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ABSTRACT 

49 

As the power efficiency is affected by every aspect of a wind tur­
bine and its blades, a 2D-computational investigation of several key 
parameters is proposed after which actual experiments are performed. 
Six parameters are examined in the computational investigation: instal­
lation angle; blade airfoil; chord length; number of blades; radius of 
an impellor; and wind speed. To find out the optimum performance of 
a Vertical Axis Wind Turbine or VAWT, one appropriate parameter is 
selected at each section of the simulation progression. Afterwards, an 
experimental prototype of wind turbine is fabricated and put into an air­
dynamic test to ascertain the validity of the previous CFD simulation. 

Keywords: CFD simulation, Darrieus type, parameter, solidity, spin-up 
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INTRODUCTION 

The Darrieus type wind turbine was first invented by a French en­
gineer G.J.M. Darrieus in 1927 [1]. A patent of this type of wind turbine 
was permitted in 1931. However the technology was ignored at that 
time. Nevertheless, during late 20th century, the National Aerodynam­
ics Laboratory of Canada and Sandia laboratory of the United States 
have performed a large quantity of experiments about such turbine. It 
appeared that the power efficiency of the Darrieus type wind turbine 
rated the highest, compared with other types. The most popular and 
widely used type of the Darrieus type wind turbine is the H-type. There 
are certain advantages of the Darrieus type wind turbine, mainly: Omni 
directionality without a yaw control; better aesthetics to integrate into 
buildings; more efficient in turbulent environments; and quieter in 
operation. Nevertheless, a number of constraints such as low starting 
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torque, high torque fluctuations and complex flow are holding back the 
potential market of the Darrieus type wind turbine [2]. 

Given the shortcomings discussed above, a method to figure out 
how every factors of a wind turbine affecting the power efficiency is 
urgent to be discovered. This method could be developed into an appro­
priate typical progress to design a VAWT. Six parameters are ought to be 
concerned here: installation angle; blade airfoil; chord length; number of 
blades; radius of an impellor; and wind speed. One part of CFD simula­
tion is set up for each parameter [3]. 

As a starting point, the series of NACAOO blade airfoil, the most 
popular shape utilized in both horizontal and vertical axis wind tur­
bine, is introduced to be the test model of the whole simulation process 
herein. 

Based on a great deal of research [4,5,6], although it is less accurate 
to perform a 2D computation in predicting airfoil stall than a 3D one, the 
simulation of the whole model in normal condition is still fitted with the 
actual situation. Wind tip vortex is not taken into account in a 2D simula­
tion, which leads to a little higher power output compared to real condi­
tion. In addition, the time consumed in a 2D computation has proved to 
be far less than in a 3D simulation. So it does have practical significance, 
therefore in this paper the simulation is conducted in 2D method. Even­
tually, a series of experiments would be conducted, adopting a spin-up 
method, and in the process measuring the performance of the wind tur­
bines. Rotating speed of the impellor would be controlled in every step by 
connecting resistors with different resisting value between the two elec­
trodes of the electric generator. Because the power consumed by resistors 
equals to the one generated by impellor, torque of the impellor would not 
need to be measured, which brought in convenience to the experiment. 

THE WIND TURBINE MODELING AND CFD SET-UP 

The modeling discussed in the present section is a primary one. For 
each part of simulation, certain modification would be made according 
to the parameter to be examined in the next section. 

The wind tunnel domain 
Figure 1 shows the main dimensions and the boundary conditions 

employed in the wind tunnel domain, representing the outside fluid 
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Figure 1. The tunnel domain 

around the wind turbine impellor. The outer computational region is 
suggested to be wide enough so that the effect of the wall is counteracted 
as much as possible. Here the wind tunnel width was set to 11 times of 
the diameter of the inner domain. Likewise, the distance not far enough 
from the inlet of the wind tunnel domain to the inner domain has been 
proved to give incorrect results of the computation. In order to observe 
wake formations during the operation of the wind turbine, a far distance 
from the outlet to the inner domain was set. Due to the complexity of the 
airfoil, unstructured mesh is more appropriate to adapt to the bound­
ary of the blade. The 
mesh of the wind 
tunnel domain is 
shown in Figure 2. 

