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Abstract 

The interaction between wind turbines in simple wind farm layouts is investigated with the purpose of 

observing the influence of wake loss phenomenon on the energy production of downwind turbines. 

Following an intensive exploration stage about wind farm aerodynamics and wake modeling subjects, 

several tests cases are designed to represent various wind farm configurations, consisting of different 

number of wind turbines. These cases are simulated by using DNV GL WindFarmer software which 

provides the opportunity of performing simulations with two different wake modeling techniques, namely 

Modified PARK and Eddy Viscosity. Various terrain and ambient turbulence intensity conditions are 

considered during the test cases. Also three different turbine types having different hub heights, rotor 

diameters and power-thrust coefficients are used in order to observe the effect of turbine characteristics 

on wake formation. Besides WindFarmer, WAsP and MATLAB tools are used in some simulation stages 

in order to generate input data such as wind and terrain conditions or farm layout configurations; and to 

process the data obtained in the end of these test cases. Simulations which are executed in the presence of 

a predominant wind direction from a narrow direction bin indicate that, even though there exists no 

significant interaction between the turbines placed in abreast configurations, successive turbine rows affect 

each other strongly due to the existence of the wake region of upwind turbines. It is observed that 

downwind spacing between turbine rows required to recover wake deficit up to a c ertain level changes 

depending on terrain and ambient turbulence intensity conditions together with turbine characteristics. 

For instance increasing surface roughness length (or ambient turbulence intensity) of a given site by 

keeping all the other parameters constant can provide up to 20% (or 30%) decrease in the required 

downstream distance to reduce wake loss to 5% level in a simple tandem layout consisting of two wind 

turbines. Further test cases are executed with various numbers of wind turbines in different configurations 

to observe the effect of partial, full and multiple wake regions on total farm efficiency. The results 

obtained from these cases are used in order to have a comparison between several farm layouts and 

evaluate their advantages and drawbacks.  
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1 Introduction 

1.1 Background 

As a result of Sun rays heating our world, wind exists everywhere on Earth, and depending on movements 

of Earth and its geography, wind contains a considerable amount of energy in some places. Hence, it has 

been used as an important source of energy in history for many different purposes. In very old times, it 

was helping people for transportation by propulsion of sailing ships, or providing mechanical power by 

means of wind mills in agricultural activities like irrigation or grinding. These windmills starting from Hero 

of Alexandria's first prototype around 1st century BC to northern European famous four bladed 

horizontal axis design, Figure 1.1, had kept its importance in any kind of mechanical task until Industrial 

Revolution. By then windmills were replaced by coal powered steam engines due to their mobility 

advantage. (Manwell, et al., 2009) (Hansen, 2008) 

  

Figure 1.1 - European smock mill (Manwell, et al., 2009) 

However, towards the end of 19th century, it was attempted to benefit from wind energy to generate 

electricity by means of wind turbines. Even though Charles Brush's first design in 1888 was not 

implemented successfully as a large scale electricity generator, his concept opened the path for wind 

energy as being used in electricity generation in the future. In 1950s following several research projects, 

trials and errors, Johannes Juul's 200 kW Gedser turbine, Figure 1.2, proved the potential and success of 

the concept becoming the forerunner of current's wind turbine technology due to its innovative design. 

Juul's machine was a 3-bladed upwind horizontal axis wind turbine with aerodynamic stall control having 

an induction generator. This design would be the basis of Danish type wind turbines which would 

dominate the market in the following years. (Hansen, 2008) (Manwell, et al., 2009) 
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Figure 1.2 - Danish Gedser wind turbine (Manwell, et al., 2009) 

Nevertheless, it was after 1973's oil crisis when wind energy gained its real importance as a clean and 

reliable contributor to electricity production matrix. Because, this crisis showed oil importing countries 

how vulnerable they are against a fluctuation in oil market. Thus, in order to reduce the dependency on 

fossil based energy sources, many European countries like Germany, Sweden and the UK together with 

USA started government funded projects to develop renewable energy solutions. Another important 

motivation for these countries to develop renewable energy projects was the aim of reducing pollutant 

emission due to fossil based fuels. And wind energy was playing a key role among all the other renewable 

sources to reach these targets. As a result of research supports, feed-in-tariffs and quotas provided by 

governments, wind energy made its expected jump and the installed capacity increased more than fivefold 

in 1990s. Today, according to the statistics provided by World Wind Energy Association, wind energy has 

an installed capacity of 318.5 GW globally contributing 4% of total electricity demand of the world. 

