new 

configuration Savonius turbine different has been designed to 

improve the aerodynamic performance and efficiency of 

simple Savonius rotor.  In the present study, four models with 

various size and shape of end plates have been designed to 

increase the low performance of the conventional Savonius 

wind rotor.  The work in this study is divided into three parts: 

(1) the static torque values of the rotor have been measured by 

experiments and calculated by numerical analysis, using the 

FloEFD CFD code was used and finally they have been 

compared at different  rotor position ranging from 0° to 360° 

in steps of 30° (2) the effect of blade geometric on dynamic 

torque and mechanical power of NCST has been investigated 

experimentally and (3) the dynamic and mechanical power of 

NCST models are compared to simple Savonius wind turbine 

to show the percentage increase in mechanical power of 

NCST rotors. 

 

MATERIAL AND METHOD 

Design new configuration Savonius turbine (NCST) 

The present experimental investigations are concerned with 

various geometries of NCST. Figure 1 shows the geometrical 

parameters of NCST. The blades of rotors are made from light 

plastic (PVC) tubes with constant diameter (d = 160 mm). In 

addition, Schematic diagram of a two-bladed of rotors with 

and without end plate are shown in Figures 1. The geometric 

parameters of models (H: blade height, t: blade thickness and 

e: gap) are shown in Table 1. 
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Table 1. Geometric parameters of NCST 

Name 

Model 1 

Blade height (H) [mm] Gap (e) [mm] 
Blade thickness 

(t) [mm] 
L [mm] h [mm] 

NCST#1 300, 500 and 700 0 3 30 70 

NCST#2 300, 500 and 700 26 3 30 70 

NCST#3 300, 500 and 700 0 3 50 70 

NCST#4 300, 500 and 700 26 3 50 70 

NCST#5 300, 500 and 700 0 6 30 70 

NCST#6 300, 500 and 700 26 6 30 70 

NCST#7 300, 500 and 700 0 6 50 70 

NCST#8 300, 500 and 700 26 6 50 70 

 

Model 2 

M2-NCST#1 300, 500 and 700 0 3 30 70 

M2-NCST#2 300, 500 and 700 26 3 30 70 

M2-NCST#3 300, 500 and 701 0 3 50 70 

M2-NCST#4 300, 500 and 702 26 3 50 70 

M2-NCST#5 300, 500 and 703 0 6 30 70 

M2-NCST#6 300, 500 and 704 26 6 30 70 

M2-NCST#7 300, 500 and 705 0 6 50 70 

M2-NCST#8 300, 500 and 706 26 6 50 70 

 

Model 3 

M3-NCST#1 300, 500 and 700 0 3 30 70 

M3-NCST#2 300, 500 and 700 26 3 30 70 

M3-NCST#3 300, 500 and 701 0 3 50 70 

M3-NCST#4 300, 500 and 702 26 3 50 70 

M3-NCST#5 300, 500 and 703 0 6 30 70 

M3-NCST#6 300, 500 and 704 26 6 30 70 

M3-NCST#7 300, 500 and 705 0 6 50 70 

M3-NCST#8 300, 500 and 706 26 6 50 70 

 Model 4 

M4-NCST#1 300, 500 and 700 0 3 30 70 

M4-NCST#2 300, 500 and 700 26 3 30 70 

M4-NCST#3 300, 500 and 701 0 3 50 70 

M4-NCST#4 300, 500 and 702 26 3 50 70 

M4-NCST#5 300, 500 and 703 0 6 30 70 

M4-NCST#6 300, 500 and 704 26 6 30 70 

M4-NCST#7 300, 500 and 705 0 6 50 70 

M4-NCST#8 300, 500 and 706 26 6 50 70 
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Figure 1. Scheme of NCST and design of two blades wind turbine models 

 

Experimental Setup and method 

Experimental set-up [2, 16] consists of a structure which 

houses the NCST fabricated by using studs and wood frames. 

