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Abstract – In this paper, the theory of aerodynamics and NACA series airfoil is used to analysis Darrieus type 
vertical axis wind turbine of wind heating system after setting up the relevant structure parameters. Through 
reasonable correction, the curve of wind energy utilization coefficient of wind turbine is obtained. According to the 
operating characteristics of wind turbine, the reliability of the wind energy heating system installed in certain area is 
analyzed. At the same time, the system configuration suggestions are put forward. Based on the curve of wind energy 
utilization coefficient, Description of variable speed operation of wind turbine will effectively improve the efficiency 
of wind energy utilization. 
 
Keywords – aerodynamic characteristics, NACA series airfoils, vertical axis wind turbine, wind energy heating 
system, wind energy utilization coefficient 
 

11. INTRODUCTION 

At present, the utilization of wind energy resources in 
renewable energy is mainly concentrated in the field of 
wind power generation. Electric energy has the 
characteristics of convenient transmission and wide 
application. Because of the volatility of wind energy, the 
increase of wind power generator installed capacity has 
caused a series of problems related with wind power 
accommodation [1]-[2]. Generally speaking, wind 
energy density is usually higher in high latitude cold 
regions. For example, Northern Europe countries such as 
Norway, Sweden and Iceland, as well as China's north 
areas, have the corresponding heating demand in winter 
[3]-[4]. Therefore, consider the use of wind energy 
heating system independent operation or coupling 
operation with other systems has great significance [5]. 
Meanwhile, It can reduce the environmental pollution 
caused by conventional heating methods and promoted 
the diversified development of wind energy utilization. 
Wind energy heating system mainly including heating 
by stirring, heating by friction and heating by eddy 
current etc. [6]. The domestic and foreign scholars have 
studied the operation characteristics of the wind energy 
heating system by experiments and numerical simulation 
[7]-[11]. However, above researches mainly focus on the 
optimization of the heat generator and the system 
efficiency experiment. Measures to maximize the 
utilization of wind energy under certain wind conditions 
in a certain area are not be point out. In the paper, 
through the dynamic characteristics calculation [12], 
[13] of a Darrieus type vertical axis wind turbine, the 
reliability of the heating system was evaluated. 
Meanwhile, the operation strategy improved wind 
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energy utilization coefficient is pointed out, it provides a 
theoretical basis for the optimal matching of wind 
energy heating system.  

2. CALCULATION MODEL AND DATA 

2.1 Heating System Efficiency 

Wind energy heating system mainly consists of wind 
turbine and heat generator. In the transformation process, 
the wind turbine will convert the energy captured from 
the natural wind into the mechanical energy of the 
output shaft. Afterwards heat generator converts 
mechanical energy into heat energy. Heat dissipation 
loss will be inevitable in the operation process of heating 
system. Therefore, the system efficiency is the product 
of the efficiency of the wind turbine and the efficiency 
of the heat generator, which considers the heat 
dissipation loss.  

( )( )1s wt hη η η ε= ⋅ −
 

(1) 

( ), ,f tε λ φ=  (2) 

Where, sη is efficiency of heating system, wtη is 

efficiency of vertical axis wind turbine, hη is efficiency 
of heater, ε is rate of heat dissipation, t is operating 
temperature of heater, λ is thermal conductivity of 
thermal insulation material, φ is active area of thermal 
insulation material.  

The heat generator converts the mechanical energy 
into heat energy, efficiency will reach 90% and above. 
Therefore, in order to improve the energy efficiency of 
heating systems, mainly depends on the wind energy 
capture. Wind energy utilization coefficient was defined 
to evaluate the standard of wind energy capture, 
described as follows： 
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Where, PC is wind energy utilization coefficient, P  is 

wind energy capture, ρ  is air density, S is swept area 
of wind turbine rotor, V is wind speed.  

2.2 Aerodynamic Characteristics of Wind Turbine 

Vertical axis wind turbines are different from horizontal 
axis wind turbines applied in wind power generation for 
large scale. Resistance type wind turbine blades are 
usually used for traditional vertical axis wind turbine, 
which mainly used for lifting water and irrigation. The 
wind energy utilization efficiency is lower than which 
installed lift type blade [14]. The wind energy direct 
heating system described in this paper is a small 
capacity energy supply system. Therefore, the wind 
turbine configured in this system need high energy 
utilization efficiency. The Darrieus type vertical axis 
wind turbine was selected in the system described in this 
article, which has a higher tip speed ratio and wind 
energy utilization coefficient [15].  

Darrieus type wind turbine has a fixed blade and 
the periodic change of angle of attack，rotating around 
the vertical axis. Meanwhile，due to the difference of 
blade shape and blade installation position, the outer 
surface formed by the rotating sweep of the blade can 
constitute many shapes such as cylindrical, spherical and 
parabolic shapes. 
 In order to simplify the derivation, make the 
following assumptions: 
(1) The rotor is in the state of motion under the wind. 
(2) Wind speed and direction is constant through the 
rotor. 
(3) The angle of attack between the relative wind speed 
and the airfoil will never exceed the limit value 

According to the above hypothesis, the wind 
turbine blade meets the following velocity relationship 
at all positions:  

V U W= +
  

 (4) 

where, is wind velocity, is linear velocity of blade, is 
relative velocity between airflow and blade. 