The inner domain 
and meshing 

A blade airfoil 
was exported from 
a program called 
NACA airfoil sec­
tion, which contains 
all series of NACA Figure 2. The tunnel domain mesh 
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airfoil data. There were three blades in the primary turbine model. As 
the central column and blade support arms bring minor influence in the 
simulation, they could be ignored and not showed up in the modeling. 
The inner domain consists of two regions: Static Region 11 and Dynamic 
Region. As shown in Figure 3, Static Region 11 is a circular sub domain fit­
ted into a ring Dynamic Region which is assumed to be diameter D. Con­
sidering the Dynamic Region is the area where blade airfoil is located in, 
the meshing size was refined independently, as shown in Figure 4. Final 
meshing work was completed in professional mesh tool GAMIT. 
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Figure 3. The inner domain 

Boundary Conditions 

Figure 4. The inner domain mesh 

The completed mesh work would be imported into ANSYS Fluent, 
which was applied to accomplish CFD simulation task [7]. After that, 
boundary condition was bound to be set. The Inlet was set to a speed of 
lOm/ s, oriented right. The Outlet was set to pressure outlet, relatively 
OPa. Meanwhile, for Dynamic Region, an anticlockwise angular velocity 
w was imposed to simulate rotating motion of the wind turbine impellor. 
Walls were defined to both sides of the wind tunnel, meaning no slide 
at this boundary. A slid interface boundary was employed between the 
Static Region I and the Dynamic Region in order to guarantee fluid con­
tinuity and faster result convergence. The same principle was applied 
between Dynamic Region and Static Region 11 in the inner domain. 

The transient solver settings and turbulence model 
Transient calculations are related to time. The steps of calculation 

and time of single-step are required to set in Fluent. The shorter of the 
computing time of single-step, the more accurate the result is, but it 
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takes more time. Taking into account of the actual situation, the wind 
turbine was set to rotate 2° in every single step. The rotary motion of the 
computational domain was defined by a given speed. Due to the differ­
ent stream velocity, the actual speed range of the wind turbine is differ­
ent. The time that two degrees of rotation of the wind turbine takes can 
be calculated by the given speed of wind turbine: 

2n- 11" 
t-----

- 180tu - 90tu (1) 

In advance an initial value is given, and then gradually equation 
iterated. Finally the exact figure would be obtained approximately. In 
present example, the wind turbine rotation was set for two turns, and 
then the total number of iterations would be 720 steps, which means that 
in each step of time, the iteration step of calculation was 180 steps. RNG 
turbulence model was employed for the actual calculation. Based on the 
pressure implicit Spalart-Allmaras algorithm, the second-order upwind 
difference scheme was chosen. The global iterating error of each vari­
able's value has been proved to be less than 10-7, which is considered to 
meet the accuracy requirements. 

RESULTS 

In this section, each of six parameters is evaluated through CFD 
simulation. For each case, the variables monitored were the power coef­
ficient CP versus Tip Speed Ratio (TSR). The power coefficient CP is given 
by [8]: 

~ C,=-:---­
O.SpA,.U! 

And the TSR as: 

tuR,. 
TSR=­

Ua. 

(2) 

(3) 

Table 1 summarizes all modelling parameters, including those de­
fined and used in the two equations above and those to be utilized next, 
in simulating the following six (6) cases, one for each design parameter, 
with their respective symbols and units. 
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Table 1. List of parameters presented in the equations. 