The tested rotors are supported vertically in wood housing as 

shown in Figure 2. The NCST is connected to the shaft of the 

rotor by bolts facilitating easy replacement of rotors. Two 

bearings bolted into the wood plates support the NCST. The 

blade of the rotor is connected to the shaft by bolts. The usage 

of studs, nuts and bolts facilitated easy replacement of rotors 

of different blade shapes and positioning of the rotor center at 

the center of the wind tunnel. The weighing pan, pulley and 

electronic spring are connected and balanced by a fishing 

nylon string of 1 mm diameter.  Friction is an important 

parameter that affects the measurement of torque of the 

rotating NCST. Friction in the bearings and the 1 mm nylon 

wire string wound on the rotor shaft must be minimized.  The 

seals are removed from the bearings and bearings are washed 

with petrol to remove the grease before mounting. This is 

done to achieve reduction of friction.  The turbine captures 

wind and moves due to the presence of drag forces, which 

cause to rotate the shaft around its fixed axis as shown in 

Figure 2.  The support eliminates all kinds of vibration and 

ensures a good stability of the setup during the experimental 

tests. The shaft was made from galvanized steel. The blade 

rotors were made of PVC. A Pitot tube were used to measure 

the wind speed in different positions with an accuracy of 0.1 

m/s to ensure the velocity of the fan is uniform. The wind 

tunnel used in the experiments is an open-circuit type with the 

power capacity of 5.7 kW and has a squared exit ( 800 mm 

×800 mm). Its wind velocity could also be changed with the 

use of an adjustable damper. While the shaft rotational speed 

is measured using RPM reader. 
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Figure 2. Schematic view of experimental setup 

 

From the measured values of dynamic torque and rotational 

speed, the mechanical power can be estimated at each wind 

speed as: 

𝑃𝑚 = 𝑇𝜔                                                                       (1) 

where T is the mechanical torque and ω is the angular speed. 

The angular speed is defined in rad/s as: 

ω =
2π n

60
                                                                     (2) 

where n is the shaft rotational speed in rpm. The mechanical 

torque is obtained in (N.m) by 

𝑇 = 𝐹𝑟                                                                          (3) 

where r is the shaft radius.  

The force acting on the rotor shaft obtained in (N) by: 

𝐹 = (𝑚 − 𝑠)𝑔                                                           (4) 

where m is the mass loaded on the pan in kg, s is the spring 

balance reading in kg and g is the gravitational acceleration. 

 

NUMERICAL MODELS 

Mathematical Formulation 

The mathematical equations which govern physical 

phenomena can be composed of dependent and independent 

variables, and relative parameters in the form of differential 

equations. In this study, standard k-ε turbulence model has 

been used with logarithmic surface function in the analysis of 

turbulent flow. The Navier-Stokes equations governing the 

flow of air are obtained from the continuity equation, the 

equations of momentum, the transport equation of turbulent 

kinetic energy (k) and the transport equation of dissipation 

rate of turbulent kinetic energy (ε). SWFS solves Navier-

Stokes equations with a finite volume discretization method. 

The governing equations can be written for incompressible 

unsteady flow in the Cartesian tensor notation as follows [17-

21]: 

The continuity equation: 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖

= 0                                                             (5) 

The momentum equation: 

𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗

= −
𝜕𝑃

𝜕𝑥𝑖

+
𝜕

𝜕𝑥𝑗

[𝜇 (
𝜕𝑢𝑗

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

−
2

3
𝛿𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑖

)]

+
𝜕(−𝜌𝑢𝑖

′ 𝑢𝑗
′̅̅ ̅̅ ̅)

𝜕𝑥𝑗

+ 𝐹𝑖                  (6) 

Additional unknown term on the right hand side is called the 

Reynolds stresses (−ρui
′ uj

′̅̅ ̅̅ ̅) and defined by  

−𝜌𝑢𝑖
′ 𝑢𝑗

′̅̅ ̅̅ ̅ = 𝜇𝑡 (
𝜕𝑢𝑗

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

) −
2

3
𝜌𝑘𝛿𝑖𝑗                        (7) 

Furthermore, the Kronecker delta is defined by 𝛿𝑖𝑗 = 0 if i≠j, 

elsewhere 𝛿𝑖𝑗 = 1. 
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In the present work, modified k-ε turbulence model with 

damping functions proposed by Lam and Bremhorstare used 

[62].The transport equation of the turbulent kinetic energy k is 

written as follows: 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
((𝜇 +

𝜇𝑡

𝜎k
)

𝜕𝑘

𝜕𝑥𝑖
) + 𝜏𝑖𝑗

𝑅 𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝜌휀 + 𝜇𝑡𝑃𝐵 (8) 

And the transport equation of the dissipation rate of the 

turbulent kinetic energy ε is written as follows: 

𝜕(𝜌휀)

