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Abstract—The paper is devoted to the vertical axis wind turbines with combined rotors aerodynamical 
modelling. It includes the analysis of existing wind turbine types, their advantages and disadvantages. 
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I.  INTRODUCTION 
Increasing of electrical energy consumption and 

worsening of environmental conditions greatly 
intensified the search for more ecologically safe 
methods of energy generation. Laboratories around 
the world conduct researches devoted to the 
controlled thermonuclear reaction, direct 
machineless transformation of internal and chemical 
energy into electricity. They successfully developed 
ways to use renewable sources such as solar, wind, 
geothermal, wave and tidal energy etc. 

Modern wind energy is mainly based on the use 
of wind power plants (WPP) of the two main types – 
horizontal axis (HA) and vertical axis (VA) of 
rotation wind turbines. 

One of the main elements of the wind turbine is a 
rotor. The main parameters of rotors classification 
are: location of rotation axis and used aerodynamic 
power that causes the rotation. Auxiliary parameters 
are: the location of the device relative to the 
oncoming flow, the presence of stream 
concentrators, way of blades fastening, a way of 
targeting on the wind or the absence such need, the 
way of output shaft speed control, constant or 
variable cross-sectional area of rotor. 

II. REVIEW 

Analysis of HA and VA turbines structures 
shows that the greatest efficiency of HA turbines is 
attainable only if continuous colinearity of propeller 
axis and wind direction is ensured [1], [4]. The need 
to focus on airflow direction requires mechanisms 
and systems for continuous monitoring of wind 
conditions, search of direction with the highest wind 
potential, turn the propeller in that direction and 
keep its position. The presence of such systems in 
wind turbine construction makes the system 
sophisticated and reduces its reliability (according to 

the foreign exploitation experience of such wind 
turbines up to 13% of total failures falls on the 
orientation system, especially in small turbines 
through the twisting power cable or deterioration of 
current collector). In addition, it is almost impossible 
to orient the rotor toward the direction of the wind 
effectively because of the orientation mechanisms 
delay. For high and medium power wind turbines 
with propeller diameter greater than 30...40 m 
effectiveness of its orientation on wind decreases 
because of noncomplanarity and differences in speed 
of the wind flow along the blades sweep surface, 
leading to the inability to install propeller in the best 
position relative to the wind that decreases power 
output and economic efficiency of HA wind 
turbines. The disadvantage of such systems is the 
fact that the orientation system breaks solid 
connection between the carriage and the tower [5] 
that causes the appearance of oscillations and the 
difference in the frequency characteristics of mobile 
and motionless parts, that ultimately reduces the 
reliability and increases servicing costs. 

The HA wind turbines also have negative 
influence on the environment [1], [8] by making 
infrasound noise during the operation and 
endangering the birds and bats. 

Theoretically proved that the utilization of wind 
energy of the perfect propeller (rotor) structures is 
0.593 [1], [10]. This is because the rotors of wind 
turbines of both types use the same lift force effect, 
which occurs when the wind flows around blades 
profiles. Nowadays wind turbines achieved wind 
energy utilization coefficient 0.40...0.45 [4]. 

Moreover, predicted use of vertical-axis wind 
turbines in developing countries that do not have 
modern technology [3], [5] – [7]. Constructive 
simplicity of vertical-axis systems that do not 
require turning devices and systems is put forward 
as justification for this prediction is [2], [4], [5]. 
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Vertical axis wind turbines are divided into two 
classes: Savonius rotors and Darrieus rotors. 

The Darrieus rotor works due to the torque from 
the lift created by the blades. Therefore, rotor can 
operate with large enough efficiency compared with 
rotors that use difference of blades drag. Vector sum 
of oncoming flow speed and the peripheral speed of 
blades rotation creates an angle of attack relative to 
the blade chord. In the Darrieus rotor blades 
peripheral speed exceeds the speed of oncoming 
flow. Since the blade must create lift when moving 
in both directions, so symmetrical shape of profile is 
selected. According to this this, without rotation of 
Darrieus rotors torque is not created and therefore 
such rotors are unable to start on their own. Usually, 
Darrieus rotor with low values of rapidity has small, 
and sometimes even negative torque [7], [9]. On the 
other hand, there is a particular problem with 
hurricane wind when there is need in a reliable brake 
to stop the rotor. If the top rotor is not fixed, you can 
get a big load in a bending moment. 

