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Abstract 

This study reveals the results of multiple accelerating stages in a passively started VAWT system. 

The mechanism for multiple accelerating stages is caused by the nonlinear effects in the aerodynamic 

moment which is strong function of the rotating speed of the VAWT system. This nonlinearity 

changes the value of  b  or the damping coefficient. As the value of 
aveb  keeps positive, the temporal 

variation of the rotating speed will increase exponentially and arrive at a steady state with only one 

accelerating stage. On the contrary, while the value of 
aveb  decreases from positive to negative values, 

the temporal variation of rotating speed of the VAWT system has multiple accelerating stages. The 

multiple accelerating phenomenon of the VAWT system is reproduced and the mechanism is revealed 

by incorporating different incoming velocities in the upwind and downwind sides, the blade’s 

aerodynamic moment for the static airfoil obtained from wind tunnel testing and the reaction moments 
through the experiments either numerically or experimentally. 

1 Introduction 

Recently, the alternative energy, such as the solar energy, the wind energy and the tidal energy … etc. 

is considered to replace partially the traditional fossil fuel energy. Among them, the wind engine is 

one of the cleanest choices. The wind energy is extracted by the wind turbines to generate the 
electricity. The wind turbines can be divided into two kinds by the direction of rotational axis: the 

horizontal axis wind turbine (HAWT), and the vertical axis wind turbine (VAWT). The VAWT 

system accepts the coming wind from any directions, produces no noise, needs small operating space 
and is simple to design and maintain. Because of the relatively low power efficiency and poor self-

starting ability, the design tools of the VAWT are far from matured than those of HAWT. Thus it 

requires further insightful investigations on the performance of the VAWT system. 

To improve the efficiency of lift-driven VAWT, Paraschivoiu investigated the variations of the 

blade’s pitch angle of the 7kW H-Darrieus (straight blade) wind turbine by the CARDAAV method 

(Paraschivoiu et al. 2009). His result showed that a gain of almost 30％  in the annual energy 

production was obtained by the pitch angle control. Dominy et al. studied the self-starting ability of 

the VAWT system and indicated that the self-starting capability is better for the three-bladed VAWT 

system than for the two-bladed one (Dominy et al. 2007). Fielder and Tullis studied the variations of 
pitch angle of the VAWT with three blades (the blade profiles are NACA0015 and NACA0021) 

(Fiedler and Tullis 2009). Their models have high solidity and are tested in the wind tunnel. Their 

results indicated the power efficiency can increase up to 29％ as the pitch angle is negative, however, 

the power efficiency reduce up to 47% as the pitch angle changed from negative to positive values. 

Hwang et al. used the CFD method to control the blade’s pitch angle of the VAWT system, and then 

showed a 25％ improvement in power coefficient (Hwang et al. 2009). 

2 Dynamic Equation of VAWT SYSTEM 

In this study, the VAWT system will be driven from rest to rotate about the axis by the 

aerodynamic moment ( aM ). The aerodynamic moment ( aM ) provided by the coming wind should 
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overcome the following two moments of the VAWT system before it starts to rotate. The first one is 

the reaction moment (
SM k ) while the VAWT system is kept stationary in a fixed coming wind 

speed. Here, the symbols k and   denotes respectively the stiffness and the angular displacement of 

the VAWT system. Secondly, the resistant moment ( M b ) coupled with the electricity generating 

system with the damping coefficient b. Therefore, the dynamic equation is shown as equation (1). 

 
zz aI b k M                                                                                (1) 

Here the symbol 
zzI  denotes the moment of inertia of the VAWT. If the   and   are replaced 

by ( )t  and ( )t , respectively, equation (1) will become a first-order ordinary differential equation 

of ( )t  shown in equation (2) 

[ ( ) ( )]zz a SI b M H t H t M                                                                                     (2) 

Here ZZI b   and H(t) is the Heaviside unit step function defined below 
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                                                                              (3) 

At t=0, this calculation from the solver can be expressed in mathematical form as 

[ ( ) ( )]a SM H t H t M     in equation (2). While the VAWT system starts to rotate, the 

instantaneous angular acceleration ( ( )t ) of the VAWT system will be determined by equation (4). 

( ) ( ) ( ) /a S zzt t M M I                                                                   (4) 

The rotating speed at the next instant ( )t t  is calculated through equation (5) shown below.  

( ) ( ) '( )t t t t t                                                                                                                       (5) 

Here ( )t  is the angular speed at the previous instant, and ( )t t   denotes the increment or 

decrement of the angular speed during the time elapse t . 

This calculation procedure of angular speed and the corresponding acceleration is defined in UDF 

(User Define Function) (Fluent User manual,  2009), the loadings and the moments on each blade are 
provided by the solver. They are linked and calculated in the UDF function which is compiled through 

the software Fluent/Ansys. Therefore, the Fluent/Ansys software can analyze the flow structures 

around and the loadings on the blades of the VAWT at each instant and precede the rotating motion of 

the VAWT to start from rest. 

