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Vēja enerģijas izmantošanas efektivitātes paaugstināšanas iespējas, izmantojot buras 

tipa turbīnu (angļu val.) 

1. Introduction 

It is known that the investments in the wind power engineering is expected to increase 

owing to important social and economic benefits, such as: environmental safety and reduction 

of emissions into the environment; reduced dependence of the state on imported oil and gas; 

better employment and gains in the tax revenues; the development of new technologies, etc. 

In September 2012, the European Wind Energy Association (EWEA) announced that in the 

EU the total installed capacity of wind power plants reached 100 GW (half of which in the 

previous six years). It is important that this capacity is sufficient to provide electricity to 57 

million residential buildings throughout the year [1].  

According to the WWEA report for the year 2013 (published in Shanghai in April 

2014), the top ten most developed wind energy markets include those of China, the United 

States, Germany, Spain, and some others.  As compared with 2010, in 2012 the total 

generation of wind power in Latvia increased more than twice and was (68 MW) [1, 2]. The 

amount of power obtained from wind in 2013 was the same as in 2012.  Specialists of 

Latvenergo JSC claim that the use of wind energy is unprofitable: at this stage, the cost of 

energy obtained from renewable energy sources is considerably higher than that of energy 

obtained from conventional energy resources. According to Latvenergo data, the share of 

wind power sector in the local power production industry is more than 5%.  Figure 1. shows 

the amount of energy produced from renewable resources in Latvia, and the share of different 

sources in 2010 [3]; the wind power share increased in that year up 6%. Currently, the Baltic 

Wind Power Co. is planning to build a 100 MW wind power plant. Production of energy 

using renewable sources and co-generation is a very important part of the Latvian power 

industry [4].  
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Figure 1. Use of renewable sources in Latvia in 2010.  

In the previous part of the report based on analysis of the climatic conditions in Latvia 

and, in particular, in Riga, the necessity of the development of wind turbine power conversion 

low-speed wind, which is observed in most of the territory, was confirmed.  Practice shows 

that sail type wind turbines are most suitable for low wind speed.  

An experimental researches on given Project were carried out on base of Physical-

Technical Department of the E.A.Buketov Karaganda State University, in Kazakhstan. The 

test experiments of the wind turbine model were carried out on the Big Wind Tunnel T-1-M.  

During the business trips were carried out next: 

- initial tests of a sail type wind turbine model with dynamically changeable sails shape; 

-  study of wind turbine model aerodynamic characteristics on the wind tunnel T-1-M;  

- testing model of the sail type wind turbine on the wind tunnel at different flow 

regimes. 

A pilot model of a sail type wind turbine was developed. Initial tests of a sail type wind 

turbine model were carried out at a wind tunnel at different air flow speeds and angles of 

attack.   

Within the framework of the project were studied the aerodynamic properties of the 

experimental model of a wind turbine with flexible sail shape. In this report the results of 

measurements and its processing are shown the dependencies of the drag force and traction 

force at various speeds and directions of airflow. 

2. Evaluation of the wind turbine capacity 

Implementation of technologies for wind power conversion is still an unsolved problem 

in Latvia, as in most its regions there are areas where the annual average wind speeds are 



5 

 

         
 
 

 

„Latvijas klimatam potenciāli piemērotu mūsdienīgu sistēmisku tehnoloģisko risinājumu prototipu, 

konstrukciju un materiālu apzināšana un atlase.” 

Projekts (vienošanās Nr. 2013/0027/1DP/1.1.1.2.0/13/APIA/VIAA/007) 

 

about 3 m/s, whereas for wind turbines first of all a high annual average wind speed is 

required. It is therefore important to examine local wind conditions before purchasing wind 

turbines.  

Besides, at choosing a wind turbine for the autonomous power supply many other 

factors should be taken into account: the requirements of a particular customer, the quality 

and price of the product, etc. The main criterion for reasonable choice of equipment for power 

generation is the complexity of production of 1 kW∙h. The input complexity is in our case 

determined by the whole complex including the cost of WT production, transportation, 

installation and operation as well as of the land on which this wind turbine is to be mounted 

[5-7]. Choice of the WT design
 

is reduced to finding the optimum function of many 

parameters and variables: ),,( niopt xxfB  , and is to be achieved at the minimum labour 

expenditure [8]. 

