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Abstract: The present work aims to evaluate a computational technique to predict the influence of a wind turbine in 
the wind of the region that will shelter a wind farm. Using the commercial Computational Fluid Dynamic software 
CFX – based on the finite volume method – and the working features of a wind turbine, the modeling of the wind power 
plant will be included in a ground to the numerical simulation, in order to obtain features as the wake effects in the 
region after the turbine. The analysis of the turbine’s influence in the region wind flow provide more details to the 
optimization of the another towers distribution in the wind farm to obtain the best energetic utilization from the site. A 
geometric model of a wind turbine was created by the Betz optimum dimensioning and the numerical simulation of the 
turbine working was developed in a computational domain equivalent to a virtual aerodynamic tunnel. The technique 
to the numerical simulation was implemented using the parallel processing. The Computational Fluid Dynamics 
analysis was developed solving the Navier-Stokes equations in a turbulent and transient state. The velocity and 
pressure fields to different times were observed, as the velocity profiles in the turbulent wake region. The results are 
coherent with the literature and show that the model used is able to simulate the turbine working in order to study the 
generated wake. 
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1. INTRODUCTION 
 

The energy is present in all the world economy sectors. The world growth is directly related to energy. The plants, 
offices, houses, cars, trucks depend on the energy to operate. This energy currently is derived from fossil fuels, nuclear 
and water power plants seems to be readily available for use. 

In recent years the living standards of much of the world population, mainly in industrialized countries has improved 
considerably. With this improvement, the use of energy in the world increased 10 times since 1900 (GELLER, 2003). 
This increase was met by fossil fuels, as coal and oil the main sources of energy worldwide. Concern about global 
warming and the end of the oil reserves is by making renewable energy gain prominence on the international scene. 

In Brazil, water resources are widely used, but the employment of new hydroelectric power plant requires the 
displacement of many people and cause great environmental impact in the region flooded by the reservoir of the plant. 
Moreover, environmental and social pressures could limit the expansion of this type of energy. The new energy model 
adopted by Brazil seeks to diversify the energy matrix and to reduce dependence on water resources, which stimulated 
the creation of programs to encourage alternative energy sources. The increased investments in renewable energy are 
providing a greater interest in optimizing the use of wind for a wind farm. In Brazil there is a great potential for the use 
of this energy source, which is allowing a significant increase in its use. 

In this work, the wind energy will represent the renewable energy source, characterized by the generation of 
electricity from the kinetic energy of wind, which is converted into mechanical energy by the rotating of the rotor 
blades of the turbine. 

This paper aims to evaluate the influence of a wind turbine on the wind from a region which will house a wind farm. 
This study seeks a better use of wind to electricity generation based on the distribution of the towers on the ground. 
Thus, using a tool for numerical analysis by finite volume method in the view of the flow of air in the study region. 

With the obtained results from the numerical simulation of a wind turbine, the feasibility of the installing a wind 
farm can be evaluated by following the safety recommendations used in provision of wind turbines in the field. 

 
2. REVIEW 
 

The generation of electricity from the rotational mechanical energy of the wind turbine has the wind as a driving 
force. For the study of wind turbine is of utmost importance to know the characteristics of the wind, thereby making 
better use of it. 

According to “Custódio (2002)”, winds are generated by the uneven heating of the earth surface. The inclination of 
the Earth’s rotation axis in relation to the sun causes the intensity of incident solar radiation in polar regions is less than 
one incident in the equatorial region, causing a difference in temperature and, consequently, the movement of air. 

In Rio Grande do Sul, which is situated the study site, the predominant winds are due the south tropical anticyclone, 
which moves counter-clockwise. These winds are caused by an area of high pressure in the Atlantic Ocean, between 
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South America and Africa. In this region also is observed the Minuano wind, related to the displacement of cold and 
strong air masses from the poles. 