As shown in Figure 1, cylindrical Darrieus rotor 
center as O and the height is 2H. Define the Oxyz 
coordinate system in Figure 1. Vertical axis Oz parallel 
to the rotation axis of rotor. The direction Ox is the same 
as that the wind speed passing through the rotor. At the 
same time, the blade element chord midpoint is defined 
as M, chord length is defined as l, blade element length 
is defined as dz. 

 The component of W


perpendicular to the blade 
element is expressed as follows: 

n sinW V θ=  (5) 

 The other component of W


can be expressed as: 

cos costW U V r Vθ ω θ= + = +  (6) 

 Therefore, the force acting on the blade element is 
determined by formula (5) and formula (6): 

 (7) 

 

 

Fig. 1. Force analysis of Darrieus wind turbine. 

 Based on the above velocity decomposition 
relation, the blade angle of attack is expressed as follows： 

sintan
cos

V
r V

θα
ω θ

=
+

 (8) 

 The aerodynamic pressure acting on the blade can 
be expressed as: 

21
2 uQ Wρ=  (9) 

 The blade element Lilienthal aerodynamic 
coefficients expressed as: 

sin cos
cos sin

t l d

n l d

C C C
C C C

α α
α α

= −
 = +

 (10) 

where, is lift coefficient,  is resistance coefficient. 
 The component at normal of blade element and 
Chord direction: 

n

t

dN C Qldz
dT C Qldz

=
 =

 (11) 

 Further, the above component is decomposed into 
the direction of the wind. The resultant force of the rotor 
in this direction can be expressed as follow: 

( )
sin cos
sin cosn t

dF dN dT
Ql C C dz

θ θ
θ θ

= −

= −
 (12) 

 If the blade chord is constant, the force acting on 
the rotor can be expressed as follows: 

( )22 2 2 2 2sin cosu n tW W W V r Vθ ω θ= + = + +
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( )2
0 sin cos

2
H
H n t

blF Q C C d dzπ θ θ θ
π

+
−= −∫ ∫  (13) 

where, b is the number of blades. 
 The rotor rotating shaft torque is provided by the 
force acting on the blade element can be expressed as 
follows: 

ldM dTr C Qlrdz= =  (14) 

 The torque of the whole rotor can be obtained by 
the integral of formula (14): 

2
02

H
H l

blM C Qrdzdπ θ
π

+
−= ∫ ∫  (15) 

 Therefore, the power can be expressed as follows: 

2
02

H
H l

blP M C Qr dzdπω ω θ
π

+
−= = ∫ ∫  (16) 

 In order to determine the performance of a 
Darrieus type vertical axis wind turbine under certain 
wind speeds, suppose that Bates theory is suitable for 
vertical axis wind turbine, for further analysis.  

Applying the Bates theory, the force acting on the 
horizontal axis wind turbine under certain wind speed 
can be expressed as follows: 

( )1 2

2 1

F SV V V
V kV

ρ = −


=
 (17) 

where, ρ is air density, S is rotor swept area, V is wind 
velocity at rotor plane, V1 is wind velocity before rotor 
plane, V2  is wind velocity after rotor plane, k is scale 
factor. 
 The wind speed through rotor can be expressed as 
follows: 

( ) ( )
1 2 1

11
2 2

k
V V V V

+
= + =  (18) 

 Through formula (17) and formula (18) can 
obtained: 

( )
( )

1 2 2
1 22

1 12 2 21 k =212 1

F S V V

kSV SV
k

ρ

ρ ρ

= −

− = −  + 

 (19) 

 Through Formula (13) and formula (19) can 
obtained: 

( )

122
1

2 sin cos02

kSV
k

bl H Q C C d dzH n t

ρ

π θ θ θ
π

 
 
 

−
+

+= −∫ ∫−

 (20) 

 Through Formula (9) and formula (20) can 
obtained: 

( )
2

2
0 2

1
1

sin cos
8

H u
H n t

kK
k

Wbl C C d dz
S V

π θ θ θ
π

+
−

−
= =

+

−∫ ∫
 (21) 

 The following relations can be obtained from the 
velocity triangle and the geometric relation: 

( )

22
2 2

2
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2 1

nW r R
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ω θ θ δ
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  = + +  
 

 − = +
 + = = =  + 

 (22) 

where, 0λ is tip speed ratio, G is intermediate variable. 
Wind energy utilization coefficient can be expressed as 
follows: 

( )
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 = +
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∫ ∫  (23) 

 The parameters of wind turbine structure and the 
parameters related to blade airfoil are substituted into 
the above equations. The relationship between the 
coefficient of wind energy utilization and the tip speed 
ratio can be obtained.  

2.3 Operation Parameters and Data 

The wind turbine structural parameters and the lift 
coefficient and drag coefficient of airfoil as shown in 
Table 1. 
 
Table 1. Parameters of wind turbine. 