3 GEOMETRIC MODEL  

In this work, the performance of a vertical axis wind turbine is investigated through CFD 

technique. For the CFD case, the VAWT system has three blades, with a blade shape of NACA 4412. 

The chord length of each blade is 0.1m and the radius of rotation（R） is 0.5m（5c）in Figure 1. The 

inflow velocity（ V ） is 10 m/s. The computational domain lies within a rectangular region 

35 / 45X C    and 30 / 30Y C   .  

4 RESULTS AND DISCUSSIONS 

Figure 1(a) shows the temporal variations of the rotating speed of the VAWT system for the 

blades oriented at different pitch angles. As the pitch angle equals 0 , the steady rotating speed of the 

VAWT system arrives at 10 rad/s. When the pitch angle increases to 5 , the steady rotating speed is 

13 rad/s. However, as the pitch angle continues to increase up to 10°, the steady rotating speed 

decreases down to 8 rad/s. If the pitch angle changes from 5  to 10 , the steady rotating speeds are 

10 rad/s and 8.5 rad/s, respectively. 

In Figure 1(a, the maximum steady rotating speed occurred at 5  ,but the power coefficient 

only arrives at 1％ in Figure 3(a). This power coefficient is low for the VAWT system, so we change 

the value of  the inertia moment（Izz）and resistant torque coefficient (b) of the VAWT system and  

discuss the effect on the power coefficient. When the inertia moment (Izz) reduces to 1/10 of the 

original value, the steady rotating speed of the VAWT system increases with the resistant torque 
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coefficient (b) decreasing from 0.04 to 0.00005 in Figure 1(b). Especially, the temporal variations of 

the rotating speed show the secondary accelerating stages as the value of  b is lower than 0.02. 
However, the resistant torque coefficient (b) decreases down to 0.01, the secondary accelerating stages 

of the rotating speed will become to unobvious. So, the VAWT system can reach the steady state 

quickly, but the values of the steady rotating speed are almost equal to the value b which is lower than 
0.01.  

Figure 2 (a~c) displays the temporal variation of the rotating speed (  ), moment and net 

moment of the VAWT at three different value of b and Izz=0.17(kg*m
2
). The temporal variation can 

be divided into three or four stages (I, II, III, IV). In this figure, moment denotes the aerodynamic 

torque that has overcome reaction moment but is not yet subtracted from the resistant torque. 

Relatively, the net moment represents the aerodynamic torque that subtracts the resistant moment and 
the reaction moment. In Figure 2(a), the value of b equals 0.04, the moment increase suddenly to 

1~1.1 as the VAWT system starts to rotating during stage I. The sudden increment provides the initial 

acceleration of the VAWT system. Then, the moment and net moment start to decrease to instant A 
and the curve of rotating speed starts to turn. At stage II, variations of the moment and net moment 

decrease slightly at the beginning, and then increases to instant B. This alternation will make the curve 

of the rotating speed to turn again. The variation of the moment decreases slightly and then maintain to 
constant value immediately at stage III, and the net moment approches zero at the same time. However, 

the rotating speed of the VAWT system reaches the steady state. When the value of b decreases to the 

value of 0.0175, the variation of the moment and net moment at stage I and II are similar to that of 

b=0.04. Thus, the variation of rotating speed has similar tendency to that shown in Figure 2(b). But the 
moment increases gradually up to 120s and then raises to instant C suddenly during stage III, therefore 

the variation of the rotating speed also shows the acceleration. At stage IV, variation of the moment 

decreases slightly and then maintain to a constant value immediately, and the net moment approaches 
to zero. In Figure 2(c), the value of b is 0.004, the result shows that the corresponding time of the 

change from stage I, II , III to IV have shortened in the curve of the rotating speed. Especially, the 

turning point for stage III decreases significantly from t=120s to t=16s. 

In Figure 3(a), the results show that the initial acceleration is the largest at 10o    and 

decreases monotonously as the pitch angle increases from 10o    to 10o  . Therefore, the VAWT 

system with the blades at 10o    has the best self-starting ability. Figure 3(b) illustrates that the 

power coefficient of the VAWT system shows an increasing tendency gradually as the value of 

resistant torque coefficient (b) decreases from 0.04 to 0.0175. When the value of b is 0.0175, the 

steady rotating speed of the VAWT system can reacges 57 rad/s（tip speed ratio is 2.85 ）and the 

power coefficient is the highest value（ 0.18pC  ）. However, the steady rotating speed of the 

VAWT system continues to increasing as the value of b decreases from 0.0175 to 0.00005, but the 

power coefficient of the VAWT system appear to decreases. 