However, these winds are not available near the earth’s surface, where its speeds are reduced due to roughness of 
the ground. On wind farms, the factor that interferes on the region wind is the presence of another wind turbine 
upstream of the flow. The presence of obstacles in the flow causes the appearance of areas of great turbulence, reduced 
speeds and wind recirculation, called the wake vortices (GASCH; TWELE, 2002). 

 
2.1. Energy conversion 
 

The rotor blades of a wind turbine are responsible for the transformation of the kinetic wind energy into mechanical 
energy in the rotational turbine hub. This transformation is made by the reduction in wind speed that, when passing by 
the rotor blades, undergoes a change of direction and causes the appearance of a force in the direction of rotation of the 
turbine hub (CUSTÓDIO, 2002). 

By reducing the wind speed, its kinetic energy is converted into mechanical energy by the turbine rotor. However, it 
is not possible to turn all this available energy into usable energy in the wind turbine. Because of this, the maximum 
power that can be extracted by a wind turbine is given when the output speed of the rotor is equal to 1/3 of the incident 
wind speeds on the rotor blades (GASCH; TWELE, 2002; CUSTÓDIO, 2002). This restriction is known as the Betz 
limit which is the theoretical value of 16/27 of the available power. 

The power provided by the wind for energy production is defined considering airflow with velocity v, passing 
through the area relating to the rotor blades. This power can be evaluated as: 
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where: 
P = Power provided by wind [W]; 
ρ = air density [kg/m3]; 
R = blade radius [m]; 
v = wind velocity [m/s]. 
 
Besides the theoretical Betz limit, the power that can be extracted from the wind will take further reductions due to 

performance from other turbine components. The share of power provided by wind that is extracted by the turbine is 
defined as power coefficient CP, that according to Petry and Mattuella (2007) is evaluated by Eq. (2). In practice, this 
value hardly exceeds 40% (CUSTÓDIO, 2002). 
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where: 
CP  = Power Coefficient; 
Energy = Amount of energy that can be obtained; 
H  = period of hours considered; 
Pno  = Rated Power of considered turbine. 
 

2.2. Vortex wake 
 

The vortex wake formed behind the region of the wind turbine, also known as its “shadow”, is an important factor in 
defining the layout of turbines on a wind farm. By making the conversion of the kinetic energy of air, the wind turbine 
causes a deficit in wind velocity through the rotor. In addition, there is the movement of the rotor blades cause a spin of 
this flow. 

The downstream region of the rotor is characterized by the presence of so-called Kármán vortex (WHITE, 2002). It 
is a turbulent region that tends to fade away as it moves away from the turbine, almost recovering the original terms of 
velocity. When a turbine is placed on the influence region of another, the extracted energy will be reduced due to lower 
e=wind potential, which has an average velocity lower than original (CUSTÓDIO, 2002). 

In general it is kept the distance of about ten times the turbine rotor diameter for a turbine installed downstream, and 
five times the turbine rotor diameter for a turbine installed laterally on the prevailing wind direction for safety, to avoid 
the influence of a rotor in the incident flow on another (AMARANTE, 2001). A representation of these distances in a 
wind farm can be seen below in Fig. 1. 
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Figure 1. Vortex wake and turbine distance (ATLAS DO POTENCIAL EÓLICO BRASILEIRO, 2001). 
 
Increasing the distance between the wind farm turbines the performance is increased. However, the greater the 

spacing, the greater the required area for wind farm installation, increasing the installation costs. 
Another effect caused by the installation of a wind turbine in the shadow of another is the increase in mechanical 

loads on its tower. This is due to the increased intensity of existing turbulence. 
 

3. METHODOLOGY 
 

This work aims to use of computational tools as an alternative for the solution of engineering problems. The use of 
these tools in the turbine design for the exploitation of wind power will allow a more detailed characterization of 
airflow through the generation towers of a farm. 
 