Parameter Symbol Unit 

Power coefficient c, 

Tip speed ratio TSR 

Constant wind speed 
Uoo 

[m/s] 

Angular velocity 
(A) 

[radls] 

Rotor radius 
Rr(r) 

[m] 

Power of impellor 
~ 

[W] 

Power of wind 
Pw 

[W] 

Torque of impellor 
~ 

[Nm] 

Air density 
p [kg/m a] 

Rotor swept area 
Ar [m2] 

Voltage output u [V] 

Resisting value R [Q] 

Rotating speed 
ni 

[r/min] 

Number of blades N 

Chord length c [mm] 

Solidity of impellor 
a 

Case 1: Installation Angle 

In case 1, a NACA0018 was chosen as an airfoil. The aim was to 
verify how the power efficiency changes in different installation angle. 
The initial design data of the blades is listed in Table 2. Figure 5 shows 
how an installation angle is defined. It is an angle between chord line and 
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tangential direction. A constant wind speed Ucx of 10m/ s was chosen with 
the imp ell er operating at 8 different TSR values, for a series of installation 
angle at 0°, 4°, so, 6°, and 8°. 

As shown in Figure 6, each curve represents a CP tendency versus 8 
different TSRs. As can be seen, the highest CP for so curve is achieved at 
TSR of 2.0, while no obvious diversity for each installation angle situation 
could be peeked. This means that the wind turbine achieves peak power 
efficiency with a blade installation degree of S, reaching 4l.S7%. 

Table 2. Initial design data of the blades 

N(number of blades) c(mm) 

3 140 500 

R 

Figure 5. 
The installation angle 

Case 2: Blade Airfoil 
In response to the outcome from Case 1, an installation angle of so 

was determined. In Case 2, the chord length would remain 140mm, with 
number of blades 3 and constant wind speed of 1 Om/ s. In this case, a se­
ries of NACA airfoil were examined, including 0012, 001S, 0018, and 0020. 
The aim was to verify how the power generated was affected by different 
airfoil versus different TSRs. For each airfoil, 8 different TSRs were con­
sidered in order to show the performance of the impeller when operating 
both at optimum and lower values. 
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Figure 6. Power coefficient CP versus TSR for different installation angle 

Figure 7 shows the CP as a function of TSR for different airfoil. As 
can be seen that for 0015, CP exceeds others slightly for TSR values low­
er than the maximum, while it is almost invariant on the right side. It 
means that 0015 is relatively more adaptable for low TSR. 

Case 3: Chord Length 

In this case, the chord length would be a variable to be considered. 
The chord length represents the size proportion of the blade, when the 
other design parameter is unvaried. The aim of this case was to deter­
mine which chord length was more appropriate in given installation 
angle, number of blades, and constant wind speed of lOm/s. The to be 
examined chord length would include lOOmm, 130mm, 140mm, 150mm, 
180mm. For each one, 8 different TSRs were considered. 

Figure 8 shows the CP as a function of TSR for different chord 
length. It can be seen, in a low TSR, the CP increases slightly with chord 
length increasing before reaching the maximum values. This trend 
means increasing the chord length could improve self-starting perfor­
mance. It also can be seen that for the chord length of 130mm, the CP 
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Figure 7. Power coefficient CP versus TSR for different blade airfoil 

increases with the TSR, with a peak value of 0.4402 at TSR of 2.3, while 
for 140mm chord length with a peak value of 0.4343 at TSR of 1.9. The 
diversity of peak value is minor, while a chord length of 140mm self­
starting performance, which would be selected as the relatively ideal 
chord length. 

Case 4: Number of Blades 

Hereto, what have been pinned down include installation angle 
(5°), blade airfoil (NACA 0015), and chord length (140mm). How num­
ber of blades affecting performance of a wind turbine would be figured 
out in present case. With the constant wind speed remaining lOm/ s, 
four blades number were examined, including 2, 3, 4, and 5. For each 
number of blades, 8 different TSRs were considered in order to show the 
performance of the imp ell or when operating both at optimum and lower 
values. 

