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Abstract 
One of the vertical axis wind turbines that utilize drag force is the Savonius turbine. Savonius turbines are 

characterized by low speed rotation and high torque, so they are rarely used for wind power generation but 
have possibility to apply to ocean current power generation, which has been attracting attention recently. In 
this report, we actually performed a numerical simulation of the flow using suitable grid, focusing mainly 
on the case where four wind turbines are rotating in reverse at a constant speed, and investigated the state 
of the flow field. Two-dimensional incompressible Navier-Stokes equations are adopted as the basic 
equation and solved numerically using the finite difference method. In addition, in order to enable 
calculation even in a high Reynolds number flow, the nonlinear term of the equations are approximated by 
using the third-order accuracy upstream difference method. The simulations are performed with 0 degrees 
flow and 45 degrees flow for four turbines position. The flow field differs greatly depending on each angle, 
and the interaction between the wind turbines has been clarified. 
 
 
 

1.  INTRODUCTION 
 Fossil fuels account for most of the world's energy production, but there is a need to reduce the burden on the 
environment. Therefore, utilization of renewable energy is important. Ocean current power generation is an energy 
acquisition method that is expected to develop in the future. For large-scale wind power generation, horizontal axis 
type rotating devices such as propellers have been put into practical use. On the other hand, the technology for ocean 
current power generation is under development for practical use, and the optimum shape of the rotating device has not 
been determined. Focusing on the fact that the ocean current has a slower flow velocity than the wind, it is considered 
that a sufficient amount of power generation can be obtained by arranging a plurality of drag-type vertical axis-type 
rotating devices. Savonius turbine is one of the vertical axis type rotators using drag force. It has the potential to be 
used for ocean current power generation because of its low rotational speed and high torque output. If it is installed in 
the sea, it will be improved the stability of the whole device to connect the two turbines with a support rod and rotated 
in opposite directions. In that case, it is necessary to install the two turbines close to each other to make the entire 
ocean current power generation device smaller, and the interaction between the turbines cannot be ignored. The 
interaction between the two turbines is reported by experiments[1], varying the distance between the turbines or the 
direction of the mainstream. It was found that arranging Savonius turbines in close proximity to a specific range of 
angles can improve power output by up to 112% for a single turbine. A numerical simulation study[2] also showed that 
installation at a particular angle improved the output. In this study, two-dimensional numerical simulations were 
performed with a fixed rotation speed for four Savonius turbines rotating in opposite directions independently. The 
effect on the flow and torque was investigated by changing the angle of attack and the rotational speed independently. 
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2.  MODELS AND GRID GENERATION 
2.1  Models 

In this study, as shown in Fig.1, we assume the case of arranging four same-sized Savonius turbines that rotate 
independently in opposite directions at constant angular velocities. The line connecting the rotation axes of the device 
is taken as the x-axis and the y-axis. It is assumed that the flow is in two directions, the angles with the x-axis set to 0 
degrees and 45 degrees. 
 

2.2  Division of Computational Domain 
In general, when analyzing a flow around a rotating object, a rotating coordinate system that rotates with the same 

rotating speed of the object is often used[3][4].However, when multiple objects rotate, how to set the rotating coordinate 
system becomes a problem. In this study, in order to make it possible to calculate four Savonius turbines individually, 
four regions including one turbine are connected together as an overall computational domain (Fig.2). As shown in 
Fig.3, each device region is roughly divided into a static coordinate system region (Fig.3 left) and a rotating coordinate 
system region (Fig.3 right). The region of the stationary coordinate system is divided into an external region A and a 
connected region B that touches the rotating region. The boundary where the non-rotating region B and the rotating 
region C meet is a circular ring. The ring part is overlapped by one grid, and data is passed between regions. As a 
result, it is possible to improve the accuracy of the interpolation of physical quantities in the two regions. In addition, 
the region of the rotating coordinate system of each device is divided into the rotating region C around the blade, the 
inflow/outflow region D inside the blade, and the blade overlapping region E. Then, data is transferred by matching 
the grids at the boundaries of each region. As a result, it became possible to analyze the flow inside and outside the 
blade. 