3.1. Geometry Creation 
 

For the geometry creation being considered it was an idealized turbine following the Betz theory, which provides the 
chord and the turning angle on a function of blades radius. Applying the theoretical Betz limit in the calculation of the 
provided power by wind according to Eq. (1), according to Gasch and Twele (2002) the Betz theoretical power (PBetz) 
is: 
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Using the Betz optimal design, the chord of the profile varies with the radius of the blade, according to the following 

equation: 
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where: 
c(r)  = chord according to the blade radius [m]; 
n  = number of blades turbine; 
r  = local radius of the blade [m]; 
CL  = Lift Coefficient; 
w  = wind velocity [m/s]; 
Ω = rotation [rad/s]; 
γ = direction angle of apparent wind [rad]. 
 
By following the utilization of Betz optimal dimensioning, the blades spin angle varies with the radius according to: 
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where β(r) is the blades spin angle, λ is the specific velocity of rotor and αA is the angle of attack of the blades, 
defined in radians. 

 
3.2. Mathematical Modelling 
 

To characterize the behavior of the wind through the wind turbines throughout the domain, it was used the 
numerical simulation as working tool. This approach aims to assess the best arrangement of wind turbines from the 
knowledge of the wake effects on wind velocities field.  

The numerical computational analysis is based on the Finite Volume Method and the Reynolds Averaged Navier-
Stokes equations (RANS), where they are evaluated considering the average over a time interval large enough for the 
turbulence study. Models are placed to represent the total effects of turbulence in the flow (PETRY, 2002; AGUIRRE 
OLIVEIRA JR., 2004). 

 
3.2.1. Turbulence Model k-ε 
 

Turbulence is the random fluctuation of fluid pressure, velocity direction over the time. It is a complex, three-
dimensional and transient process. This phenomenon occurs for higher Reynolds numbers, which is a flow 
characteristic and indicates how the viscous forces are overcome by inertial forces.  

The k-ε model is based on the transport of scalar quantities, with k being the fluid kinetic energy and ε the kinetic 
energy dissipation on k-ε. The k-ε model is used as standard in the industry and is the most popular and gives relatively 
good results, together with a satisfactory strength. But it does not show good results in rotational flow, where boundary 
layer detachment occurs because it provides a very optimistic estimative of these effects, delaying the detachment on 
highly curved surfaces. 

The k-ε model makes a gradient diffusion hypothesis, to relate the Reynolds stress to mean velocity and eddy 
viscosity. The eddy viscosity is defined as the product of eddy velocity and eddy length scale. 

 
4. RESULTS AND ANALYSIS 
 

For the geometry creation to be examined, an ideal wind turbine was chosen, following the Betz theory, which 
provides the blade chord and the spin angle as function of the blade radius. It was opted for the height of 50 m for the 
turbine nacelle height, which approximates those used on operational wind farms. For this model, the NACA4412 
profile was utilized, varying the chord and spin angle. 

In this study it was chosen to use blades with 10 m of total radius (R), wind velocity of 7 m/s and air density of 1,23 
kg/m3, which results on a Betz theoretical power of 39271,304 W, according to Eq. (3).  

With the aid of a spreadsheet for solving the equations (3), (4) and (5), with the radius ranging from 1.5 to 10 
meters, it was obtained chord values between 1,94 meters and spin angle 67,72 degrees for the radius of 1,5 meters and 
from 0,34 meters of chord with spin angle from 96,31 degrees to the section concerning the radius of 10 meters of the 
rotor blade. 

In design of wind turbine blades, the β angle was applied on the transversal section in order to maintain the attack 
edge linear. 

For creation of the rotor blade model, it was used the commercial program ANSYS ICEM CFD 11.0, using the 
license and computational resources from CESUP-RS (Centro Nacional de Supercomputação), located at UFRGS.  

Thorough the importation of profile points, two lines are created connecting them, one at the top and another at the 
bottom of the geometry. These two lines has two common point, which are the points whose distance is the airfoil 
chord. Please note that the profile creation as a single line has generated problems in the profile creation of surfaces and 
mesh. 