𝜕𝑡
+

𝜕(𝜌휀𝑢𝑖)

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
((𝜇 +

𝜇𝑡

𝜎ε

)
𝜕휀

𝜕𝑥𝑖
)

+ 𝐶1𝜀

휀

𝑘
(𝑓1𝜏𝑖𝑗

𝑅 𝜕𝑢𝑖

𝜕𝑥𝑗
+ 𝐶𝐵𝜇𝑡𝑃𝐵) − 𝑓2𝐶2𝜀

𝜌휀2

𝑘
   (9) 

The laminar stress tensor is given by: 

𝜏𝑖𝑗 = 𝜇𝑠𝑖𝑗                                                     (10) 

and the Reynolds stress tensor is defined by: 

𝜏𝑖𝑗
𝑅 = 𝜇𝑠𝑖𝑗 −

2

3
𝜌𝑘𝛿𝑖𝑗                                     (11) 

where 

𝑠𝑖𝑗 =
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

−
2

3
𝛿𝑖𝑗

𝜕𝑢𝑘

𝜕𝑥𝑘

                      (12) 

𝑃𝐵 = −
𝑔𝑖

𝜎𝐵

1

𝜌

𝜕𝜌

𝜕𝑥𝑖

                                           (13) 

The turbulent viscosity is defined as follows: 

𝜇𝑡 = 𝜌𝑓𝜇𝐶𝜇

𝑘2

휀
                                                (14) 

In the standard k-ε turbulence model, the constants are 

 𝐶𝜇 , 𝐶1𝜀, 𝐶2𝜀, 𝜎𝑘 , 𝜎𝜀 , 𝜎𝐵and𝐶𝐵.The numerical values of these 

constants are given in Table 2. 

 

Table 2. Turbulence constants 

𝑪𝝁 𝑪𝟏𝜺 𝑪𝟐𝜺 𝝈𝒌 𝝈𝜺 𝝈𝑩  𝑪𝑩 

0.09 1.44 1.92 1.0 1.3 0.9 1  if PB> 1  0  if PB<1 

 

Lam and Bremhorst's damping function fμ ,f1 and f2 are 

defined as: 

𝑓𝜇 = (1 − 𝑒−0.025𝑅𝑦)2 (1 +
20.5

𝑅𝑡

)                           (15) 

where 

𝑅𝑦 =
𝜌√𝑘𝑦

𝜇
                                                           (16) 

𝑅𝑡 =
𝜌𝑘2

𝜇휀
                                                           (17) 

and y is the distance from point to the wall, 

𝑓1 = 1 + (
0.05

𝑓𝜇

)

3

and   𝑓2 = 1 − eRt
2
                         (18) 

Lam and Bremhorst's damping functions fμ, f1, f2 decrease the 

turbulent viscosity and the turbulent kinetic energy but 

increase dissipation rate of the turbulent kinetic energy when 

the Reynolds number Ry, based on the mean velocity of 

fluctuations and the distance from the wall, becomes too 

small. Whenf μ=1, f1=1, f2=1, the approach obtains the original 

k-ε model. This model has been used by Frikha et al. [22] and 

led to satisfactory results. 

 

Boundary Conditions  

In this study, 3D simulation was carried out with FloEFD 

CFD code. In general, the physical domain is included the 

geometrical representation and boundary conditions which 

refers to the simplified form of computational domain.  In the 

present application, the velocity inlet and outlet flow 

conditions were taken on the left and right boundaries, 

respectively. The top and bottom boundaries and the sidewalls 

are in a symmetrical condition. The inlet velocity values are 

set for 3-13 m/s in step of 2 m/s. The outlet pressure is 

101.325 kPa, which means that at this zone the fluid exits the 

model to an area of an atmospheric pressure. The walls of 

computational domain are considered as wall boundary 

conditions. Figure 3 is an example to show the computational 

domain of NCST. The wind speed enters into the box with the 

size of 400mm x 500mm x 900mm, flows through the rotor 

blade, and then exits out through an outlet. This does set the 

environmental conditions. It is observed that the rotor blade is 

placed in the middle of the box. Internal analysis shows the 

computational domain is automatically enveloped the model 

wall. The velocity inlet and outlet flow were taken for each 

model left and right boundaries as shown in Figure 3.  