The efficiency of a wind turbine could be estimated based on the known WT power 

dependence on the wind speed. The wind power efficiency coefficient  can be determined by 

dividing the power imparted from the wind to the wind turbine gN by intrinsic wind power N 

[9]. From the formula below it follows that when the wind speed doubles, the WT output 

increases eight-fold: 

2

3V
SNg



 ,                                                                                                                  (1) 

where V  is the wind speed,  is the density of air, S is the windy area equal to the midship 

section of the wind wheel. 

The density of air   is a constant value; the wind speed V is difficult to predict, while 

the S  value can be controlled. First, S depends on the area (radius) of the wind wheel blown 

by the air flow and the level of filling the wind wheel – i.e. on the design. Second, S  depends 

on the wind direction: its maximum is at this direction being perpendicular to the surface of 

the wind wheel.  

More precisely, at calculation of the WT power it is necessary to take into account the  

dependence on the specific speed  of the wind turbine. This latter coefficient () depends on 

the WT design (is determined experimentally in each particular case based on the test results). 

In approximate calculations we can assume that 

V

R



 ,                                                                                                                         (2) 



6 

 

         
 
 

 

„Latvijas klimatam potenciāli piemērotu mūsdienīgu sistēmisku tehnoloģisko risinājumu prototipu, 

konstrukciju un materiālu apzināšana un atlase.” 

Projekts (vienošanās Nr. 2013/0027/1DP/1.1.1.2.0/13/APIA/VIAA/007) 

 

where   is the angular velocity of rotation of the wind wheel with radius R , and V  is the 

average wind speed. 

Some authors suggest various semi-empirical  dependences on the specific speed . 

For example, in [10] for a sail-type wind turbine with rectangular sails and the vertical axis of 

rotation the following dependence was found: 

20 0534 [7 1732 6 29 0 082 ]             0.0534...                                                   (3) 

Equating the derivative to zero we can find the value of the power efficiency 

coefficient:  max = 0.1099 at  = 0.576. These approximate calculations show that the sails of 

rectangular flat plates use slightly more than 10% of the wind power, with the rest spent on 

overcoming the air resistance due to the vortex forming at the sail edges, friction, etc.   

According [8], for determination of the wind flow rate the author proposed to take into 

account the friction of wind on the Earth's surface and the loss of the airflow rate due to the 

effect of torque moment Мtorq, which is defined as a second moment of inertia of the air mass 

passing through the wind turbine. The most important characteristic of a WT is its 

aerodynamic efficiency. We propose to determine it experimentally as the ratio of thrust 

force yF  to drag force
xF : xy FFk / . It is shown that a multi-sail WT with optimum specific 

speed 1Z corresponds to the aerodynamic efficiency )105( k . Such quality is inherent 

to the flat and curved plates and sails, which also confirms the benefits of multi-sail WTs of 

the sail type.   

According to the laws of conservation of energy and momentum, the magnitude ξ of a 

wind turbine of any design cannot exceed 59.0lim  . The experimental data for small high-

speed WTs at different wind speeds allow obtaining a quantitative estimate of the )(D  

dependence. Coefficient ξ of a multi-sail low-speed wind turbine is practically independent of 

its aerodynamic efficiency and diameter (D). We also investigated the influence of wind 

speed V  on magnitude 
m  

of a wind turbine with the optimum specific speed 35.0optZ . It 

was established [9] that for multi-sail WTs with 1Z  the wind speed V has virtually no 

influence on the 
m  

magnitude. This suggests that the dependence )(Z is invariant with 

respect to changes in the wind speed and diameter of the wind wheel within the range 

mD )51(  . More precisely, the wind power efficiency   is a function of the specific speed 

Z which is invariant with respect to changes in wind speed V and wind wheel radius R 

provided that the geometric similarity is observed. Thus, a more accurate formula for 

calculating the power output of a sail-type wind turbine instead of (1) will be: 
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SNg





 .                                                                                                           (4) 

The specific speed of a wind turbine depends on the load, varying from zero to the 

anemometric specific speed 
anemZ (in the case of its free rotation). It is also necessary to take 

into account the internal stresses in wind turbines, i.e. loads caused by aerodynamic and 

centrifugal forces as well as loads related to their weight.  All this suggests that to obtain 

useful power by converting the kinetic energy of the wind (taking into account the ratio of 

investment and maintenance of 1m2 of the area from which the wind power is derived), the 

best choice is sails and frame structures covered with cloth. Thus, a preliminary assessment of 

the wind turbine with optimal wind power efficiency shows that at low winds the sail-type 

WT is suitable. The advantage of such turbines in that they are able to generate electric energy 

at low wind, while sail-type wind turbines fail to operate at wind speeds ≤ 3 m/s. Sail-type 

wind turbines readily adjust to the direction of wind, are noiseless and vibration-free. 