The first section with the desired profile is created for a radius of 1.5m. This distance is maintained for the initial 
coupling between the rotor blades and the wind turbine. The following sections has an increase in radius of 0.5 m, a 
spin and a scale applied according to Betz dimensioning. They are form by the lines mentioned above and are repeated 
until the desired maximum radius, that is 10 m for this paper. 

The created surfaces was done by the same methodology of the lines. It was created a surface connecting the bottom 
profile lines and other connecting the upper profile lines. In the section concerning the maximum radius a surface is 
created between the two lines of the same profile to close the rotor domain. 

In the following figure, one of the blades generated by this methodology is illustrated. 
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Figure 2. Blade profile generated according to Betz optimal design. 
 

4.1. Problem definition 
 

A wind turbine model using the Betz optimum design is used on the geometry creation of the wind turbine rotor 
blades. This design will be the basis for studies on the vortex wake formed downstream of a turbine. For the project of 
this model, will be carried out transient numerical simulations seeking to predict the so called “shadow region” of the 
turbine. 

The simulation used air at 25°C as working fluid and the heat transfer was ignored. The used advection scheme was 
High Resolution (CFX second order advection scheme) with double precision parallel processing. The problem 
equations resolution was obtained with a convergence criteria (RMS) of 1.0x10-4 with k-ε turbulence model. 

The chosen domain covers an area equivalent to 25 diameters downstream o the turbine (500m), five diameters 
upstream (100m), five diameters laterally (total width 200m) and a height equivalent to three turbine diameters (150m). 

 
4.1.1. Mesh 

 
The mesh for the simulation was generated using the same program that was created the geometry. It consists of 

around 213000 volumes between tetrahedral and prisms, where the prismatic elements were generated in six layers from 
the surfaces of the rotor and the tower. The rotor and blade surface mesh is shown in the figure below. 

 

 
 

Figure 3. Surface mesh of a rotor blade 
 
It was created two independent meshes, one for the rotational domain and another for the static domain, with 

internal walls separating both. The mesh covering the rotor is composed of around 830000 elements, having greater 
concentration on the surfaces of the blades. In the problem static domain the mesh is composed of about 1300000 
elements, with greater concentration on the tower surface of the wind turbine and the downstream region of the tower, 
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where the wake is formed. The mesh which covers the stator is shown on the picture below. Here it can be seen the 
refinement in the region of the tower and the wake. 

 

 
 

Figure 4. Mesh of the static part of the problem 
 
For the refinement of the shadow region of the turbine, it was used the density tool from the software. The mesh 

creation with two independent domains made possible the rotation of the rotor independent from the tower. 
 

4.1.2. Boundary and Initial Conditions 
 

By defining the two domains with the mesh importation, the program was informed that the tower domain was static 
and the rotor domain was turned to 4.9 rad/s, this speed was calculated earlier according to Betz dimensioning. It was 
applied the program Interface condition between the two domains.  

For this problem it was used the Inlet boundary condition in the input of the stator domain, with normal wind 
velocity from 7 m/s. In the output it was prescribed the Outlet condition with prescribed static pressure to 1 atm. And to 
represent the region ground where the wind turbine is installed the condition of non sliding wall condition. 

The wind turbine, constituted by the rotor and the tower, has only the non sliding wall condition. Another surfaces 
that is present in this problem, has the condition of sliding wall. As initial condition, constant velocity equal to inlet 
condition was used. 

 
4.2. Simulation Results 

 
The results of the transient problem was post-processed on the commercial program CFX-Post and will be presented 

as the simulated time.  
It will be presented results in the Field of the study domain in order to assess whether the minimum distance in a 

farm recommended by the literature, agrees with the distance obtained by this methodology, in which the effect of wake 
caused by wind turbines on the wind are observed. 

The NACA4412 profile is designed so that the fluid velocity that passes on the upper part of it is accelerated in 
relation to what passes by the other side. By energy conservation, reducing the fluid velocity causes an increase in its 
pressure and increasing the speed causes a reduction in pressure. 