However, these numbers are expected to rise in the following years as a result of European Union 202020 

targets aiming to have 20% of all energy sources from renewables together with US and China's wind 

energy implementation efforts. (Association, 2014) (Hansen, 2008) (Manwell, et al., 2009) 

As mentioned above, wind turbines are developed to generate electricity by converting the kinetic energy 

of the wind first to mechanical energy on a rotating shaft which is connected to a generator producing the 

electrical energy as the final product. Thus, produced electricity is fed into a network which could be 

connected to several different stations such as battery charging circuits, residential power systems or even 

isolated/island networks. For this purpose nowadays most commonly used machine is the 3-bladed 

upwind lift driven horizontal axis wind turbine which takes its roots from the famous Danish type design, 

an example of which can be seen in Figure 1.3. This type is named as horizontal axis wind turbine 

(HAWT) due to its rotational axis parallel to the ground. There also exists vertical axis wind turbines 

(VAWT) which haven't been able to reach the same success as HAWT. A typical example for this type is 

the Darrieus wind turbine, seen in Figure 1.4. Wind turbines are also named depending on the force type 

which provides the rotating motion. Even though there were some early designs benefiting from drag 

force, it was eventually found out that they are not only less efficient than lift driven wind turbines, also 

more susceptible against extreme wind conditions. As a result of this situation, lift driven HAWT has 

become the mainstream type dominating the wind energy market. Hence, unless the opposite is stated the 

wind turbine concept being mentioned throughout this work is the HAWT. (Hansen, 2008) (Manwell, et 

al., 2009) 
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Figure 1.3 - Vestas V112-3.3 MW wind turbine (Courtesy of Vestas Wind Systems A/S) (Vestas) 

 

Figure 1.4 - 17-meter Darrieus wind turbine (Manwell, et al., 2009) 

HAWTs are characterized due to some design parameters, namely rotor diameter, tower height, number 

of blades, rated power and control strategy. In order to have a better understanding how these parameters 

are adjusted, it will be beneficial to examine the output power expression of a wind turbine w hich is as 

follows: 

    
 

 
             (1.1) 
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Where    ,   ,   and   stand for power coefficient, air density, rotor area and incoming wind speed 

respectively.  The expression provides some valuable information about maximizing power output. Since 

the output power is proportional to the square of the rotor diameter and cube of the wind speed, the most 

prior design considerations for the wind turbine manufacturers have been to increase the rotor diameter 

and tower height. The latter one is to benefit from increasing wind speed at higher altitudes.  

Consequently wind turbines have become higher by time having larger rotor diameters, from 30 m to over 

100 m within 40 years. Even though majority of the wind turbines have 3 blades, there are very successful 

2-blade designs as well providing some cost reduction. Nevertheless, 3-blade design has proved its 

superiority with its higher aerodynamic efficiency, lower noise level and less disturbing shadow flicker 

effect during operation. Another important design parameter is the control strategy determining how the 

machine will react changing wind conditions to adjust its power production level. Although, aerodynamic 

stall control was implemented commonly in early designs, current trends show that it will be replaced by 

pitch control strategy in order to enable variable speed operation especially for larger turbines to maximize 

power output. (Burton, et al., 2011) 

In early rotor designs, aircraft airfoils were adopted for wind turbine blades. However, by time more 

specific designs have been developed for wind turbines providing better optimization for higher angle of 

attacks. Also improvements in material science enabled using lighter and stronger materials for blade 

manufacturing. Thus larger rotor diameters have been reached with robust designs. Historically several 

materials such as wood, steel, aluminum and composites have been chosen to meet these requirements. 

Nowadays glass fiber reinforced plastic, or carbon fiber for few works, is the most commonly used 

material type due to its very high strength and stiffness properties in addition to being fairly lightweight. 

(Babu, et al., 2006) (Hansen, 2008) 

Wind turbine manufacturers have always considered the rotor as the most important element in their 

designs from the performance and cost standpoints. Hence, they have worked to improve their designs to 

reduce the price of an individual wind turbine. However, by time other important entries have taken their 

parts in the expense list, like the cost of land. Due to several factors from geographical constrains to 

political issues, lands to be used as wind farms are not unlimited. That is why maximizing the power 

output in a given area has become an important study for wind energy researchers and companies. In the 

case of wind farms, inner wind turbines tend to capture less energy than a standalone machine due to 

wake development downstream of the front row turbines. During the energy extraction process of a wind 

turbine, flow past the machine creates a wake region with velocity deficit and increased turbulence 

intensity. Thus, available energy for the following downwind turbines decreases, while the increased 

turbulence level causes the rotors to experience higher fatigue loads. This situation eventually results in a 

decrease in the overall energy production together with shorter lifetime of wind turbines. A perfect 

example of this situation can be observed from Horns Rev wind farm located about 15 km offshore to 

western Denmark. The photo seen in Figure 1.5 was taken in a very humid day which enables turbulent 

flow structure in the wake region being seen clearly. In order to avoid this problem, understanding of 

wake concept comprehensively should be of interest for designing efficient, reliable and cost effective 

wind farms. For this purpose several wake models have been developed by researchers and some of them 

have been adopted commercially as successful wind farm optimization tools by helping designers to 

understand velocity profiles and turbulence characteristics within a wake region and enabling them to 

decide best possible farm layouts. (Gonzalez - Longatt, et al., 2012) (Kiranoudis, et al., 1997) 
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Figure 1.5 - Horns Rev Wind Farm in Denmark (Ivanell, 2013) 

 

1.2 Objectives 

As emphasized in the previous section, wind turbine wakes play a crucial role on the overall performance 

of a wind farm. Therefore, the aim of the present work is determined as investigating the effect of wake 

loss phenomenon on the energy production of simple wind farm. With this purpose, several test cases are 

determined to execute representative simulations using WindFarmer and WAsP software tools in order to 

have a comprehensive understanding of wake region development and its effect on the energy production 

of both overall wind farm and individual wind turbines being exposed to wakes of upstream machines. 