 

 

Figure 3. Computational domains with boundary conditions 

for NCST 
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Meshing 

A grid sensitivity analysis was done to reduce the 

computational time and guarantee a minimum discretization 

error from experimental results. In this section, different grids 

on model with various element sizes were investigated and the 

optimal grid size was evaluated. Then the validity of the 

analysis was checked by comparison the numerically 

calculated static torque with experimental results [11].  

Table 3 indicates the obtained error from comparing the 

calculated results with experimental ones in different wind 

speeds. Results indicate a small dependence on grid resolution 

and by considering run time of modeling; cell numbers around 

132795 have a good agreement with experimental results of 

ref [11].  

 

Table 3. Calculated errors from comparison of numerical and 

experimental results [11] 

Wind 

speed 

[m/s] 

Cells 

number 

Torque 

[N.m] 

(numerical) 

Torque 

[N.m] 

[56] 

Absolute 

Error [%] 

6 18975 0.0142 0.0091 56.04 

19560 0.0120 31.86 

20117 0.0097 7.69 

20943 0.0097 7.69 

132795 0.0095 4.39 

136683 0.0095 4.39 

8 132795 0.0376 0.0360 4.44 

 

The grid independence test was made for improvement of the 

results by successively using smaller cell sizes grid. The 

stability of the results depends largely on the grid’s resolution. 

The grid density is refined up to a certain limit, but beyond 

this limit, called the grid independent limit, the refinement 

ceases to significantly affect the results obtained. In fact, the 

different numbers of mesh cells are used, and the obtained 

results were compared with the experimental results, to find 

the optimal number of mesh cells required. It has been 

observed that when the resolution time increases, the number 

of mesh cells increases.  

Figure 4 (an example) shows the various levels of refining 

using different mesh sizes for NCST. Each level was solved 

with the same set of input parameters. After a particular 

refining limit, the results cease to change. At this point, the 

grid independence in meshing is said to be achieved. Here, the 

successful achieved cells are 132795. 

 

Figure 4. Mesh for NCST 

 

RESULT AND DISCUSSIONS 

Static torque 

Figure 5 show the rotor angle-related changes of the static 

torque values obtained for different models through 

experiments made at the wind speed values of 3 m/s.  It is 

seen that the static torque values obtained for model 4 are 

higher than the other models. The highest static torque values 

for the rotors have been found to be around rotor angle 0°, 180 

and 360°. The static torque values obtained also through 

numerical analysis and have been found to be close to the 

experimental values, especially for low wind velocities 

compared to highest wind speed as shown in Figure 5. The 

static torques curves have similar tendency for the all models 

at various wind speed and are shown only in Figure 5 to save 

space at 3m/s.  It has been concluded that this case may have 

been caused by the measurement errors and losses in the 

experimental study.  Generally, it can be observed that the 

wind speeds lead to increase the value of static torque at 

various blade heights. Additionally, it found that static torque 

values decrease when the gap and thickness of blade are 

increased.  Moreover, NCST models have positive static 

torque for all the rotor angles. 
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Figure 4. Static torque change -rotor angle at 3 m/s 

 

 

Figure 5. Static torque change -rotor angle at 3 m/s (Experimental value: solid line; numerical value: dashed line) 

 

Dynamic Torque and mechanical power 

The results of the experiments indicated the relationships 

between wind speeds and dynamic torque (actual torque) as 

shown in Figures 6-8.  It observed that model 4 has higher 

actual torque than that model 1, 2 or 3 rotors. In addition, the 

actual torque is increased proportionally with wind speed, 

blade height. From the results, it can be concluded that a 

model 4 has more drag force at any position when the wind 

rotor is in rotational position. Wind turbine rotor with end 

plate will deliver higher torque for the shaft of the turbine. 

This may be due to the net drag force affected on a rotor in 

model 4 is higher than those for model 1, 2 and 3 models.  
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Figure 6. Torque versus wind speed for different models (H =300mm) 

 

 

Figure 7. Torque versus wind speed for different models (H =500mm) 
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Figure 8. Torque versus wind speed for different models (H =700mm) 

 

Figures 9-11 show the effects of the wind speed and blade 

height on the mechanical power of the rotors.  All types of 

rotor have tendencies to be polynomial graphs. The model 1 

shows that values of mechanical power will increase related 

with the increment of wind speed, but it produces less power 

comparing to other models. Furthermore, it was also found 

that the largest bladed height and thickness (H = 700mm, t = 6 

mm) turbine shook violently during testing. This shows that at 

high wind speeds, turbines with larger blades are unstable. 