H/m R/m Cl Cd 
3.0 1.5 0.8513 0.0095 

 
 In order to analyze the heating reliability of the 
wind heating system, Monthly mean wind speed data 
and temperature data for certain area are required, as 
shown in Figure 2. In addition, in order to evaluate the 
difference of system heating capacity caused by the 
difference of wind energy utilization coefficient 
provided wind data at the different height of a day, as 
shown in Figure 3. 
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Fig. 2. Wind speed and temperature of each month. 
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Fig. 3. Wind speed of each hour at different height. 

 

 3. RESULTS AND ANALYSIS 

3.1 The Heating Reliability of the Heating System  

According to the selected area meteorological data, as 
shown in Figure 2. It can be seen that the area of the 
coldest month of November to March of the following 
year, winter minimum temperature reached 20 degrees 
below zero. Therefore, it can be determined that winter 
heating is needed in this area, and it is reasonable to use 
the meteorological data for theoretical calculation. The 
wind speed data shows that the wind speed was low in 
the winter, but heat load was high. In the absence of 
reasonable allocation of heating system capacity, it will 
lead to cannot meet the heat load requirements in winter. 
The relationship between the heating system power and 
the heat load is obtained by calculation, as shown in 
Figure 4. It can be seen that under the condition of local 

wind speed and temperature heating power cannot meet 
the heating demand from November to February of the 
following year. At the same time, there will be a large 
number of surplus power in the summer. In this case, the 
heating system can be combined with other heating 
systems to meet the demand of heat load. In addition, 
increasing the heating capacity of the system and 
considering the reasonable consumptive power surplus 
in summer also can solve this problem.  
 The heating power system is also related to the 
installation location. In the same area, the difference in 
the arrangement of the heating system at different 
heights is shown in Figure 5.  
 The main reason of the differences which airflow 
near the ground affected by surface obstacles. The effect 
is smaller at higher heights. Therefore, when the wind 
heating system is arranged, we should try to consider 
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area where affected by external factors smaller. Take the 
operation data of 30m height and 10m height as an 
example, within 24 hours, the 30m height will capture at 
least 25% more energy than the height of the 10m. In 

addition, the higher position wind speed is relatively low, 
which is conducive to the smooth operation of the wind 
turbine. 
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Fig. 4. Comparison of heating system power and thermal load. 
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Fig. 5. Wind turbine power at different heights. 

 

3.2 Wind Energy Utilization Coefficient of the 
Heating System  

According to the structure parameters of wind turbine 
and airfoil parameters of blade, the relation curve 
between the tip speed ratio and the wind energy 
utilization coefficient is obtained as shown in Figure 6. 
It can be seen from the figure that when the wind speed 
is 3m/s, the utilization coefficient of wind energy 
decreases at 4 of the tip speed ratio. Under the other 
conditions of wind speed, when the tip speed ratio is less 
than 4, the utilization coefficient of wind energy is on 

the rise. Because of the NACA lift airfoil is chosen for 
the vertical axis wind turbine blade in this paper, it has 
higher utilization coefficient of wind energy under 
higher tip speed ratio. Therefore, the wind turbine 
should be operated at a high tip speed ratio. In general, 
wind turbines are mainly constant speed operation. In 
this case, the wind turbine is not always near the 
optimum power point. Therefore, considering the 
variable speed operation of the wind turbine, the optimal 
power point is tracked to maximize the energy capture. 
When the wind speed is constant, the power difference 
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between the constant speed operation and the variable 
speed operation of the wind turbine is shown in Figure 7. 
It can be seen that the method of variable speed 
operation will effectively improve the wind energy 
capture efficiency of wind turbines. At the same time, 
the efficiency is more significant in the high wind speed 
region. Therefore, when matching the wind turbine with 
the heat generator, it is necessary to ensure that the wind 
turbine works in the best working range.  

The control strategy of the wind turbine can be 
designed according to the curve shown in Figure 6. 
When wind speed changes, the maximum value of wind 
energy utilization coefficient can be calculated at this 
time according to the current wind speed. Then find out 
the corresponding speed ratio at this time, the 
corresponding rotation speed of wind turbine can be 
learned. Through control speed of rotor and achieve 
variable speed operation, the efficiency of heating 
system was improved significantly.  
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Fig. 6. Curve of wind energy utilization coefficient. 
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Fig. 7. Curve of operating power. 
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4.  CONCLUSIONS 

A. Under the condition that the wind turbine structure 
parameters and airfoil parameters are known, the 
corresponding relationship between the coefficient 
of wind energy utilization and the tip speed ratio 
can be obtained by the aerodynamics theory. 
Through reasonable correction, aerodynamic 
characteristics of wind turbines can be expressed.  

B. Through the relevant meteorological data and 
operation characteristics of wind turbine, the 
reliability of the wind heating system to meet the 
needs of thermal users can be evaluated. At the 
same time, a reasonable configuration scheme can 
be given.  

C. Compared with constant speed operation of wind 
turbine, variable speed operation can significantly 
improve the efficiency of wind energy utilization. 
The energy conversion efficiency of the heating 
system can be improved by controlling the speed of 
wind turbine. 
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