Thus, test cases are designed to simulate and observe the effects of following parameters on wake 

development and wind turbine interactions: 

 Downwind and crosswind turbine spacing 

 Wind farm layout and number of wind turbines 

 Single and multiple/overlapping wake cases 

 Power and thrust characteristics of wind turbines 

 Wind farm terrain conditions 

 Ambient turbulence intensity 

As a result of these simulations, it is desired to get a picture of wake region characteristic which determine 

wind farm energy production efficiency. Furthermore, two wake models, namely Modified PARK and 

Eddy Viscosity, are adopted during simulations in order to observe the difference between these models 

and how each of them treats the wake loss phenomenon.  
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1.3 Procedure 

 Test cases are designed taking into account the important aspects encountered during the 

literature survey stage of the work. 

 Required input files containing site map properties and wind conditions data are created and 

loaded to WindFarmer software. 

 Wind farm layout together with turbine characteristics and meteorological conditions are defined 

for each test case in the software. 

 Simulations are executed according to the parameters stated above with the specified wake model. 

 Collected results are processed and evaluated in order to create meaningful representation of 

wake loss phenomenon and its effects on wind energy production. 

 

1.4 Organization 

The presented paper consists of six main sections. First section briefly introduces the wind energy concept 

together with some historical background information. Then the objectives of the work are presented and 

the procedure that is used in the simulation is explained shortly. In the second section, the methodology 

adopted for the work is explained in depth. Theory section elaborates further details about aerodynamics 

of wind turbines, wakes and wind farms. A brief survey about wake models together with some examples 

is given in this section. WindFarmer software which is the main tool used throughout this work is 

presented in the fourth section and theory behind the program is explained in a detailed way. Fifth section 

comprises the most important part of the work in which simulations settings are introduced and test 

results are presented. In the simulation results subsection, detailed description of each case is followed by 

presentation of results which are obtained and processed after simulations. In the end of each test case 

results are evaluated and compared with previous cases. The last section summarizes the most important 

observations and conclusions obtained throughout the whole work; it is ended with some 

recommendations for future studies.  
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2 Methodology 

Following the exploration stage where an intensive literature survey about wind energy and wind farm 

aerodynamics is conducted to achieve deep understanding of the involved mathematic formulations; the 

work continues more focusing on wake aerodynamics to look into the available models and gain an 

overview of the computational tools.  

After designing representative test cases to investigate the interaction of wind turbines in a wind farm, 

required external data are defined as the first step of the implementation stage. Generating and editing 

necessary input files is followed by execution of the study cases. The simulations are performed at the 

Fraunhofer Institute for Wind Energy and Energy Systems Technology (IWES). Two main software 

packages are used within the scope of the work, which are DNV GL WindFarmer 5.3 and DTU WAsP 

11. Simulations for each specified test case are executed by following the procedure explained below: 

 A map data (.map) file is created by using WAsP Map Editor tool in order to define the wind 

farm terrain conditions to be used in the simulation. Roughness and orography information of the 

site is specified together with the coordinates and dimensions of the site depending on the 

corresponding test case. WindFarmer also requires a digital terrain model (.dtm) data to conduct 

wind flow calculations. However, in the absence of this specific file, the software can convert the 

.map file to .dtm file, which is also the procedure adopted in this work.  

 Wind climate condition of the specified site is defined with a wind speed and direction 

distribution (.tab) file which is created and edited by using WAsP Climate Analyst tool. A .tab file 

contains the long term observed wind climate information measured by a meteorological mast in 

a given site which describes how often a given wind speed is expected from a specified wind 

direction sector. Once a .tab file is loaded to WindFarmer, the software uses this information to 

create the wind resource grid (WRG) of the given site by using WAsP or its internal wind flow 

model, depending on the computational accuracy and effort required. Within the scope of this 

work, WAsP is adopted for these calculations to have more accurate descriptions. For each point 

in the grid, calculated WRG describes the probability of occurrence of each wind speed bin by 

means of a Weibull distribution, for each of the direction sectors. As the starting point for .tab file 

generation, Demo.tab file provided by the software is used. This file which is a realistic sample of 

a typical wind climate condition of a wind farm is edited depending on the corresponding test 

case requirements to obtain a prevailing wind direction sector with a specified direction width bin. 

In the cases which require uniform wind direction distribution, necessary input data are created by 

simply providing Weibull parameters in the Wind Studio tool of WindFarmer software.  

 Wind farm is created on the given site map for the defined wind conditions, by choosing turbine 

types to be simulated and specifying their coordinates to form the farm layout within the specified 

farm boundaries. The layout input data are created by means of MATLAB software tool. 

