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Abstract

Two-dimensional flows around the straight wing vertical axis wind turbine (SW-VAWT)
are investigated by means of numerical simulations. The flows around the turbine with
two or three blades as well as one blade are analyzed. Incompressible Navier-Stokes
equations are solved by the fractional step method. The rotational coordinate system
combined with the boundary fitted coordinate system is employed. The third order
upwind difference is chosen to approximate the non-linear terms. The torque and power
coefficients are computed for various tip speed ratios. Moreover, the effect of the number
of blades on the flow field and force acting on the wind turbine is investigated. The
agreement with experimental data is satisfactory showing effectiveness of the

numerical method.

1. Introduction

Wind energy is one of the most promising renewable energy and is usually obtained
by wind turbines. We can classify wind turbines into two types, that is horizontal axis
type and vertical axis one. The typical example of the former is the propeller turbine.
Disadvantage of this type is that the performance of the turbine is greatly affected by
the direction of the wind. On the other hand, the vertical axis type is free from this
disadvantage, i.e. it can be rotated by the wind of any direction. We are now seeking
potentiality of the vertical axis wind turbine and try to investigate the performance of
those kinds of turbine by numerical simulations. In this study, we focus on the straight
wing vertical axis wind turbine (SW-VAWT) since this turbine rotates quickly and is
suitable for generating electricity like popular propeller turbines. Although we can find
several numerical and experimental studies about this turbine [11[2][3][4][5], we are
trying to obtain more reliable results by numerical simulations based on the finite
difference method. The objective of this study is to simulate the flow fields numerically
around SW-VAWT to show the effectiveness of the numerical method and to obtain
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fundamental data for its design. The number of the blade of SW-VAWT is usually two or
more. Therefore, we simulate the flow field around the SW-VAWT that has two or three

blades as well as one blade. Figure 1 shows schematic figures of these turbines.

2. Numerical method

The flow around the wind turbine is well determined by the incompressible
Navier-Stokes equation, since the rotation speed is not high compared with the sound
speed. We used rotational coordinate system that rotates at the same speed of the blade,
so that the flow field can be computed in the fixed grid system. In the coordinate system
that rotates constantly with the same angular velocity of the rotor, the basic equations

become as follows:
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where X,Y and U,V are the position and velocity components in rotational coordinate
system. There are following relations between the stationary coordinate and the

rotational one:
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where x,y and u,v are the position and velocity components in the stationary coordinate

system and 6 is rotation angle. These equations are solved by the fractional step
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method. This method consists of following three steps:
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where v* is temporal velocity and 4 t is time increment. In order to impose boundary
conditions precisely on the curved blade (no-slip on the blade in a rotating coordinate
system), the boundary-fitted coordinate system is employed. The transformed equations
are solved by the finite difference method. All spatial derivatives except nonlinear terms
are approximated by the central differences. Time integration is performed by the Euler
explicit method. Nonlinear terms are approximated by the third order upwind finite
difference since it provides a stable solution without any turbulence models even at
considerably high Reynolds number. The third order upwind finite difference is shown

as follows:
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3. Grid system

According to our experience, using suitable grids is the key point for reliable
computations. Therefore we pay special attention on the grid generation around the
blade of the turbine. After some preliminary computations, we determine to use O-type
grid of 192X 96 in circumferential and radial direction respectively. The shape of the
blade is NACAO0012. The distance between the blade and the nearest grid points is 2.5 X
10 ¢, where c is aerofoil chord length. Trailing edge is rounded as is shown in the Fig.2.
Figure 3 shows the computational region near the whole blade for the simulation of the
turbine with one blade. The outer boundary is a circle of radius 10c where c is the cord
length of the blade.

In order to simulate the flow around a turbine with two blades, we divide whole
circular region into two half-circle regions. Assuming the edge of each region as outer
boundary, we generate the grid system by the similar manner to one blade case.
Straight outer boundary of each region is connected smoothly, so that the whole grid
system is also smooth. The number of grid is 384 X96. The boundary values of velocity
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and pressure on the straight outer boundary is simply set to the average values of the
nearest two grid points on the circumferential grid line. For the grid system of three
blades, the above-mentioned method can be adopted except for the shape of the outer
region. In this case, the region is the fan-shaped region. The total number of grid points
is 576 X96. Figure 4 and 5 are the grid systems of two blades and three blades wind

turbine.

