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Abstract.  The numerous benefits of Savonius turbine such as simple in structure, has appropriate self-start 
ability, relatively low operating velocity, water acceptance from any direction and low environmental impact 
have generated interests among researchers. However, it suffers from a lower efficiency compared to other 
types of water turbine. To improve its performance, parameters such flow pattern, pressure and velocity in 
different conditions must be analyzed. For this purpose, a detailed description on the flow field of various 
types of Savonius rotors is required. This article presents a numerical study on a nonlinear two-dimensional 
flow over a classic Savonius type rotor and a Benesh type rotor. In this experiment, sliding mesh was used 
for solving the motion of the bucket. The unsteady Reynolds averaged Navier-Stokes equations were solved 
for velocity and pressure coupling by using the SIMPLE (Semi-Implicit Method for Pressure linked 
Equations) algorithm. Other than that, the turbulence model using k-ε standard obtained good results. This 
simulation demonstrated the method of the flow field characteristics, the behavior of velocity vectors and 
pressure distribution contours in and around the areas of the bucket. 
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1. Introduction 
 

Currently, the interest and demand regarding renewable energy is growing. Ocean energy is a 

huge resource of renewable energy, which encompasses 70% of the planet Earth. One source of 

ocean energy is ocean current. Though surrounded by sea, the ocean current velocity in Malaysian 

sea is low (around 0.56 m/s), and water level is relatively shallow (Yaakob et al. 2010, Chong and 

Lam 2013). There are two types of turbine used to harvest energy from current, which are 

horizontal axis marine current turbine (HAMCT) (Thomas 2007 and Yi et al. 2014) and vertical 

axis marine current turbine (VAMCT). Savonius type turbines, originally developed for wind 
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energy applications are found to be suitable for low-speed current flow. (Yaakob 2006, Alam 2009, 

Aresti et al. 2013 and Zamani et al. 2016). 

The conventional Savonius turbine has low efficiency and negative torque, especially at angles 

of 135° to 165° and from 315° to 345° (Kamoji et al. 2009b). A number of improvement has been 

proposed, such as addition of the number of blade stages of Savonius to two or three steps, as 

reported by Khan (2009c) and Nakajima et al. (2008). One of the most important issues about 

turbines is the direct relation between the turbine rotor and the flow pattern. Zhou and Rempfer 

(2013) used numerical simulation of the flow to study two types of rotor. They were studied to 

numerically discover the two-dimensional non-linear unsteady flow to evaluate the aerodynamic 

characteristics and analyze the pressure distribution on the revolving blades. 

The aim of this study is to analyze and compare the two types of rotors, which are a Savonius 

type rotor and a Benesh type rotor. Actually the main originality of the current research paper is 

survey the effect of renovating Savonius rotor and Benesh type rotor on performance and negative 

torque and more study about velocity and pressure on the two type of rotors. By using CFD 

methodology, velocity and pressure distributions were obtained near the rotor blade surface 

(Unchai and Janyalertadun 2014). Attention was also given to the correction between the rotor 

performance and flow pattern.  

 

 

2. Simulation model 
 

For the simulation, two-dimensional designs of the conventional Savonius and Benesh type 

models were drowned. The designs were saved in IGES format, and then ANSYS ICEM CFD 13.0 

was used to create the mesh. Many different models can be used for simulation of turbulence, each 

having its own benefits. In this study, attention was given to improve rotor performance and flow 

pattern by using standard k-ε turbulence models because that gave satisfactory results. 

 

2.1 Rotor geometry 
 

Savonius rotor has a ''S-shaped" cross section, made up of  two semi-circular buckets, based 

on the Savonius rotor established by Flettner. Meanwhile, Benesh developed two rotors with 

superior performance in 1987 and 1996 (Akwa et al. 2012b). 

Fig. 1 displays the characteristic factors of marine current turbine rotor with two buckets of a 

semi-circular profile, and Benesh profile subjected to a current with water velocity, Vo, and at a 

rate of rotation represented by ω. The structure of the sample Savonius was driven at rather low 

speeds, having high static and dynamic moment, and set to be able to accept any current for the 

operation. Moreover, Light weight material will help reducing dead weight. 

The driving force on the buckets of the Savonius acted as drag force, while the lift force 

functioned to contribute to torque construction at small angles of attack (Manwell et al. 2010). The 

static torque at dissimilar rotor angles was not constant. The helical Savonius has a number of 

advantages, which makes it appropriate for power generation compared to conventional ones 

(Grinspan et al. 2001 and Hassan 2011) 

 The twisted/helical buckets of rotor have tremendous self-start ability. 