As the generated wake, the effect caused by the tower in the flow can be seen in Fig. 5, which shows the central 
plane on the wind turbine rotor. 
 

Tower 
Refinement in the wake region 

Domain Input 
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Figure 5. Velocity “u” in the central area (left) and into the rotor of turbine. 
 
In figure 5 you can see the presence of vortex wake generated by the rotor. The negative speeds are due to the 

recirculation in the flow, caused by the turbine. The wake does not form recirculation, there is only a reduction in the 
“u” component of the velocity (toward the main flow, perpendicular to the turbine rotor) caused by the change of 
direction o flow due to the spin of the rotor. This spin is observed in the turbine rotor plane too. 

It is observed the rotation influence of the profile in velocities field. The rotor spinning clockwise causes the spin of 
the air masses that passes through it. This airflow has decreased its kinetic energy and, consequently, the wind velocity. 
The effect of sin is shown in figure below. 

 

 
 

Figure 6. Streamlines on the turbine 
 
According to the literature, the effects of the wake will not be visible at a distance equivalent to 10 times the rotor 

diameter. This distance is illustrated by the red line to the right of the image. To evaluate the statement, figures below 
shows graphs illustrating the profile of velocities “u” obtained in this work, compared with those obtained by “Crespo 
(2003)”. The velocities are positioned for vertical lines with distances in relation to the turbine, the equivalent of 2, 4, 6, 
8, 10, 12 and 16 times the turbine diameter. The results are non-dimensional using the inlet velocity and the turbine 
rotor diameter. They will be evaluated separately for two distances by graph for a better visualization of them. 
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Figure 7. Profiles of averaged velocities “u” for 2 and 4 diameters 
 
It is observed in curve 2, equal to two diameters from the rotor, the profile behavior is similar to that obtained 

experimentally by “Crespo (2003)” that obtained smaller velocities than those numerically evaluated in this work. The 
same happens in the curve 4. The figure below shows the results for the two following distances. 

 

 
 

Figure 8. Profiles of averaged velocities “u” for 6 and 8 diameters 
 
As in the previous results, the obtained profile has a similar behavior to the experimental results, the values differ 

from experimental, it can be observed that the numerically obtained deficit in velocity is smaller than those obtained by 
“Crespo (2003)”. This difference is probably caused by the numerical model, which causes diffusive effects on the 
flow. The same happens to other distances considered and shown on figure 9. 
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Figure 9. Profiles of averaged velocities “ u” for 10, 12 and 16 diameters 
 
Another possible cause for the observed reduction in speed being more intense in numerical modeling may be the 

turbulence model chosen, which also can cause a slightly increase in diffusion than those experimentally examined in 
the wind tunnel. A simulation using another turbulence model can result in different wind velocities decrease. 

The domain discretization for the simulation resulted in a mesh with more than 2 million elements. This requires 
large computational resources in solving the involved equations. For this simulation it was used the resources of 
CESUP-RS, which takes about 9.6 x 105 seconds of processing. 

 
5. CONCLUDING REMARKS 
 

The methodology used to create the geometric model has proved efficient in simulation the Wind turbine operation. 
The use of CFD programs allows a good approximation of the results related to the Wind behavior, thus verifying the 
shadow region on the turbine over the terrain in which it is installed. 

As suggested in the literature, the simulation showed that the wake has no influence on the wind behavior at a 
distance of 10 diameters downstream of the turbine rotor, allowing the installation of another turbine in this position, 
without any loss of income due the presence of other towers of the wind farm. 

The main objective of the research, the development of a computational technique for evaluating the influence of a 
wind turbine in the wind which will house a wind farm was achieved. This work may be continued with the application 
of different meshes and turbulence models in the simulation, the implementation of the atmospheric boundary layer 
profile as the inlet condition or with the adjustment of ground to represent the real topology of the region in which the 
wind turbine will be installed. 
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