This may reduce the performance of the turbine, and it may 

break down. 

 

 

 

Figure 9. Mechanical power versus wind speed for different models (H =300mm) 
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Figure 10. Mechanical power versus wind speed for different models (H =500mm) 

 

 

Figure 11. Mechanical power versus wind speed for different models (H =700mm) 
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Flow Characteristics of NCST rotors 

In this section, aerodynamic characteristics of the flow such as 

the velocity, pressure, vorticity and Mach number 

distributions are studied. For thus, top view (y plane) was 

considered (Figures 12-15) according to the air flow direction. 

The simulation was assumed on unsteady flow with the 

various wind speed of range 3-13 m/s in step of 2 m/s.  For 

saving space, Figures 12-15 presents the Aerodynamic 

characteristics of the flow of four models for 7m/s. It can be 

noticed that pressure on concave blades is higher than 

pressure on convex blades with result that the deviation of 

drag forces will rotate the rotor. Also, it can be observed that 

the wakes characteristics of the minimum velocity values are 

located in the concave surface of the blade and in the blade 

sides. The comparison between four models results confirms 

that the models design has a direct effect on the pressure 

distribution. In fact, it's clear that the wake characteristics of 

the maximum pressure values are more developer with the 

increase of size of the end plate. Furthermore, According to 

these figures, it has been noted that the maximum values of 

the vorticity appear around the rotor axis and in the blade 

sides. According to the figures, the characteristic of the Mach 

number and velocity are similar and the wake characteristic of 

maximum values of both them appears around the rotor axis. 

 

 

Figure 12. Aerodynamic characteristics of model 1 (L =30mm) 
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Figure 13. Aerodynamic characteristics of model 2 (L =30mm) 

 

 

Figure 14. Aerodynamic characteristics of model 3 (L =30mm) 
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Figure 15. Aerodynamic characteristics of model 4 (L =30mm) 

 

Comparison between NCST and Classical Savonius 

turbine  

In this section, the static torque of NCST models and simple 

Savonius turbines (SST): SST#1, blade thickness of 3 mm and 

gap of 0 mm,  SST#2, blade thickness of 3 mm and gap of 26 

mm, SST#3, blade thickness of 6 mm and gap of 0 mm, 

SST#4, blade thickness of 6mm and gap of 26 mm, has been 

compared.. For example, Figure 16 is compares the static 

torque values of NCST with SST. In comparison, the highest 

static torque value is about 0.04 which obtained from M4-

NCST#1. In addition, it is noticed that the static torque value 

of SST#1 is greater than NSCT#7, NSCT#8 and M2-NSCT#8, 

while SST#2, SST#3 and SST#4 have the lowest static torque 

value compared to the other models. Generally, It can be 

concluded that NCST rotors is associated with around 30% 

increase in the static torque value compared to SST. 

 

 

Figure 16. Comparison between simple Savonius turbine with new configuration rotors at 7 m/s H = 700mm and rotor angle of 

0°; a) SST with NCST, b) SST with M2-NCST, c) SST with M3-NCST and a) SST with M4-NCST 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 10 (2018) pp. 8546-8560 

© Research India Publications.  http://www.ripublication.com 

8559 

CONCLUSIONS 

In this study, an experimental and numerical study has been 

carried out in order to improve the performance and increase 

the efficiency of Savonius wind rotor at low wind speeds 

conditions.  Therefore, the rotors have been designed and 

tested with wind speed ranges of 0 m/s to 13 m/s. Those 

below are the results obtained from this study: 

 The torque of the NCST models increases with 

increase in free stream wind velocity up to 13 m/s. 

However, this increases the loading on the turbine 

blades, which will reduce the performance of the 

turbine. 

 A comparative study of the simulated results versus 

experimental results was carried out and the static 

torque values at all rotor angles for all tested 

conditions are shown to be positive. 

 It is concluded that the optimum value of wind speed 

is 9 m/s. In fact, it was observed during the tests that 

the turbine started shaking violently at higher wind 

speeds. This shows that at high wind speeds, turbines 

with large blade height are unstable. This may reduce 

the performance of the turbine, and it may break 

down. 

 With NCST a noticeable improvement in the 

maximum power is observed over the other models. 

The overall performance of NCST is found to be 

superior to that of the simple Savonius wind turbine. 
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