According to the CFD result, the temporal variation of rotating speed for VAWT system has 

multiple accelerating stages. Therefore, the mechanism of the multiple acceleration can be understood 

by the dynamic equation of the VAWT system. For the aerodynamic moment ( aM ), this item is also 

shown in equation (6) 

21

2
a rel TM AV C R                                                       (6) 

Here the symbol  : fluid density, A: sweeping area , R: radius of rotation, relV : relative velocity , 

and TC : tangential  torque coefficient. And then the relative velocity can also shown in below 

  22 2 2sin ' cosrelV V R V                                                   (7) 

Here the symbol V : uniform flow velocity , ：azimuthal angle ,and ' : rotating speed. By 

equations (6) and (7), the equation (1) can rewrite to equation (8) 

zz aI b k M                                                                                     (8) 



6
th
 European and African Conference on Wind Engineering 4 

 

In equation (8), 
aM   denotes the sum of moment for three blades during different azimuthal angle 

(  ) and shown in equation (9). And symbol b is shown in equation (10) 

      2
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According to equations (8~10), we can discuss the affect of b  for the rotating speed of the 

VAWT system. When the inflow velocity of the upwind and downwind zones are the same, and the 

aerodynamic moment ( aM , this moment just overcome the reaction moment) can gained from the 

CFD result in steady state. As the value of 
aveb  is keeping positive, the temporal variation of rotating 

speed for VAWT system arrives at steady state with one accelerating stage in Figure 4. On the 

contrary, the value of 
aveb  reduces from positive to negative, the temporal variation of rotating speed 

for VAWT system has two accelerating stages. Further, the blade’s aerodynamic moment ( aM ) and 

the reaction moment ( SM ) obtained from wind tunnel testing and considered the different incoming 

velocities in the upwind and downwind sides. Because the tunnel testing  is offered only by the 

symmetric blade, so we can use the data of NACA0012 to explain the reason of the multiple 
accelerating stages. In Figure 5(a), the value of b is 0.01 and the pitch angle is 5 degree, the temporal 

variation of rotating speed for VAWT system arrives at steady state with one accelerating stage at 

1.3SM  . When the SM  increases from 1.3 to 2.9, the temporal variation of rotating speed shows a 

multiple acceleration stage. The steady rotating speed of the VAWT system follows to decrease with 

the incoming velocity in downwind side decreasing. Relatively, the temporal variation of 
aveb  

increases to positive value suddenly as the VAWT system start to rotating, this charge provides the 

initial acceleration to the VAWT system during this period in Figure 5(b). Besides, the aveb is 

maintained at stable value until 50s, the rotating speed keeps a fixed value at the same time. As the 

time exceed 50s, the temporal variation of 
aveb  decrease rapidly from positive to negative value, so the 

temporal variation of rotating speed for VAWT system has second accelerating stages. After that, the 

value of aveb  rise to positive instantly, and furthermore the aveb  remains a constant, hence the rotating 

speed of the VAWT system reaches the steady state. As the value of b decreases from 0.01 to 0.004, 

the phenomenon of the multiple acceleration stage still exists, but the corresponding time of the first 

and the second acceleration stage are shorten in Figure 6(a). Similarly, the change of aveb  also occurs 

in Figure 6(b). 
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（a）                                                                    （b） 

Figure 1： Temporal variations of the rotating speed of the VAWT system for (a) five pitch angles

（b）the different values of b as 5  and izz’=1/10izz .For all the cases studied, the inflow speed is 

fixed at 10m/s. 
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(a)                                              (b)                                               (c) 

Figure 2： Temporal variations of the rotating speed , Moment and Net Moment of the VAWT system 

for the different values of b (a) 0.04 (b) 0.0175 (c) 0.004 as 5  and izz’=1/10izz.For all the cases 

studied, the inflow speed is fixed at 10m/s. 
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（a）                                                                      （b） 

Figure 3： (a)Variations of the initial acceleration and the power coefficient as functions of pitch 

angle ( ) for NACA4412 （b）Variations of the b and the power coefficient as 5  and izz’=1/10 

Izz as functions of tip speed ratio（） 
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Figure 4: Temporal variations of the rotating speed and 'aveb  of the VAWT system 

 as functions of time for 5  .The inflow velocity are both the same for the upwind side and 

downwind side. 
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(a)                                                                            (b) 

Figure 5: Temporal variations of the rotating speed and 'aveb  of the VAWT system as functions of 

time for 5  ,b=0.01 and Izz=0.169(kg*m
2
).The inflow velocity are different for the upwind side and 

downwind side. For all the cases studied, the inflow speed is fixed at 10m/s. 
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(a)                                                                                     (b) 

Figure 6: Temporal variations of the rotating speed and 'aveb  of the VAWT system as functions of 

time for 5  ,b=0.004 and Izz=0.169(kg*m
2
).The inflow velocity are different for the upwind side 

and downwind side. For all the cases studied, the inflow speed is fixed at 10m/s 