Characteristics of the meteorological mast used to describe wind conditions of the site are defined 

to enable the software correlating the wind conditions at mast height to the wind turbine hub 

height. WindFarmer uses log law, which is the chosen method for this work, or power law wind 

shear model for this process. Meteorological conditions, namely air density and ambient 

turbulence intensity of the site are defined for energy production and wind flow calculations.  

 Wake model is selected to simulate and observe the interaction between wind turbines within the 

wind farm as the last step before executing the test cases. Depending on the requirements 

Modified PARK and Eddy Viscosity wake models are used interchangeably in the simulations.   

After executing each specified test case, results are recorded and evaluated to have a reasonable 

observation about the interaction of wind turbines in a wind farm, wake characteristics and their effects 

on the overall energy production. Microsoft Excel and MATLAB software tools are used for the post 

processing of collected data and create plots to illustrate the results clearly.    
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3 Theory 

The main scope of this work is to investigate the interaction between wind turbines in a wind farm in 

order to optimize the layout for obtaining better power output in a given site. Therefore it is of interest to 

examine corresponding wake models to be used in wind farm optimization. Before preceding the details 

of these models, it is beneficial to have a closer look at wind turbine aerodynamics and energy extraction 

process briefly together with wake aerodynamics. Following these sections, these wake models will be 

explained with some examples.  

3.1 Wind Turbine Aerodynamics 

3.1.1 Energy Extraction Process 

A wind turbine is a machine that converts kinetic energy in the wind to electrical energy by means of a 

rotating shaft which is connected to a generator. This conversion process starts at the rotor which 

transforms kinetic energy of incoming wind into mechanical energy by rotation. Here the air passes 

through the turbine blades leaving some part of its kinetic energy and moving downstream with a reduced 

velocity and increased turbulence. In order to analyze this energy extraction process and how the wind 

continues its way in wake, several concepts have been adopted by researchers. But as a starter, it can be 

helpful to investigate the actuator disc concept. (Burton, et al., 2011) 

As the air passes through the wind turbine, it is affected by the energy extraction process resulting in 

formation of a boundary between the undisturbed free stream flow and the air disturbed by the existence 

of wind turbine. This boundary can be extended further downstream of the wind turbine to represent the 

phenomena happening in the wake region which will form a stream tube with circular cross section. 

Moreover, the boundary for this stream tube can be extended further upstream as well because as the air 

approaches to the rotor, the flow experiences a resistance causing it to slow down gradually as stream tube 

expands to absorb the kinetic energy decrease. Representation of this expanding stream tube containing 

the wind turbine rotor disc can be seen in Figure 3.1.  

 

Figure 3.1 - 3-D representation of stream tube around wind turbine rotor (Burton, et al., 2011) 

Inside the stream tube, it is observed that velocity decrease is accompanied by an increase in pressure until 

the flow hits the rotor blades where it experiences an abrupt pressure drop due to kinetic energy 

extraction. Some part of this extracted kinetic energy is transformed into mechanical energy by rotation; 

however, remaining is dissipated to the atmosphere as turbulence kinetic energy. The sudden pressure 

drop at the rotor disc is followed by a gradual increase as the flow moves downstream because at far wake, 

the pressure must be equal to ambient level in order to reach equilibrium state. This velocity and pressure 

trend within the stream tube is illustrated in Figure 3.2 where P∞ stands for free stream pressure while U∞ 

and Uw indicate free stream and wake velocities respectively. 
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Figure 3.2 - Axial velocity and pressure distribution in stream tube (Segalini, 2013) 

Above in Figure 3.2, Ud represents the velocity of flow at rotor disc while pu and pd represent pressure 

values immediate upstream and downstream of the rotor respectively. (Burton, et al., 2011) 

 

Figure 3.3 - Stream tube control volume with actuator disc (Segalini, 2013) 

Before moving on the analysis of actuator disc concept, it should be helpful to mention the assumptions 

used by this theory. First of all, rotor is described as a uniform, frictionless and porous disc consisting of 

infinite number of blades. Thus, thrust is distributed uniformly over the disc area. Also the flow is 

assumed to be homogenous, incompressible and steady. Considering these assumptions, the actuator disc 

is placed within the stream tube of which representation is seen in Figure 3.2. Since there is no air flow 

across the control volume boundaries composing the stream tube, mass is conserved as expressed by the 

mass conservation equation (Eq. 3.1).  

                                (3.1) 

where   ,   and   stand for mass flow, air density and cross sectional area respectively while subscripts 

are denoted according to the notation seen in Figure 3.2. As the mass is conserved inside the control 

volume, stream tube expands as a result of velocity decrease. Since the momentum is also conserved 

within the control volume, the velocity decrease of the air past the rotor multiplied by the mass flow rate 

is equal to the rate of change of momentum which is expressed by the momentum conservation equation 

(Eq. 3.2). 