4. Results

The performance of a wind turbine is determined by tip speed ratio i, the Reynolds
number Re and solidity ¢ =Nc/R where N is number of the blade and R: radius of the
turbine, v : kinetic viscosity of the air and u..: velocity of uniform flow. A solidity ¢ is
set to 0.2. We choose Re= 250000. This corresponds to the situation that the diameter of
turbine is 1 meter and the speed of wind is 5 meter per second. Torque coefficients Ct
and power coefficients Cp are computed by the torque T which is determined by the
pressure fields. Coefficients Ct and Cp are defined as:

T

Ct=——t
0.504U>

Cp=ACt

where p is the density of the air.
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4.1 Torque and Power coefficient for single turbine

At first, we calculate the flow around SW-VAWT with single blade in order to verify
the computation in this study. Figure 6 shows the relation between rotation angle from
rest and torque coefficient. Since the geometry of the region becomes the same after the
rotation of 360 degree, the torque curve has the same periodicity. When the angle
measured from y-axis (see fig.8) becomes 90+360n (n: rotation number), the torque
reaches its maximum.
Figures 7 shows the effect of tip speed ratio on Cp. The power coefficient Cp have peak
values around tip speed ratio A =8. Although these results are obtained by
two-dimensional calculations, qualitative agreement with experiments is reasonable

[6].
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4.2 Pressure distributions for single blade turbine

A schematic diagram of the rotational motion of the SW-VAWT is shown in Fig. 8. An
attack angle changes periodically with rotation. The amplitude of attack angle becomes
smaller when the tip speed ratio increases as shown in Fig.9. Figure 10 shows an
example of the flow fields (pressure and velocity distribution) around the blade at
typical four positions a,b,c,d as shown in Fig.9. Here the torque reaches maximum value
at the position d. The series of left hand side figures are the results for 1 =4.7 and the

right one for 4.0. Various sizes of vortices are generated and shedding. This shows
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occurrence of large separation that depends on the flow direction.

N W
S o

| +_#r"+++++ +A=24

+ s A=4.7
+ 0000y *@
[tae™ ey
a

-
(-]

s

. - —
D 45 90 135 Iso+§z;zs, 270 315 ° 8
+

i L

[
-
o
o

+
+
+4

attack angle o [deg]
o

!
N
(=]

+
+++++

rotation angle 8 [deg]

Fig. 9

c)at position c. d)at position d.
Fig. 9 single blade (1 =4.7)

4.3 Torque and Power coefficient for two or three blades turbine

Figure 11 shows the relation between rotation angle from rest and torque coefficient
for two blades turbine. Since the geometry has the period of 180 degree, the torque
coefficient has the same period. The torque reaches its maximum value at 180n+a.
Figure 12 shows results of three blades turbine. In this case, the period becomes 120
degree as is expected. The torque becomes its maximum at the degree of 120n+b.
Figure 13 indicates the effect of the tip-speed ratio on the power coefficient for two and
three blades. The result of single blade is also plotted in the same figure for comparison.
The peak value is almost the same for every case. On the other hand, the optimum
tip-speed ratio decreases from 8 to 6 as the number increases from 1 to 3. This tendency

is also verified in experiments. Moreover, the range of tip-speed ratio suitable for the
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turbine becomes narrow with increase of the number of the blade.
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4.4 Pressure distributions for two or three blades turbine

Figure 14 and 15 show an example of the flow fields (pressure and velocity
distribution) of the turbine with two and three blades respectively. Various size of
vortices are generated and shedding. This shows that large separation depends on the
flow direction. These vortices flow out downstream direction and some times collapse

the blade making the flow field complex.

Fig. 14 (1=4.7) Fig. 15 (1=4.7)

5. Conclusion
The flow around the SW-VAWT with two or three blades as well as single blade rotating

stationary is simulated numerically by solving the two dimensional incompressible
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Navier-Stokes equation. The rotating coordinate system expressed by the boundary
fitted coordinate system is employed so that the boundary conditions on the blades of
the rotor become simple. Fractional step method is used to solve the basic equations.

Following results are obtained:

- The complex flow field around the rotating SW-VAWT with two or three blades as well

as single blade is simulated successfully and it is visualized effectively;

- The effect of tip speed ratio on the performance is examined. It is found out that the
maximum power coefficient of the single blade SW-VAWT(=0.3) is obtained when the tip

speed ratio is around 8. These results agree well with experiments.

- The effect of blade number of the SW-VAWT on the power coefficients is investigated.
The peak value is almost the same. On the other hand, the optimum tip-speed ratio
decreases from 8 to 6 as the number increases from 1 to 3. This tendency is also verified
in experiments. Moreover, the range of tip-speed ratio suitable for the turbine is

becomes narrow with increase of the number of the blade.
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