Figure 9 shows the CP as a function of TSR at four different number 
of blades. It is clearly shown that the diversity of CP is much more obvi­
ous at higher TSR then at lower one. For a 2 blades impellor, the CP in-
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Figure 8. Power coefficient CP versus TSR for different chord length 

creases with the TSR, with a peak value of 0.4498 at TSR of 2.3. However, 
at low TSR scenario, the power efficiency of a 2 blades impellor is so 
low that it should be dismissed. Comparing with a 2 blades impellor, a 3 
blades one reaches a peak value of 0.4343 as TSR is only 1.9. Therefore, 3 
blades were confirmed. 

Case 5: Radius of an lmpellor 
In response to the tendency that the vertical axis wind turbines 

worldwide have been designed bigger and bigger, how a wind tur­
bine's behavior is affected due to different radius of impellor was to be 
examined. In previous cases, these parameters have been presented: in­
stallation angle, blade airfoil, chord length, and number of blades. The 
constant wind speed would remain lOm/ s. The to be examined radius 
of impellor varied from 300mm to 700mm, totally 5 different radiuses. 

Figure 10 shows the CP as a function of TSR for different radius 
value. It appears that for varied radius, the CP follows an entirely oppo­
site tendency between low TSR and high TSR. At low TSR, the shorter 
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the radius is, the higher the CP gains. It means that a VAWT with a 
narrower impellor would take less effort to self-start. At high TSR, the 
longer the radius is, the higher the CP gains, meaning that a VAWT with 
a wider impellor would reach higher power efficiency in high speed 
operating stage. 

Figure 11 shows the power as a function of TSR for different ra­
dius value. It can be seen that the power output increases dramatically 
for TSR values higher than the maximum as the radius got longer, 
while it is almost invariant on the left side. So it comes down to a di­
lemma how to select an appropriate radius of an impellor. It is depen­
dent on the space where the wind turbine is constructed, and the cost 
to build a turbine. In this article, a compromising method is adopted, a 
radius of 500mm being chosen. 

So far, the parameters to design a vertical axis wind turbine have 
all been examined through CFD simulation. The determined values are 
listed in Table 3. 
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Table 3. The determined values of designing a VAWT 

0.5 

Blade airfoil Chord length 

(mm) 

NACA0015 140 
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impellor (mm) 

500 

3.0 

Figure 10. Power coefficient CP versus TSR for different radius of impellor 

Case 6: Wind Speed 

Through previous cases, a basic wind turbine has been fully de­
signed. In case 6, the wind speed would be a variable, ranging from 
2m/ s to 15m/ s. For each wind speed Ucx 8 different TSRs were consid­
ered to show the performance of the impellor when operating both at 
optimum and lower values. Both the power coefficient CP and power 
output were monitored during the computation. 

Figure 12 shows the CP as a function of TSR for different wind 
speeds. The overall CP follows the same trend independently of the wind 
speed considered. It implies that CP is a characteristic parameter of the 
wind turbine and it would not diver as wind speed changes. 
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Figure 11. Power output versus TSR for different radius of impellor 
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Figure 12. Power coefficient CP versus TSR for different wind speed 
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Figure 13 shows the power output as a function of TSR for the same 
range of wind speeds. It can be seen that the power output increases 
with the TSR, with a peak value at TSR of approximately 2.0, and then 
decreases linearly afterwards. It also can be seen that when TSR is unvar­
ied, the power output increases as wind speed picks up. 