3. Description of equipment for test experiments 

Aerodynamic tunnel T-1-M  

To selection and preparation of test equipment for experimental studies were made: 

Preparation of test equipment for measuring the differential pressure and the 

aerodynamic characteristics: calibration manometer and aerodynamic balance in a wide range 

of speeds. In experimental studies to measure pressure gradients are used inclined 

micromanometer. We used the multirange Micromanometer inclined tube MCM-2400-1.0 for 

measuring the excess pressure and vacuum pressure difference. The pressure distribution in 

the working section of the wind tunnel had been measure: along the tube axis and in cross-

sections.  

Main characteristics of the working section of the wind tunnel work (Figure 2., 3.): 

- Diameter – 500 mm 

- Length – 800 mm 

- Turbulence level of airflow is 3% 

- Speed of the airflow – (1 ÷ 25)  m / s. 
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Figure 2. General view of the Big wind tunnel T - I – M. 

To determine the three components of aerodynamic forces in the working section of a 

wind tunnel the cubic frame had been established, figure 3. The cubic frame connected to 

aerodynamic scales for measuring the lifting force and the drag force. We fulfilled calibrated 

measurements of all three components of the aerodynamic scales to calculate the correction 

factors. All measurements were repeated at least 5-7 times for the accuracy, measurement 

error does not exceed 3-5 % 

 

Figure 3. Work section of wind tunnel T-1-M with cubic frame connected to aerodynamic 

scales . 
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Wind turbine or wind power unit (WPU) is a device for converting the kinetic energy 

of wind flow into mechanical energy of rotation of the rotor and its further conversion into 

electric energy. Its main difference from the conventional thermal electric and atomic power 

plants, as well as its advantage, is the complete absence of both raw materials and waste.  

Development of sail type wind turbine model 

Practice shows that the correctly selected wind turbine during its operation produces 

energy, which costs almost 80 times more than it is spent on its production [11-13]. In fact, 

the owner of an autonomous power plant becomes quite independent of traditional energy 

producers. When choosing a wind turbine for energy supplying autonomous system, priorities 

are determined by many factors that depend on the demands of a particular customer, the 

quality and price of products. Various methods and devices to convert wind energy into 

electrical energy are known. Characteristics analysis of various WDPP showed that sail type 

wind turbines are suitable for low wind speeds. The advantage of sail type wind turbines is 

that they can generate electrical energy at low wind, less than 3 m/s.  According to approved 

work plan was developed and created a laboratory model of wind installation sailing type with 

triangular flexible sails with movable ends from the different materials. The model consists of 

a wind wheel made of metal frame rods with six sails of triangular shape fixed on them, figure 

4. Model is fixed to the frame by the support bars.  

The sails are made of lightweight and durable material, one end of the sail is attached 

to the top of the frame by strong thread. The model is fixedly attached to the mount by 

support rods. It provides continuous rotation of the wind wheel during a rapid change in the 

direction of airflow. To supply with electrical power, the model of sail wind turbine is 

coupled to a low power generator through a sheave and a belt drive. Initial tests of the model 

of a sail type wind turbine were carried out at T-I-M wind tunnel with an open working 

section. 



10 

 

         
 
 

 

„Latvijas klimatam potenciāli piemērotu mūsdienīgu sistēmisku tehnoloģisko risinājumu prototipu, 

konstrukciju un materiālu apzināšana un atlase.” 

Projekts (vienošanās Nr. 2013/0027/1DP/1.1.1.2.0/13/APIA/VIAA/007) 

 

      

Figure 4. The model of the sail- type wind turbine: 

left – general view; right – location in the working section of a wind tunnel. 

Sail wheel diameter is 0.4 m. Rotational speed of the sail type wind turbine is 50-100 

rev/min, the minimum threshold of airflow operating speed is 3 m/s. Measurement errors of 

airflow speed in the test section using a built-in sensor do not exceed 3-5%.  