The parameters that characterize work of the 
turbine and affect the efficiency of its work are the 
following: 

– the number of rotor blades; 
– area of the rotor; 
– the relative thickness of the blades; 
– rapidity; 
– filling factor; 
– extension of the rotor; 
– the angle of the blades. 
On the one hand, increasing the number of blades 

should lead to improved torque uniformity and 
efficiency of the rotor, but at the same time 
increasing their mutual influence, which reduces the 
efficiency of each blade. The growing number of 
blades may also facilitate the launch at a lower wind 
speed. Typical Darrieus rotors have 3 or 4 blades. 

In Ukraine the highest efficiency of VA wind 
turbines can be achieved in case of combined rotors 
use [8]. The example of VA combined rotor is 
shown in Fig. 1. 

III.  PROBLEM STATEMENT 
The purpose of calculating the wind turbine with 

vertical rotation axis is to build energy 
characteristics, such as the dependence of power and 
torque from the speed factor, and obtaining rotors 
parameters based on the estimated operating point 
characteristics and defined as nominal power and 
speed of air. Calculation of energy performance 
based on the representation of the forces acting on 
the rotor toward the air direction can be done by two 
methods. The first method is based on the theory of 

ideal pulse windmill with Bernoulli's law for 
conventional tube current, covering this rotor. The 
second method is based on the representation of the 
forces acting on the rotor in the airflow direction as 
projection in the direction of airflow from the sum of 
each elementary blade lift and profile drag influence. 
The coefficients of lift and drag depending on the 
angle of attack in speed coordinate system specified 
as final data in accordance with the selected profile 
type atlases. As a result of the second method the 
force directed along the flow can be expressed by a 
double integral on the following variables: the 
azimuthal angular of elementary blade position 
relative to the wind stream during rotation and 
height position H. Equating the right sides of 
expressions obtained from two methods results in 
equations solved by numerical methods. As a result, 
we get dependency of power coefficient and torque 
from rapidity. 

 
Fig. 1. Combined rotor with three straight Darrieus blades 

and three straight Savonius blades 

In the simulation model used viscous flow of gas 
with averaging turbulent characteristics (for 
Reynolds averaged Navier–Stokes equations for 
incompressible fluid). In compact form they can be 
written, as: 
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where , 1, 2ix i   are Cartesian coordinates (x, y); t is 
time; iu  is the projection (u, v) of the average speed 
on the Cartesian coordinate axis; p is pressure;  is 
density; eff t      is effective coefficient of 
kinematic viscosity;   and t  are molecular and 
turbulent coefficients of kinematic viscosity. 

We write Navier–Stokes equations (1) in partial 
derivatives in divergence form: 
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where ,x yU U  are airflow speeds in х and у 
directions. 

According to accepted parameters ( ,U p  ) 
initial conditions of undisturbed flow for the entire 
calculation area: 

0 0 00 .; ;x yU U U p p     (3) 

To record boundary conditions (BC) consider a 
box in which combined rotor is placed. Then BC can 
be represented as follows. 

For the side surface of blade BC can be 
determined by expression: 

,    
,    
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where  ,r x y
  is radius vector of point on the 

blade surface; n is normal to the blade. 
Conditions for the input boundary of the box BC 

can be written, as: 

; 0 .;x yU U U p p      (5) 

For the output boundary of the box the Neumann 
conditions are fulfilled: 

0; 0; 0; 0.yx UU p p
x y x y

  
   

   
 (6) 

For the lateral boundaries of the box the 
conditions of reflection are fulfilled: 

0; 0; 0,yx UU p
n n n

 
  

  
         (7) 

where n is normal to the boundary. 
IV. CALCULATION ALGORITHM 

A numerical solution of the Navier–Stokes 
equations for combined rotor is rather complicated 
computational procedure. That is the reason to create 
the iterative procedure of aerodynamic calculations 
for Savonius and Darrieus rotors which are the 
components of combined rotor. 

The task of wind turbine combined rotor (Fig. 2) 
aerodynamic calculation is divided into two 
interrelated subtasks on calculations and Savonius 
and Darrieus rotors, which schematically divided 

among the sections I-I and II-II. Parameters of the 
stream in these sections simultaneously include 
mutual influence between the rotors and serve as the 
boundary conditions for calculations. Thus, the 
problem reduces to the iterative sequence of 
individual subtasks to calculate aerodynamic of 
Savonius and Darrieus rotors and considering the 
mutual influence between them. 

 
Fig. 2. Aerodynamic scheme of combined rotor in the 

settlement area 

The proposed algorithm for calculating the 
aerodynamic flow around the combined rotor 
includes the following steps. 

1) Solving Navier–Stokes equations (2) for the 
isolated Darrieus rotor (1 in Fig. 2) with initial 
conditions (3) and BC (4) – (7) on the external 
borders of the box. As a result, we find the 
distribution of velocity and pressure throughout the 
settlement area. 