DISCUSSION ON THE SIMULATION RESULTS 

In the previous section, 6 cases were proposed to evaluate the per­
formance of a straight-bladed VAWT. The first 5 cases are related to char­
acteristic parameters that are essential to design a VAWT. The respective 
CP were evaluated and presented in a diagram. How every parameter 
affects the performance of impellor was analyzed one after another in 
a certain order. This order is supposed to be developed into a standard 
design flow of a VAWT. In case 1 and 2, where the installation angle and 
blade airfoil were examined, the different effect couldn't distinctively 
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Figure 13. Power output versus TSR for different wind speed 
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tell, so a relatively higher value was chosen. In case 3, several peak val­
ues were not shown up at the same TSR, so a moderate value was cho­
sen. In case 4, after comparing the performance comprehensively, proper 
number of blades was determined. In case 5, it appeared that for varied 
radius, the CP followed an entirely opposite tendency between low TSR 
and high TSR. The higher CP at both lower and higher TSR were not ad­
opted. A compromising value of radius of impellor was selected. 

The 6th case has been proved to not be the characteristic parameter 
of a VAWT. It was actually the operating condition exerted by external 
environment. It has shown, not surprisingly, that as wind speed picks 
up, the power generated increases. 

EXPERIMENTAL SET-UP 

Experiment facilities 
In this experiment, an air blower is used to generate wind which 

drives the wind turbine to spin. The reason why we do not apply a wind 
tunnel is that an air blower might exactly generate wind that contains 
turbulence, more similar to the wind of the nature. The uncertainty and 
randomness of the nature wind have to be simulated in this experiment. 
The air blower used here is an axil wind blower SFN07-4, generating 
wind of lOm/ s average. 

The wind speed is recorded by a digital air flow anemometer 
GM816/8908, ranging 0 to 30m/s of wind speed, with an error ±5%. 

The electric generator is mounted below the impellor of the wind 
turbine, connected with a pair of gear. The electric generator is a type of 
TX3420D120, with a rated rotating speed of 3000 r/min, output voltage 
of 150V. 

The rotating speed of the turbine is recorded by a photoelectric 
tachometer Fluke 931. A tape reflecting light is pasted at the side of the 
rotating spindle. 

Experimentation Method 
Measurement of the steady impellor power was carried out us­

ing an indirect method following a spin up procedure, opposite to one 
developed by Edwards et al [9]. The spin up procedure is due to the 
consideration that the starting up performance of the turbine would be 
revealed when the turbine picks up rotating speed from the static state. 
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A series of resistor was connected between both electrodes of the electric 
generator, so as do a voltmeter. In order to portray the CP curve, differ­
ent resistors would be applied to this circuit, starting with low resisting 
value then higher one. For each resistor, when the turbine spinning was 
steady, the consuming power of the resistors would be equal to the out­
put power of the electric generator, also to the wind absorbing power of 
the impellor, as shown in Eqs. (4) (5) and (6). 

~ ~lU c - - - -::--:....____ 
P - Pw - !pA v.a 

2 r eo 

(&)= 

(4) 

(5) 

(6) 

In this way, two quantities would be measured directly, U"' and Nr, 
which are convenient to measure, avoiding measuring the torque of the 
impellor. The steady wind generated by wind blower has been measured 
in ahead, which is 10m/ sin average. And the resistors connected have 
known resisting value, as shown is Figure 14. The measurement of the 
TSR is shown as Eq. (3). 

Wind Turbine Model 
As can be seen in the CFD simulation part, three parameters evident­

ly distinguished the performance of the wind turbine, number of blades, 
and radius of impellor and chord length. Therefore, the tested model of 
the turbine, as shown in Figure 15, took in the consideration of these there 
parameters. Each of the parameters is labeled as Table 4. Each parameter 
combines with each other in order as shown in Table 5, considering the 
convenience and effectiveness of assembling and disassembling. 