 Capable to run smoothly at high revolution per minute (RPM) at low fluid velocity. 

 Having higher average of power output, and steady operation. 
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Fig. 1 Schematic representations of conventional Savonius rotor and Benesh rotor 

 

 
Table 1 Dimensions and Condition for Model Simulation 

No. Specification Value 

1 Diameter of Rotor, DR 0.75 m 

2 Diameter of Paddles, DB 0.375 m 

3 Speed range, V0 0.177 m/s 

 

 

Table 1, presents some of the main characteristics of the Savonius turbine. 

The CFD simulations were implemented in two stages as follows: firstly is creating 

two-dimensional mesh for Savonius and Benesh type rotors with two endplates and no central 

shaft, and secondly, using Fluent software for computing and analyzing the cases. The second set 

of simulation used 2-D transient computational model with Sliding Mesh Method (SMM). The 

overall domain was then divided into two sub-domains; a stationary stator domain and another one 

rotor sub-domain that rotated with respect to the stationary domain. This permitted sliding of the 

adjacent cells at the boundary between the two sub-domains. 

 

2.2 Mathematical formulation 
 
The available power of the turbine analyzed in the water channel was calculated as 

Pavailable = 0.5 ρAVo
3                                     

(1) 

 

Pavailable is Power available in water (Watts). In situation where Cp is the power coefficient of the 

Savonius turbine, the power taken by the turbine would be equal to 
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P = Pavailable CP                                        (2) 

The power coefficient Cp of a Savonius turbine was calculated using 

𝐶𝑝 =
P

𝑃𝑎𝑣𝑎𝑖𝑙𝑎
=

2𝑀𝜔

 𝜌𝐴𝑉𝑜3 =
2𝑀

𝜌𝐴𝑉𝑜2𝑟

𝜔𝑟

𝑉𝑜
= 𝐶𝑀𝜆                    (3) 

The area of Savonius rotor was given by 

A = HD                                (4) 

The coefficient of Moment (CM) was defined as 

CM = 2M / (ρAVo2d)                          (5) 

where M is Moment and CM  is coefficient of Moment. 

The tip speed of the rotor was calculated using 

U = ωd                                (6) 

The Tip Speed Ratio (TSR) of the turbine is a very significant parameter, given by 

TSR = λ = U / Vo                          (7) 

Nonetheless, the solution for the three-dimensional flow was governed the Navier-Stokes 

equations by an incompressible version for field surrounding the rotating turbine. For that domain, 

the full Navier-Stokes equations was not considered at this point (Nichols 2010). 

∇ ∙ (�⃗�𝑟) = 0                             (8) 

𝜌∇ ∙ (�⃗�𝑟�⃗�𝑟) + 𝜌(2�⃗⃗⃗� × �⃗�𝑟 +  �⃗⃗⃗� × �⃗⃗⃗� × 𝑟) = −∇p + ∇𝜏̿r + �⃗�            (9) 

Where ρ is the water density, t is time, �⃗�𝑟 represents the relative velocity vector observed from 

the revolving rotational domain, �⃗⃗⃗� is the angular velocity vector relative to the stationary domain, 

𝑟 shows the position vector from the origin, p is the fluid pressure,𝜏̿ represents the viscous 

stress tensor, and �⃗� shows the gravitational force vector. There are two terms for acceleration in 

the moment equation to define the marine current rotation, which are the centripetal acceleration 

(�⃗⃗⃗� × �⃗⃗⃗� × 𝑟) and the Coriolis acceleration (2�⃗⃗⃗� × �⃗�𝑟). 

Turbulence can be simulated using many different models; each has its own advantages. The 

mathematical equations of the standard k-ε turbulence model used in this study were as follows 

(Launder and Spalding 1974) 

𝑣𝑡 = 𝑐𝜇
𝑘2

𝜖
                            (10) 

(
𝜕(𝜌𝑘)

𝜕𝑡
+ 𝑈𝑗

𝜕(𝜌𝑘)

𝜕𝑥𝑗
) = 𝑃(𝑘) − 𝜌𝜖 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝜖𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
]            (11) 

(
𝜕(𝜌𝜖)

𝜕𝑡
+ 𝑈𝑗

𝜕(𝜌𝜖)