 
 

  

Fig.1 Schematic diagram of four Savonius turbines  
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Fig.2 Computational grid for four turbines 

  

                     
Fig.3 Stationary coordinate system grid (left) and rotating coordinate system grid (right) 

 
 
3.  NUMERICAL METHODS 
3.1  Basic equations 

In the rotating region near the rotating device, a rotating coordinate system fixed to the rotating device is used. As 
shown in Fig.4, the relationship between the position (𝑋𝑋, 𝑌𝑌) in the rotating coordinate system and the position (𝑥𝑥, 𝑦𝑦) in 
the stationary coordinate system can be expressed as follows where 𝜃𝜃 (=ωt, ω: angular velocity) is the rotation angle 
measured from the stationary state. 

𝑋𝑋 � 𝑥𝑥 cos𝜃𝜃 � 𝑦𝑦 sin𝜃𝜃 �1� 
𝑌𝑌 � 𝑥𝑥 sin𝜃𝜃 � 𝑦𝑦 cos𝜃𝜃 �2� 

 

B 

A 
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Similarly, the relationship between the velocity (𝑈𝑈, 𝑉𝑉) in the rotating coordinate system and the velocity (𝑢𝑢, 𝑣𝑣) in 
the stationary coordinate system can be expressed by the following equation. 
 

𝑈𝑈 � 𝑢𝑢 cos� � 𝑣𝑣 sin� � �𝜕𝜕 �3� 
𝑉𝑉 � 𝑢𝑢 sin� � 𝑣𝑣 cos� � �𝜕𝜕 �4� 

 

 
Fig.4: Coordinate systems 

 
Continuity equations and Navier-Stokes equations in stationary and rotating coordinate systems are used as basic 

equations. Two-dimensional continuity equations and incompressible Navier-Stokes equations expressed in stationary 
and rotating coordinates are as follows. 

𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕 �

𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕 � 0 �5� 

𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕 � 𝑢𝑢𝜕𝜕𝑢𝑢𝜕𝜕𝜕𝜕 � 𝑣𝑣 𝜕𝜕𝑢𝑢𝜕𝜕𝜕𝜕 � �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 �

1
𝑅𝑅𝑅𝑅�

𝜕𝜕2𝑢𝑢
𝜕𝜕𝜕𝜕2 �

𝜕𝜕2𝑢𝑢
𝜕𝜕𝜕𝜕2� �6� 

𝜕𝜕𝑣𝑣
𝜕𝜕𝜕𝜕 � 𝑢𝑢 𝜕𝜕𝑣𝑣𝜕𝜕𝜕𝜕 � 𝑣𝑣 𝜕𝜕𝑣𝑣𝜕𝜕𝜕𝜕 � �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 �

1
𝑅𝑅𝑅𝑅�

𝜕𝜕2𝑣𝑣
𝜕𝜕𝜕𝜕2 �

𝜕𝜕2𝑣𝑣
𝜕𝜕𝜕𝜕2� �7� 

𝜕𝜕𝑈𝑈
𝜕𝜕𝜕𝜕 �

𝜕𝜕𝑉𝑉
𝜕𝜕𝜕𝜕 � 0 �8� 

𝜕𝜕𝑈𝑈
𝜕𝜕𝜕𝜕 � 𝑈𝑈 𝜕𝜕𝑈𝑈𝜕𝜕𝜕𝜕 � 𝑉𝑉 𝜕𝜕𝑈𝑈𝜕𝜕𝜕𝜕 � ��𝜕𝜕 � 2�𝑉𝑉 � � 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕 �
1
𝑅𝑅𝑅𝑅 �

𝜕𝜕�𝑈𝑈
𝜕𝜕𝜕𝜕� �

𝜕𝜕�𝑉𝑉
𝜕𝜕𝜕𝜕�� �9� 

𝜕𝜕𝑈𝑈
𝜕𝜕𝜕𝜕 � 𝑈𝑈 𝜕𝜕𝑉𝑉𝜕𝜕𝜕𝜕 � 𝑉𝑉 𝜕𝜕𝑉𝑉𝜕𝜕𝜕𝜕 � ��𝜕𝜕 � 2�𝑈𝑈 � �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 �

1
𝑅𝑅𝑅𝑅 �

𝜕𝜕�𝑉𝑉
𝜕𝜕𝜕𝜕� �

𝜕𝜕�𝑉𝑉
𝜕𝜕𝜕𝜕�� �10� 

 

Here p represents pressure. Re is the Reynolds number with the radius of the rotating device as the representative 
length and the flow velocity of mainstream as the representative velocity. 