EXPERIMENTAL RESULTS 

After each of the model turbines were tested, the results revealed 
that they could be divided into three groups according to the perfor­
mance. 
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Table 4. The distinguish of the three parameters for each value 

Number of blades 
Radius of impellor 

(mm) 
Chord length (mm) 

Table 5. The combination of each parameter 

Combinations with B2 Combinations with B1 

Idle Group 

65 

Models sorted in idle group means the model of the turbine could 
barely rotate under the same given wind speed. Examining these tur­
bines, one thing is obvious. They are both with less number of blades 
and with short chord length. Solidity would be used to explain why this 
pattern occurs. Solidity is given by Eq. (7). 
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Figure 14. Resistor module with known resisting value 

Ne 
a=­

r 

Figure 15. Tested model of the VAWT 

(7) 

Experiment considering solidity has been conducted Okeoghene et 
al. [10]. revealing that the shift of the entire CP-TSR curve of the higher 
solidity VAWT to the left, hence attaining maximum CP at lower TSR, 
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Table 6. Model turbines grouped according to the performance 

Idle Group Low-effective Group High-effective Group 

AtB2Ct AtB2Ca A3 B2C2 

A2B2Ct AtB2C2 A2B1Ca 

AtBtC2 A2B2C2 A2B1C2 

AtBlCt AaB2Cl AlBlCa 

A2BtCt A2B2Ca 

while the lower solidity VAWT attained maximum CP at higher TSR, the 
same trend as shown in Figure 8, 9, and 10. This suggests that when a 
VAWT is to be designed, it might have to be prudent to choose one with 
both less number of blades and short chord length. 

Low-effective Group 
All the turbine models that were classified into low-effective group 

revealed a pattern that they were with respectively shorter radius of 
impellor. It could be explained that with the same force coming from 
blades, an impellor with shorter support arms would form lower driving 
torque, which confronts the resisting torque formed by the loads. 

As can be seen in Figure 16 and Figure 17, increasing the number 
of blades contributes to improve the voltage output and CP of a turbine, 
otherwise the chord length must keep up to a certain level in order to 
compensate the loss of power. It also can be seen that both the CP and 
TSR in Figure 17 are far too low, due to the producing and assembling 
error of the turbine. Additionally, the turbine prototype is in testing size. 
According to Eqs. 2 and 3, when the size of the model is small, the TSR 
would be low, and that decides the low CP. 

High-effective Group 
The effect of the radius of impellor in high-effective group is the 

same to the one mentioned in low-effective group: higher performance 
with longer supporting arms. Furthermore, the contribution of the num­
ber of blades and chord length follows the same regularity. 
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Nonetheless, some unexpected phenomenon occurs in the high­
effective group. Several turbine models got abrupt increase before reach­
ing peak power output point, like A3B2C2 and AlB1C3. The peak has 
been lagged respectively. Considering the solidity, these two turbines 
belong to lower solidi ties. Although it reveals that these types of turbine 
would be more difficult to start rotating at the beginning, their peak 
points went far higher than the other ones eventually, as can be seen in 
Figure 18 and 19. When a turbine is to be put into low wind environ­
ment, then it requires self-starting ability, which means higher solidity. 
Otherwise, a turbine can be designed to low solidity in order to gain 
more power when it is fully revolving. 

CONCLUSIONS 

By CFD simulation, the parameters affecting performance of a 
VAWT have been scrutinized one by one, and three of them, number of 
blades, radius of impellor and chord length, were referred to be essential 
for a VAWT. These three parameters have constituted the solidity. Hav­
ing conducted the experiment in the same wind speed of 10m/ s, models 
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Figure 18. Voltage output versus resisting value for different VAWT models 
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Figure 19. CP versus TSR for different VAWT models 

of the turbine have been grouped according to the performance. The idle 
group reveals that less number of blades and short chord length would 
be a fatal combination of factors for a turbine. The low-effective group 
suggests that a turbine might have a properly long supporting arm. The 
high-effective group concludes that low solidity for high wind environ­
ment and high solidity for low wind environment, considering the self­
starting ability. 

Future work 
Due to the limit of conditions of experiment, the turbine models 

having been tested were in prototype. The TSR and CP were not com­
plete. Next work would be constructing larger turbine. The constructing 
and assembling accuracy also should be improved. 
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