𝜕𝑥𝑗
) = 𝐶𝜖1

𝜖

𝑘
𝑃(𝑘) − 𝐶𝜖2𝜌

𝜖2

𝑘
+

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝜖𝜇𝑡)

𝜕𝜖

𝜕𝑥𝑗
]        (12) 

 

For determining the turbulent viscosity, Eq. (13) was used in the model in low Reynolds 

numbers. However, in order to handle high Reynolds numbers, Eq. (14) was integrated following 

the standard k-ε turbulence formulation of the turbulent viscosity. 
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𝑑 (
𝜌2𝑘

√∈𝜇2 ) = 1.72
�̂�

√�̂�3−1+𝑐𝑣
2 𝑑�̂�                        (13) 

where, �̂� =
𝜇𝑒𝑓𝑓

𝜇
   and 𝑐𝑣 ≈ 100. 

𝜇𝑡 = 𝜌𝑐𝜇
𝑘2

𝜖
                              (14) 

where, 𝑐𝜇 = 0.0845. 

 

2.3 Turbulence modeling 
 
An important parameter for simulation is flow separation, which can affect the efficiency of the 

turbine. It is also necessary to follow accurate CFD procedure to simulate real conditions. By 

using the SIMPLE (Semi-Implicit Method for Pressure linked Equations) algorithm, the unsteady 

Reynolds averaged Navier-Stokes equations were solved for velocity and pressure coupling. 

A two-dimensional design of the conventional Savonius and Benesh type models were created 

using Rhinoceros software. The designs were saved in IGES format, and then ANSYS ICEM CFD 

13.0 was used to develop the mesh.  

In this study, ANSYS Fluent 13.0 code was applied for simulation and analysis. The 

unstructured mesh element number used for the Benesh type rotor and Savonius rotor was around 

950,000. 

Fig. 2 shows the computational domain and the unstructured mesh grid for the rotor geometry. 

The inlet and outflow situations were observed from the right and left boundaries condition 

individually. The buckets and plates were fixed to the standard wall. The velocity of water was 

0.177 m/s in the inlet. In order to control the separated rotor wakes, the density of mesh was 

increased near the bucket margins, tips, which then declined away from the rotor. 

According to Mohamed et al. (2010) and Gupta and Sharma (2011), one of the best turbulence 

models that an outstanding contract between the CFD and experimental is the standard k-ε 

turbulence model for goal function, Cp (incomprehensible). In this study, this model was used for 

running the application.  

 

 

 

Fig. 2 (a) Computational domain and boundary condition and (b) Unstructured mesh of Benesh type rotor 
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According to Yaakob et al. (2012) and Reza Hassanzadeh et al. (2013), the second-order 

upwind numerical scheme gives more accurate results. Therefore, the second-order upwind 

numerical scheme was chosen for the calculation in this study. Amongst the chosen CFD trial 

cases, the standard k-ε turbulence model has proper performance for relativity simple geometries 

for the same channel flow pipe. 

 

 

3. Results and discussion 
 

When the fluid motion is acceptable, it will enter as force on the fluid, which can be 

decomposed into two forces. One force will be in the direction of the fluid velocity, and the other 

in perpendicular direction. Force in the direction of water flow is called drag force, while the one 

perpendicular to its direction is known as lift force. Drag force has deterrent on the fluid motion 

around the object, while the nature of the lift force is lifting. Rotation of the Savonius blades 

(vertical axis) will create fluid drag. Unlike vertical axis turbine blades, the torque required to 

rotate the horizontal axis turbine blades is the lift force. 

As shown in Figs. 3 and 4, the velocity at the back of the advancing blade was improved. 

Analysis on the contour plot revealed the physical flow of a marine current turbine rotor and its 

mechanism of energy generation. The relative velocity vectors showed that the velocity vector was 

directed from the inside to the downstream side of the rotor. 

As displayed in the figures, the highest speed occurred at the edge of the turbine bucket. As 

shown in Fig. 3, it was clear that there were two branches of vortices created at the blades. One 

collection was produced at the upper tip and the lower tip of the Savonius rotor, and also at 

downstream of the flow of the Benesh type rotor, in which these vortices revolved 

counterclockwise. This kind of vortex was the reason for the reduction of torque and increment of 

the power of the suction pressure on the convex side of the blades. Moreover, high velocity areas 

are more pronounced at the leading edge of Benesh than the Savonius rotor. 