The traction force was measured using a spring dynamometer, which was rigidly 

attached to the sheave of the wind turbine model. The model of the wind turbine in the test 

section is fixed to the cubic frame of an aerodynamic balance using thin metal braces to 

minimize the resistance of auxiliary elements. Aerodynamic characteristics of the wind 

turbine model at various speeds and directions of airflow were measured using a three-

component aerodynamic balance. 

4. Discussion of the experimental results 

Measurement of the drag force and traction force 

Preliminary tests of the wind turbine sail models with dynamically changeable shape of 

the surface at different air velocities in the test section of the wind tunnel. We measured 

aerodynamic characteristics: lift and drag forces at various velocities of air flow and at the 

various angles of attack. Measurements were made for one sail and separately for a wind 

turbine's model. By results of measurements were received the calibration curve and the 

dependency graphs of aerodynamic forces on the airflow rate and the angle of attack. Some 

graphs are shown in Figure 5. – 6. 
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Figure 5. Dependence of the wind turbine model drag on air flow velocity. 

Thus, we preliminary experimental studied the dependences of drag and lift forces on 

the various airflow velocities and at different angles of attack for laboratory model of the 

wind turbine. The technique of measuring the aerodynamic characteristics of wind turbine 

type of sailing that will be used in further experiments was developed. The experimental data 

will be used in the creation of wind turbines based on regularities of similarity theory. 

 

a) 

 

b) 

Figure 6. The dependence of drag force of the wind turbine model on angle of attack  

at air flow speed: a- 3 m / s, b - 5m / s. 
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Change the traction force moment of sail type wind turbine model 

Aerodynamic characteristics of the wind turbine model at various speeds and directions 

of the airflow were measured. As a result of the experiments dependence of drag force, lifting 

force and traction force at various flow conditions were obtained. For definition the 

dimensionless drag coefficient
DC , traction force coefficient 

MC  and Reynolds number were 

used following formulas: 

Su

F
C D
D




2

2


,                                                                                                                   (5) 

lSu

M
C tr
M




2

2


,                                                                                                               (6) 



Lu 
Re .                                                                                                                      (7) 

Here 
DF  is the drag force, 

trM is the traction moment coefficient, ,  are the air 

density and viscosity, u is the air flow speed, S  is the characteristic area of midship section, l  

is the length of the lever arm, L  and is the characteristic size of the wind turbine model.   

In our case L= 0.4 m (it equals to diameter of the sail wheel). The length of the lever 

arm equals to the radius of the pulley l  = 0.06 m. We use all values for air parameters at 

experiment conditions: 21.1  kg/m3, 51049.1  m2/s.  

When wind wheel is perpendicular to the air flow then there is maximal streamlined 

cross-sectional area (midsection) which equals to the sum of all six sails squares 

0825.0S m2. If the wind wheel axis is installed at an angle α to the direction of airflow, its 

streamlined area we can be defined as  sin SS , figure 7. 
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Figure 7. Scheme of the sail type wind turbine model: 

1 – shaft; 2 - support rods of wind wheel; 3 - binders; 4 - rotating disk; 5 – bearing; 6 - frame 

rods; 7 – pulley; 8 – sails; 9 – foundation. 

 

Figure 8. shows the dependence of the drag coefficient on the Reynolds number which 

values are between 41037.5Re  and 41048.21Re  that correspond to air flow speed values 

between 0.2u  m/s up to 0.8u m/s.  

 

 

Figure 8. Dependence of the drag coefficient of the wind turbine model on the Reynolds 

number. 

Decrease of the drag coefficient is observed up to 4108Re  , at further increase in the 

flow rate this decrease becomes less intense, and then virtually remains constant. 
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Figure 9. shows the variation of the drag coefficient 
DC  by changing the dimensionless 

attack angle   of flow at two different airflow rates, here )2//(  , were α is angle of attack.  

 

Figure 9.  Dependence of the drag coefficient of the wind turbine model on the dimensionless 

angle of attack. 

             Attack angle )( changes from 0  , when air flow is directed along rotation axes 

of wind turbine wheel, up to )2(180     in opposite direction. When air flow direction is 

perpendicular to rotation axes of wind turbine wheel (along to plane of the wind wheel 

rotation) there is α= 90 )1(  .  It is evident that the types of dependences of drag force on the 

dimensionless angle of attack for these rates are practically the same. It can be seen when the 

attack angle of airflow increases up to α= 90 , the drag force coefficient diminishes and then 

rises. This is due to the fact that when the attack angle increases, the square of midship 

section of the wind wheel decreases, and at further increase in angle of attack up to 180 )2(   

it grows.  