-17- 
 

                                              (3.2) 

where T stands for the force applied by the rotor to the flow which results in the kinetic energy variation 

in the incoming wind. This force is equal in magnitude and opposite in direction to the force applied by 

the flow to the rotor, named as the thrust force.  Other force contribution terms seen in (Eq. 3.2) is 

neglected in actuator disc analysis. Because volume forces, only gravity for this case, are neglected due to 

negligible variations in pressure head inside the stream tube. Since there is no high veloci ty gradient and 

the rotor disc is assumed to be frictionless, viscous forces can be neglected as well. Finally, as the pressure 

forces are integrated over the external surface, it results in zero contribution. Thus momentum 

conservation equation can be written with a simpler and more open form as below: 

                      (3.3) 

Thrust force term seen in (Eq. 3.3) is due to the pressure difference between both surfaces of the rotor 

disc. So it can be expressed as follows: 

                  (3.4) 

Pressure difference term seen in (Eq. 3.4) can be calculated with the help of Bernoulli's theorem (Eq. 3.5) 

which states that sum of , kinetic energy, pressure potential energy and gravitational potential energy is 

constant along a stream line for an incompressible, inviscid, steady flow. 

 
 

 
 

  

 
               (3.5) 

where   stands for gravitational potential energy which can be neglected for most calculations regarding 

wind energy application, as in the actuator disc concept. Applying Bernoulli's equation both upstream and 

downstream flows separately provides the following expression. 

       
 

 
   

    
        (3.6) 

Combining this result with (Eq. 3.3) and (Eq. 3.4), provides a very important observation about the 

velocity decrease in stream wise direction, which is that half of the velocity reduction takes place upstream 

of the rotor while the other half is lost downstream. This situation is expressed in (Eq. 3.7). 

     
 

 
             (3.7) 

Also by defining an axial induction factor,  , which is the velocity decrease fraction in the axial direction, 

rotor and wake velocities can be expressed as a function of free stream velocity as seen in the following 

equations. (Burton, et al., 2011) (Hansen, 2008) (Segalini, 2013) (Manwell, et al., 2009) 

    
      

  
     (3.8) 

                (3.9) 

                 (3.10) 

As stated in analysis above, the force T due to the pressure difference between both surfaces does the 

work with rotor disc velocity resulting in the power extraction by the wind turbine. However, the whole 

power available in the stream tube containing the rotor cannot be extracted during this process since 

velocity of the wind flow cannot be reduced to zero which is the case required for extracting the complete 

amount and practically not possible. Thus, the power extraction performance of wind turbine is 

represented with a dimensionless power coefficient,    seen in (Eq. 3.11). 
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    (3.11) 

where denominator represents maximum power available within the stream tube and nominator, P, stands 

for actual power extracted by the rotor. Expressing this extracted power as the work done by force T and 

combining the result with (Eq. 3.9) and (Eq. 3.10),    can be also shown as below. 

                  (3.12) 

Using the expression (Eq. 3.12), German aerodynamist Albert Betz obtained the maximum achievable 

power coefficient,       , value, which is now known as Betz limit.  

         
  

  
           (3.13) 

This result is obtained when   equals to 1/3, which indicates that with an ideal wind turbine rotor where 

the flow velocity is 2/3 of the free stream velocity, maximum theoretical power extraction can be 

achieved. Regardless of any turbine design, Betz limit always exists because wind flow expands upstream 

of the rotor while approaching, hence the velocity of the flow reaching the wind turbine is lower than that 

of actual free stream. Moreover, Betz limit is obtained as a result of actuator disc theory analysis which 

uses several idealizations assumptions stated above. However, in real life conditions where the ideal wind 

turbine design does not exist, coefficient values around 0.45 can be achieved even for the best wind 

turbines available in the market.. (Burton, et al., 2011) (Segalini, 2013) 

The same approach can also be adopted to have a non-dimensional expression for thrust coefficient (Eq. 

3.14). 

     
  

 
        

 
    (3.14) 

where denominator is the expression for the force applied to the rotor disc by the dynamic pressure 

available within the stream tube while nominator, T, stands for actual thrust force. Using momentum 

conservation equation of (Eq. 3.3) together with rotor and wake velocity expressions, (Eq. 3.9) and (Eq. 

3.10) respectively,    can be represented as following. 

                 (3.15) 

According to (Eq. 3.15), while        is reached in an ideal wind turbine with   value of 1/3 ,    equals 

to 8/9. Variation of    and    as a function of axial induction factor for an ideal HAWT can be seen in 

Figure 3.4.  
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Figure 3.4 - Variation of    and    as a function of axial induction factor (Hansen, 2008) 

However, it should be noted that the graph in Figure 3.4 is valid till   equals to 0.5. For   values 

exceeding 0.5, actuator disc concept is no longer applicable because as can be seen from (Eq. 3.10), the 

theory calculates zero or negative wake velocities which cannot take place in reality. Moreover, even 

before this limit, wind turbine behavior starts to deviate from the theory because of flow separation for 

heavily loaded rotors. In such situation, wake just behind the rotor has very low velocity and pressure. 