The further collection can be divided into two groups; one created along the upstream of the 

flow of the returning and another on advancing blades. The vortices on the Benesh type rotor were 

bigger than those on the Savonius rotor, and there were two separate points on the Savonius rotor. 

In different rotation angles, the influence of vortices was dissimilar.  

 

 

 

Fig. 3 Vector of velocity around rotors at 60o of attack 
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Fig. 4 Vector of velocity around rotors at 150o of attack 

 

 

As described, the flow speed of the rotor was at the bucket concave. Due to pressure, the 

rotation of the rotor faced pressure. Correspondingly, this was true for the Benesh type rotor. Due 

to the structure of the blade, it could rotate easier. The static pressure contours from unsteady 

two-dimensional simulations were then analyzed to explain the torque production mechanisms of 

the Savonius under unsteady situations. 

As can be seen in Fig. 5, pressure contours on the rotor occurred at three different angles of 

attack. At the angle of attack of 30°, in comparison with Savonius rotor, Benesh type rotor was 

found to gain more pressure on the convex of the advancing blade and near the center of the blades, 

which created more torque. It was also observed that there was a negative pressure at the center of 

the Savonius rotor. 

At the angle of attack of 90° as shown in the same figure, the same semi-circular design 

Savonius rotor was able to absorb more pressure on the convex of the advancing blade of the water 

flow compared to that on Benesh type, and had more areas to generate higher pressure. At this 

angle of attack, the area with a negative pressure in the upstream was rarely seen, unlike in the 

downstream, where there was considerable negative pressure. 

As can be understood in Figs. 3 and 4, the eddies at the tip are more pronounced in the 

Savonius rotor than the Benesh at 60˚at both edges; however, it is not the case at 150°. This aspect 

show that maximum speed of the water flow in opposite direction is at 60˚ at the top. It is more in 

case of Savonius rotor as compared to Benesh. 

However, naturally, the angle of attack of the rotor at 150°, maximum pressure value could be 

seen both on the concavity of the returning blades, because the direction of the blades was 

opposite to the direction of the marine current. Note that in Fig. 5, the Benesh type design created 

proper pressure at this angle, on the convex of the advancing blade. Another point of consideration 

at this angle of attack was the negative pressure on the concave of the advancing blade, in which it 

appeared as a negative pressure of the Benesh type rotor, more than that on the Savonius rotor. 

On the other hand, for the flow configuration of study, with regard to the acting on the velocity, 

the maximum and minimum pressure of the rotor are important as the optimization step to obtain a 

better understanding on the operating principle for different rotors.  

307



 

 

 

 

 

 

A. Reza Hassanzadeh, Omar bin Yaakob, Yasser M. Ahmed and M. Arif Ismail 

 

As described, it was also observed that there were negative pressure and negative torque, 

Whereas, Negative torque might be reduced if 3 blades are tested instead of two, in future, various 

simulations will be performed for the model 3-blade combination as well. 

 

 

 

Fig. 5 Static pressure contours around rotors at different angle of attack 
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4. Conclusions 
 

The main aim of this study was to predict the flow behavior around Savonius-type turbines by 

using a simulation method. The other purpose of the current study was to compare two types of 

turbines, which are the conventional Savonius turbine and Benesh type turbines. The standard k-ε 

turbulence model, as well as the simulation scheme in second order for the finite volume solver, 

was used to increase the accuracy. 

Detailed velocity vectors and pressure distribution were studied and analysed to characterise 

the differences between these kinds of rotors, in terms of their performance. The results show that 

an open (elliptical) blade is better than closed (circular) blade in the marine conditions. 
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Nomenclature 

 

   A                projected area of rotor (m2) 

   H                length of rotor (m) 

   DB              chord of blade (m) 

   DR              diameter of rotor (m) 

   r                 radius of the rotor (m) 

   C               overlap of blades (m) 

   P                power output from rotor (W) 

   Pavailable         power available output of rotor (W) 

   M              torque experienced by rotor (N ∙ m) 

   Vo              water velocity (m/s) 

   U               rotor tip speed (m/s) 

CP*             power coefficient 

Cm*             coefficient of torque 

Re*             Reynolds number 

 

Greek letters 

λ*               tip speed ratio 

α *              aspect ratio 

β *              overlap ratio 

θ                angle of blade chord (deg.) 

ρ                water density (kg/m3) 

ω                angular velocity of rotor (rad/s) 

 

Superscript 

*                non-dimensional 
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