 
3.2  Numerical method 

After transforming the above basic fluid equations into general coordinates, the fractional step method[5] is used to 
solve them. Third-order upstream differencing[6] is applied to the nonlinear terms (convective terms) of the 
Navier-Stokes equations, and central differencing is applied to others. 
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4.  RESULTS AND DISCUSSIONS 
4.1  Flow near the turbines  

Following figures show the flow field in the vicinity of the turbines when the four turbines rotate at a tip speed ratio 
of λ=0.5. Fig.5 shows the results when the angle of attack of the flow is 0 degrees, that is, the flow comes from left to 
right in the figure. The velocity vectors at the time when the turbine rotates 45, 90, 135, and 180 degrees from one 
rotation after the start of rotation are shown in time series, and the black arrows in the figure represent the flow 
velocity vectors. Fig.6 shows contour lines representing the pressure values in the same case using the colors shown in 
the color bar in the figure. From Fig.5 and Fig.6, it can be seen that the flow and pressure distributions are roughly 
symmetrical around turbine01 and turbine03 in the lower half of the figures and around turbine02 and turbine04 in the 
upper half, with the line along the mainstream in the center of the computational domain as the axis of symmetry. 
Looking at the contour lines in Fig.6, it can be seen that the data is transferred well along the line of the divided 
regions. 

It can be also seen that the pressure around turbine01 and turbine02 on the upstream side of the flow is higher than 
that around turbine03 and turbine04 on the downstream side. 

Fig.7 shows the velocity vector when the angle of attack of the flow is 45 degrees, that is, the flow flows from the 
lower left to the upper right in the figure, and Fig.8 shows the pressure values in the same way as Fig.5 and Fig.6. Due 
to the rotation of turbine01 and turbine02, the flow is being drawn between the two turbines. At this time, a vortex is 
generated by changes in pressure and velocity as the flow passes through the narrow area between the turbines and 
flows out into the wider area (Fig.8(a)). Furthermore, due to the rotation of turbine02, it is drawn between turbine01 
and turbine02, and after passing through the narrow area between the turbines, a vortex is generated in the flow again 
(Fig.8(c)). Regarding the mainstream flow, the flow rate between turbine01 and turbine03 is considered to be small 
compared to the flow rate between turbine01 and turbine02. This is due to the fact that the flow is pulled in between 
turbine01 and turbine02 as the turbines rotate, whereas the flow is pushed out from the inside to the outside of the 
region between turbine01 and turbine03 due to the rotation of the turbines, making it difficult for the mainstream to 
flow in. 

From Fig.8, it can be seen that the pressure distribution tends to be symmetrical with respect to the line connecting 
the centers of turbine01 and turbine04. On the other hand, the positions where vortices are generated and contour lines 
are not necessarily symmetrical. This is due to the direction of rotation of each turbine. Also, in Fig.8(a), the vortex 
generated by the flow drawn in due to the rotation of the turbine01 and turbine02 flows out to the rear of the turbine04. 
At that time, the vortex passes between the turbine02 and turbine04 as the turbine02 rotates (Fig.8(b)(c)). Based on 
the direction of rotation of each turbine, the route through which this vortex flowed out had the highest flow rate. 
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(a) θ=450 (b) θ=495 

 
 

 

(c) θ=540 (d) θ=585 

  
Fig.5: Velocity field (0 degrees flow) 

 
(a) θ=450 (b) θ=495 (c) θ=540 (d) θ=585 

Fig.6: Contour line of pressure (0 degrees flow)  
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(a) θ=450 (b) θ=495 

  
(c) θ=540 (d) θ=585 

  

Fig.7: Velocity field (45 degrees flow) 
 
(a) θ=450 (b) θ=495 (c) θ=540 (d) θ=585 

 
Fig.8 Contour line of pressure (45 degrees flow) 
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4.2  Torque coefficient   
Following figures shows the torque coefficient when four turbines are rotated at a peripheral speed ratio of λ = 0.5. 