Thus, having insufficient kinetic energy to increase this low pressure to the atmospheric level in the far 

wake region, wake starts to become turbulent in order to enable momentum transfer from the ambient 

flow by mixing. In this heavily loaded rotor case, actuator disc concept predicts much lower thrust values 

than they are in reality because of the large difference between very low  and very high pressures on 

downstream  and upstream sides of the rotor respectively. That is why thrust coefficient should be 

determined empirically for these cases. (Segalini, 2013) (Burton, et al., 2011) (Manwell, et al., 2009) 

As stated comprehensively above, due to the pressure difference between its both sides, rotor experiences 

a thrust force. However, there also exists a torque on the rotor blades in the direction of rotation which 

produces the work resulting in the electricity generation by the generator. As a result of this torque, air 

past the rotor encounters the reaction torque which is equal in magnitude and opposite to the direction. 

Thus, angular momentum is transferred to the air particles while they are moving through the rotor and 

cause formation of wake rotation phenomenon in the opposite direction to the turbine rotation. However, 

actuator disc theory does not take into account wake rotation which results in predicting higher    values 

than the actual ones. Because, the theory calculates the power production by only considering the axial 

momentum transfer from the flow to the rotor. However, the flow which has no angular velocity 

downstream, gains some while exiting the rotor. This is due to the angular momentum transfer from the 

rotor to the air particles. Rotational kinetic energy in the wake causes the rotor to extract less energy from 

the incoming flow. That's why general momentum theory is adopted to take into account the angular 

momentum conservation concept as well during the energy extraction process.  To do so an annular 

stream tube model having thickness dr, which can be seen in Figure 3.5, is used. Using this concept, 

British aerodynamist Hermann Glauert obtained the famous Glauert optimum, (Eq. 3.16) result which is 

used as a target design parameter for every wind turbine design in order to maximize output power.  
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Figure 3.5 - Stream tube model (Manwell, et al., 2009) 

     
    

    
     (3.16) 

where    stands for angular or tangential induction factor.    together with axial induction factor   

determines the magnitude and the direction of the flow in the rotor plane. Complete derivation of this 

result (Eq. 3.16) will not be given in this work, but it is available in any wind energy related text book, such 

as (Burton, et al., 2011). Glauert's analysis showed that due to neglecting wake rotation, Betz limit is an 

overestimated value. Even with an ideal wind turbine,    is always lower than Betz limit which can only be 

reached at high tip speed ratios,  .  

    
  

  
     (3.17) 

where   and   stand for angular velocity and radius of the rotor respectively. Glauert's result of maximum 

power coefficient for different tip speed ratios can be seen in Figure 3.6 together with the Betz limit.  

(Segalini, 2013) (Manwell, et al., 2009) (Burton, et al., 2011) 

 

Figure 3.6 - Maximum power coefficient according to Betz and Glauert's analysis (Manwell, et al., 2009) 
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3.1.2 Blade Aerodynamics 

As explained in the previous section, a wind turbine rotor extracts the kinetic energy of an incoming wind 

flow by translating it to the generator over a rotating shaft. This rotation is due to the lift force generated 

as a result of the interaction between the flow and rotor blades. Since a typical wind turbine blade has a 

much longer spanwise length as compared to its chord and velocity in the this direction is much smaller 

than stream wise velocity, it is useful to investigate the aerodynamic forces around the blade by adopting a 

2-D approach. To do so, a radial section of the blade, namely an airfoil, illustrated in Figure 3.7, is used to 

analyze the flow deflected by the presence of the airfoil which then can be extruded to represent the 

whole blade span.  However, it should be noted that chord and twist might vary along blade span, that's 

why analysis must be conducted by correcting the angle of attack according to corresponding airfoil 

section. As can be seen in Figure 3.7 chord is the length of the airfoil, usually denoted by c, and angle of 

attack is the angle between the airfoil chord and free stream velocity vector, which is denoted by α. The 

interaction between the incoming wind flow and turbine blades causes formation of the aerodynamic 

force R which can be decomposed into two components, namely lift, L and drag, D. Lift is the 

component which is perpendicular to the incoming flow direction and enabling the rotation of the turbine 

while drag acts parallel to the flow. (Hansen, 2008) (Segalini, 2013) 

 

Figure 3.7 - Schematic representation of wind turbine blade airfoil and aerodynamic forces on it  -  

Based on (Sørensen, 2013) & (Segalini, 2013) 

Close to the leading edge of the airfoil, there exists a stagnation point where the flow has zero velocity. 

This stagnation streamline separates the flow passing over and under the airfoil. These f lows experience 

acceleration due to the curvature of the airfoil surfaces and having different curvatures on both sides 

results in different accelerations which consequently provides a pressure difference. Due to this pressure 

imbalance creating the suction and pressure sides on upper and lower surfaces of the airfoil respectively 

lift force is generated. As the flow keeps moving along the airfoil, it needs to decelerate to increase its 

pressure in order to meet the phenomenon called Kutta condition. Because upper and lower surface 

pressure values must be the same at the trailing edge of the airfoil. However, this situation causes adverse 

pressure gradient formation and if this pressure gradient cannot be sustained by means of momentum 

transfer to the airfoil surface, boundary layer separation is observed. This leads to formation of form drag. 