             It has been found that when the direction of the airflow is reversed, the traction 

moment 
trM varies with the speed increase virtually in the same way, Figure 10. The 

distinction is observed only at high speeds. 
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Figure 10. Dependence of the traction moment on the wind speed at different airflow 

directions. 

 

Figure 11. shows the dependencies of the traction moment coefficient 
MC of the wind 

turbine model on the Reynolds number at various attack angles of air flow. The highest values 

of the traction moment coefficient are observed in the forward direction of the wind flow at 

0  , since in this case there is the maximum streamlined  surface. For other angles of 

attack of the flow when Reynolds number increases, the traction force coefficient gradually 

rises. 

 

 

Figure 11. Dependence of traction moment coefficient on Reynolds number at various 

dimensionless angles of attack of air flow. 
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Figure 12. presents the change of the traction moment coefficient 
MC  of the wind 

turbine model on the Reynolds number when the direction of the air flow is reversed. The 

graph shows that the values of traction moment virtually the same when 0  - in forward 

direction and  at 2  - in opposite direction of air flow.  

 

Figure 12. Dependence of traction moment coefficient on Reynolds number at different air 

flow directions. 

It was experimentally found that even when the direction of the airflow is reversed, the 

wind turbine continues to rotate in the previous direction, Figure 12.  This effect can be 

explained by follows: the wind flow exerts pressure on the triangular sails angled to the 

direction of this flow. The traction force converts the wind power into the rotational motion of 

the wind turbine.  

 

а)                                                          b) 

Figure 13. The scheme of wind turbine sails at the direct (a) and the opposite (b) directions of 

the wind: 1 – a flexible sail; 2, 3 – the frame of the wind wheel; 4, 5 – adjustable flexible 

fastening (made of cord) of the expansion end of sail; 6 – wind direction; 7 – direction of 

wind wheel rotation. 
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Our experiments have shown that when the direction of wind is changed to the opposite, 

the rotational direction of the wind wheel axis does not change.  As seen on Figure 13., sail 

(1) is made in the shape of a triangular "sail" with a movable end. In the case of change in the 

wind direction the sail "blows up "and turns over the other side of the frame, thus keeping the 

original rotational direction of WT axis (6).  

The experiments have shown that the designed model of the sail-type wind turbine with 

a dynamically changeable shape of the sail surface has good aerodynamic characteristics due 

to its self-regulating abilities. Flexibility of the design with dynamically variable surface 

shape of sails provides the small aerodynamic resistance and increases the WT efficiency. The 

wind turbine is operable in a wide range of changes in the wind directions. It was 

experimentally found that even at the reverse direction of airflow the wind turbine continues 

to rotate in the previous direction.  

 

Conclusion 

Unlike fossil fuels, wind energy is inexhaustible, widely available everywhere and more 

environmentally friendly. The investment amount in wind energy engineering will increase 

thanks to important social and economic benefits, such as: environmental safety and reduction 

of emissions into the environment, reducing the dependence of the state on imported oil and 

gas, providing employment, gains in tax revenues, the development  of new technologies [1, 

6, 13-15]. However, currently generated by WDPP energy provides only 2.5% of global 

electricity consumption in the world.   

The experiments showed that the designed model of the sail type wind turbine has good 

aerodynamic characteristics due to a flexible, self-regulating surface shape of sails. The wind 

turbine in the air flow acts as self-organized device, efficiently converting wind energy into 

the energy of rotational motion. The design flexibility with dynamically variable surface 

shape of sails provides the small aerodynamic resistance, and increases the utilization ratio of 

the wind.  

A pilot model of a sail type wind turbine with dynamically changeable surface shape of 

sails was developed.  The wind turbine in the air flow acts as a self-organized device capable 

of converting efficiently the wind energy into the energy of rotational motion. Consequently, 

such a turbine can effectively be used if installed in the arches of houses or in a narrow space 

between the houses where the wind blows with a greater speed and mainly in forward and 

reverse directions.  The obtained results will be used for engineering calculations in the 
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development of sail type WDPP adapted to specific climatic conditions. This model will 

designed for small buildings remote from the centralized power lines. But for a more stable 

and complete electricity supply individual buildings it is need to use the combined systems 

based on renewable energy. 
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