2) Solving Navier–Stokes equations (2) for the 
Savonius rotor (2 in Fig. 2) of the BC (4–7) on the 
external borders and by section І-І. 

Boundary conditions in section I-I taken from the 
calculation on step 1: 
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Savonius rotor flow calculation (3 in Fig. 2) 
performed similarly Savonius rotor (2 in Fig. 2) of 
the BC (4) – (7) and by BC section ІІ-ІІ: 
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3) Re solving NS (2) for the Darrieus rotor 
(Fig. 3) of the BC (4–7) and BC in sections I-I (8) 
and II-II (9) obtained in step 2. 

4) Calculations on steps 2–3 repeated until the 
entire settlement area is not reached the necessary 

convergence between the results of iterations. 
As noted above, the Darrieus rotor creates the 

torque by blades lift. As the number of blades of the 
rotor is changed from three to four, their mutual 
influence and minimal aerodynamic calculation 
instead of solving Navier–Stokes equations (2) can 
be found with sufficient accuracy using airfoil flow 
data. The theory of profile flow (flow theory for 
wing of infinite span) can be used for wings with 
lengthening greater than 4, which takes place in this 
case. These profiles data are the dependencies 
between the lift coefficient and the angle of attack  
Cy = f(α) and drag coefficient Cx = f(α). Dependsng 
on the angular position the blades are flown around 
with the angles of attack ranging from negative to 
positive values, it is advisable to apply symmetric 
profiles. 

 
Fig. 3. Aerodynamical schematic of Darrieus rotor in the 

settlement area 

 
 

Fig. 4. Savonius rotor aerodynamic scheme in the 
settlement area 

 

A significant nonlinearity of Navier–Stokes 
equation, solving the problem of aerodynamics can 
be obtained only numerically. As a method of 
numerical solution, finite volume method was 
selected because of it’s: 

– relative mathematical simplicity; 
– relatively easy programming; 
– to calculate the tear-off flows; 

– irregular grid able to use all forms; 
– describes the curved boundary. 

Because of these advantages, most commercial 
software developed numerical solution of problems 
of hydrodynamics using the finite volume method. 

Finite volume method requires to solve the 
following equations of aerodynamics model: 
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Equation (3) transforms into:  
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In the same way equation (4) transforms into: 
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If we take equations (10) – (12) for each finite 
volume of calculation grid, we will obtain the 
system of linear algebraic equations: 

.U V p  b n m G   (13) 

where b,n,m are matrixes of coefficients of the  
variables U, V, p; G is vector of the right side of the 
equations, defined by the. 

Obtained block-matrix system of algebraic 
equations is solved by the Gauss–Seidl iteration 
method by the following algorithm. 

To solve the non-stationary task for each moment 
of time it is necessary to: 

1. Find the field of speeds U, V, considering the 
known field of pressure p. 

2. Clarify the pressure field. 
3. Repeat steps 1 and 2 until the needed accuracy 

is reached. 
For the step 1 the most effective is to determine 

the speed field separately for each coordinate: 
1) solve the equation system, considering the 

speeds along the y axis constant (V = const); 
2) solve the equation system, considering the 

speeds along the x axis constant (V = const); 
On the basis outlined in the previous section 

calculation task of combined rotor flow (see Fig. 2) 
splits into two independent tasks.  

1. Physical model of Darrieus rotor is given in 
the form of polyplan. Determination of aerodynamic 
characteristics of each blade is based on techniques 
for isolated wing of a large scale. For each angular 
position of the blade, depending on the speed of air 
flow and velocity, defined: 

– the true speed of the incoming flow and the true 
angle of attack;  

– the characteristics of the profile: according to 
the true angles of attack find the lift coefficient      
Cy = f(α) and resistance factor Cx = f(α); 

– torque and power rotor. 
2. Solving Navier–Stokes equations (2) for 

isolated Savonius rotors (Fig. 4) with BC (3) – (7). 
The following method can be used as the 

subsystem of computer-aided design system for 
vertical axis wind turbines with combined rotor. 
Structure of such subsystem is shown in Fig. 5. 

Such subsystem allows to obtain the optimal 
aerodynamic parameters for designed wind turbine. 

V. CONCLUSIONS 

Reasoned two mathematical models rotor 
aerodynamics combined with a separate calculation 
Savonius and Darrieus rotors. The structure of the 
subsystem aerodynamic calculation of rotor turbines. 

Based on the analysis of numerical methods for 
solutions of Navier–Stokes equations the choice of 
method of finite volumes. The results of the 
simulation. An optimal choice of blade profile. 
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Fig. 5. Structure of the aerodynamic calculation subsystem
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