As the angle of attack increases, lift force increases as well together with the possibility of boundary layer 

separation. After reaching the maximum value, a sudden decrease is observed for the lift force which is 

accompanied by a rapid increase in the drag force due to boundary layer separation resulting in 

observation of stall phenomenon. Stall is closely related to airfoil geometry and it is of utmost importance 

to adopt a suitable airfoil design in order to avoid formation of stall in normal operating conditions. 

Another contribution to drag force comes from viscous effects which cause friction drag formation. This 
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component of drag is enhanced in the presence of turbulence boundary layer. (Hansen, 2008) (Segalini, 

2013) 

As illustrated in Figure 3.8, up to a certain distance from airfoil leading edge, boundary layer stays laminar. 

However, after this critical distance laminar to turbulence boundary layer transition is observed which is 

followed by a fully turbulent boundary layer. Turbulent boundary layer is desired in some conditions due 

to being more stable for adverse pressure gradients. Thus it provides a delay in stall. However, creating a 

steeper velocity gradient near airfoil surface, turbulent boundary layer increases the friction drag as stated 

above. By taking this into account, laminar airfoils are designed to keep the flow attached to the airfoil 

surface within the laminar boundary layer region, which forms the majority of the airfoil surface, up to a 

maximum designed angle of attack value. (Hansen, 2008) (Segalini, 2013) 

 

Figure 3.8 - Laminar to turbulent boundary layer transition on a wind turbine blade airfoil (Hansen, 2008) 

Lift and drag forces can be expressed by using non-dimensional coefficients as done for thrust force 

which is explained in the previous section. (Eq. 3.18) and (Eq. 3.19) represent lift and drag forces 

respectively depending on dimensionless lift,    and drag,    coefficients. 

    
 

 
      

         (3.18) 

 
   

 

 
      

         
(3.19) 

It should be emphasized that these equations provide spanwise force values, obtained by multiplying 

dynamic pressure at a given airfoil section with the chord length and corresponding    or  . These values 

should be integrated for the whole blade span to obtain total lift and drag forces.    and    are 

characterized as functions of α, Reynolds number (Re) and Mach number (Ma). However, as stated in the 

previous section, the range of flow speed that wind turbines operate is low enough to neglect the effect of 

Ma. That's why it is of interest to investigate the dependencies on Re based on chord (Eq. 3.20) and α for 

   and  . 

     
   

 
     (3.20) 

where ν stands for kinematic viscosity. As illustrated in Figure 3.9,    increases linearly with increasing α 

up to a maximum value after which it starts to decrease with a rate depending on Re. More abrupt 

decrease is observed for lower Re. On the other hand    is nearly constant for small α values however, 

just after    reaches its maximum and starts to decrease,    shows a rapid increase resulting in formation 

of stall. Unlike    ,    is more dependent on Re even for small α values and decreases w ith the increasing 

Re. This dependency is closely related to laminar to turbulent boundary layer transition on the airfoil 

surface. It is of great importance to have    and    data of the airfoils used for a wind turbine blade in 

order to compute forces acting on the blade and output power generated by the turbine. Prandtl and 

Glauert developed a very simplified theory for expressing    by assuming boundary layer is completely 
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attached to the airfoil. This approach which is called thin airfoil theory provides the expression seen in 

(Eq. 3.21). 

                  (3.21) 

where    is zero lift angle of attach which can be seen in Figure 3.7. Experiments prove that this theory 

provides a good prediction for small α values where    shows a liner behavior.  (Hansen, 2008) (Segalini, 

2013) 

 

Figure 3.9 -    and    for NACA 2412 airfoil  as functions of α for different Re; (+) Re=105, ( ) Re=106, (□) Re=107  
- Based on (Segalini, 2013) 

As can be concluded from the analysis above, proper airfoil selection and blade design play a significant 

role in the overall performance of a wind turbine. In early rotor designs, airfoils used in aircrafts were 

adopted for wind turbines by aiming to have high lift to drag coefficient ratio to maximize the power 

output. It was later noticed that this approach would only provide satisfactory results for specific 

operating conditions. However, a wind turbine is supposed to operate in off-design conditions as well for 

non-uniform and unsteady flow conditions. Thus more specific airfoils and blade designs started to be 

developed for wind turbines to maximize overall energy capture instead of maximizing the power output 

by adapting the rotor to a broader range of operating conditions by taking advantage of different control 

strategies such as stall or pitch control. Recently more advanced design approaches have been adopted in 

order to minimize the cost of energy captured by taking into account aerodynamic load and blade material 

aspects in a more complex manner. With this purpose some aeroelastic codes based on blade element 

momentum (BEM) theory are used to analyze wind turbine rotor behavior. Even though BEM theory is 

developed to describe steady state flow conditions, it can be adopted for more complex analysis for 

unsteady operation with some extensions. (Manwell, et al., 2009) 