Fig.9 and Fig.10 show the time history of the torque coefficient of turbine01 when the mainstream is 0 degrees and 45 
degrees. The horizontal axis represents the rotation angle, and the vertical axis represents the torque coefficient. In this 
figure, the torques of the two blades of the rotating device are plotted with red and blue dotted lines, and the total 
torque of the two blades is plotted with the solid line. The torque of each blade is 180 degrees out of phase with a 360 
degrees cycle, but the values are about the same. The total torque value of the two blades (torque for one turbine) has 
two peaks in one cycle. In addition, there is a difference in the torque value between the 0 degrees flow and the 45 
degrees flow. These are considered to be affected by differences in interaction with other turbines caused by the 
direction of the mainstream. 
 

  
Fig.9 Time history of the torque coefficient  

(Turbine01, 0 degrees flow) 
Fig.10 Time history of the torque coefficient  

(Turbine01, 45 degrees flow) 
 
Fig.11 and Fig.12 show the time history in the torque of each of the four turbines when the mainstream is 0 degrees 

and 45 degrees. The layout of the graph corresponds to the layout in Fig.1. In Fig.11, it is seen that the torques of 
turbine01 and turbine02 located upstream, and turbine03 and turbine04 located downstream are approximately equal. 
The downstream turbine has a smaller torque value than the upstream turbine, and it is considered that this is because 
the upstream turbine does not receive the mainstream directly. In Fig.12, the torque values of turbine02 and turbine03 
are larger than those of turbine01. It is thought that in the case of the flow from the 45 degrees direction, turbine02 and 
turbine03 can directly receive the mainstream without being blocked by other turbines while the torque increased due 
to the addition of the flow changed by the turbine01. 
Fig.13 and Fig.14 show the temporal changes in the torque of each of the four turbines and the total torque of the 

four turbines when the mainstream is 0 degrees and 45 degrees. It is difficult to grasp and compare the total torque due 
to rotation because the total torque value of the four turbines changes in a complicated manner. Therefore, the values 
obtained by accumulating the torque over whole time are compared. Fig.15 shows the torque of each of the four 
turbines integrated over time. The layout of the graph corresponds to the layout in Fig.1, as in Fig.11 and Fig.12. 
Fig.16 shows the integrated torque of the four units. Comparing the individual torque integrated values, only 
turbine01 has a value greater than 45 degrees at mainstream 0 degrees, and the other turbines have values at 45 
degrees mainstream greater than 0 degrees. The torque integrated value of the total of four turbines increased almost 
linearly with rotation. This means that stable output can be obtained with multiple turbines. In addition, when the 
mainstream is 45 degrees, the value is about 68% larger than when the mainstream is 0 degrees. 
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Fig.11 Time history of the torque coefficient (0 degrees flow) 

 

 

Fig.12 Time history of the torque coefficient (45 degrees flow) 
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Fig.13 Time history of the torque coefficient (0 degrees flow) 

 
 

 
 

Fig.14 Time history of the torque coefficient (45 degrees flow) 
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Fig.15 Total value of the torque coefficient 

 
 

  
Fig.16  Total value of the torque coefficient of four turbines 
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5.  SUMMARY 
A two-dimensional simulation was performed for four independently rotating vertical axis Savonius turbines and 

the effect of interaction was investigated by changing the angle with the mainstream. 
In order to rotate multiple devices, the flow region was divided into a region close to each rotating device and a 

non-rotating region outside. Then, we used a method to accurately connect each joint at the boundary of each region. 
In addition, the region inside the Savonius turbine is divided into the blade region where the flow flows in and out and 
the overlapping region. As a result, it was possible to analyse the flow passing through the overlapped gap. When the 
direction of the mainstream was changed with respect to the line connecting the rotating shafts of the turbines, it was 
observed that a complicated flow was generated due to the positional relationship of the four turbines. It was also 
observed that when the angle of attack of the mainstream is 45 degrees, the change in the flow caused by the upstream 
turbine affects the downstream turbine. These flow characteristics can be understood to some extent from the 
relationship between the direction of the mainstream and the direction of rotation of the turbine. 

Investigating the torque value of each turbine and the total torque value of all turbines, it is found that when the 
mainstream angle of attack is 45 degrees, the value is about 68% larger than when it is 0 degrees. This means that the 
torque can be effectively obtained through the interaction between the mainstream direction and the device 

Future tasks include investigating the interaction when the distance between the turbines is varied, and investigating 
the case where the number of turbines is further increased to examine the layout of the entire ocean current power 
generation system. 
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