3.2 Wake Aerodynamics 

As stated in previous sections, wind flow past the rotor loses some of its kinetic energy due to energy 

extraction at the turbine. In the end of this process two main effects are observed in the wake region of 

the upstream turbine, which are reduced wind speed and increased turbulence intensity. The former is 

responsible for the power reduction for the successive turbine rows while the latter causes higher fatigue 

loading on the downwind rotors, which results in shorter lifetime for the corresponding machines. As a 

result of this situation, it is of high interest for wind farm designers to investigate the behavior of the wind 

in wake region to optimize the farm layout for minimizing the consequences of the effects explained 

above.  (Gonzalez - Longatt, et al., 2012) 
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In the literature wake behind a wind turbine is investigated by dividing it into two main regions, namely 

near wake and far wake. However, authors suggest different information about where these regions are 

separated from each other. For instance, Vermeer et al. who first suggested this distinction, claim that near 

wake ends at 1 rotor diameter (1D) downstream distance of the turbine whereas Gomez-Elvira et al. 

define this distance as some value between 2D to 5D. Near wake region having a complex flow field with 

distinct vortices is more related with wind turbine rotor properties and associated to individual turbine 

design. On the other hand, rotor properties become less significant for far wake which is the region to 

consider for wind turbine interactions and wind farm design. (Bartl, 2011) (Sanderse, 2009) 

The most important effects to investigate in the wake region are velocity deficit and increased turbulence 

as mentioned in the opening of this section. Evolution of the velocity deficit along this region is closely 

related to the turbulence structure in the flow field where ambient turbulence, rotor generated turbulence 

and turbulence induced by the shear layer have critical importance. Here the ambient turbulence which 

mainly depends on the topographic features of the region, or roughness of the surface and atmospheric 

stability, is responsible for redistribution of the turbulence in the shear layer. Thus it determines how the 

wake region develops in an indirect manner by affecting the shear layer. Also turbulence generated by the 

rotor defines the mixing rate in the wake, again being responsible for wake growth. However, it is also 

related to the increased loading on the downwind turbines. And finally turbulence induced by the shear 

layer has the greatest importance because this layer separates the slow moving wake from the ambient 

flow having a higher velocity. This shear layer determines the growth trend of the wake region and defines 

where the near wake ends and far wake starts. To have a better understanding about this shear layer and 

consequently the evolution of the wake region, it is useful to have a brief look at lift and vorticity 

concepts. (Sanderse, 2009) (Crespo, et al., 1999) (Ainslie, 1988) 

HAWTs are designed to rotate by taking advantage of lift force which can only occur in the presence of 

circulatory flow about a body. This might be a spinning cylinder or a non-rotating object with a sharp 

trailing edge, like a wind turbine blade airfoil. As the flow passes through such an object with a small angle 

of attack creating no boundary layer, no force is generated on the body. However, this situation does not 

reflect the real behavior of the flow because having no boundary layer, flow leaves the trailing edge with a 

strange form, as seen in Figure 3.10-a. In reality boundary layer separation takes place and flow leaves the 

trailing edge smoothly, as illustrated in Figure 3.10-b. This situation is explained as the circulation 

phenomenon which is due to addition of clockwise swirl around the airfoil to enable smoother leaving of 

flow over the trailing edge. The swirl causing this circulation is called bound vortex.  Here circulation 

results in having a higher velocity flow over the upper surface and lower velocity flow over the bottom 

surface of the airfoil. Due to Bernoulli's theorem, a net pressure difference is created between both 

surfaces which provides the lift force.  

 

Figure 3.10 - Flow over airfoil  (Munson, et al., 2009) 

Moreover, this pressure difference between both sides causes some air particles to migrate from bottom to 

upper surface creating another circulation phenomenon, namely trailing or tip vortices at the tip of the 

turbine blades. Tip vortices result in aerodynamic efficiency losses because of reduced effective area for 

lift force. Combination of bound and tip vortices is represented mathematically as a horse-shoe vortex 

system, seen in Figure 3.11, of which strength depends on the magnitude of the lift force generated. 
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Stronger the vortex system, longer it preserves its effects in the wake region for the downwind turbines. 

Pressure difference between both sides of the airfoil causes vortex formation near the root of the blade. 

However, its aerodynamical loss is of less importance due to being associated with lower tangential 

velocities near the root.  (Burton, et al., 2011) (Munson, et al., 2009) (Bartl, et al., 2012) 

 

Figure 3.11 - Vortex system of a flow past an airfoil  (Munson, et al., 2009) 

As previously explained, rotor applies a reaction torque to the flow passing through the wind turbine. 

Thus, flow leaving the rotor has a tangential velocity which results in rotation of the flow field in the wake 

region in the opposite direction to the rotor. Due to this tangential velocity, vortex system in particular tip 

vortices; follow a helical trajectory causing the formation of a cylindrical shear layer, seen in Figure 3.12, 

which separates the slow moving wake flow from the undisturbed fast ambient flow. Especially for the 

wind turbines with high tip speed ratios, the spirals of the helical path coming from each 3 blades are so 

close to each other that it is seen as a continuous tubular shear layer.   

 

Figure 3.12 - Rotation of the vortex system behind a wind turbine (Ivanell, 2013) 

 

As moving downstream shear layer expands and at the distance where it reaches wake centerline, near 

wake ends and far wake starts after a transition region. During the expansion pressure increases to reach 

the ambient level while the velocity decreases. The velocity deficit at the end of the near wake is as twice 

of that at the rotor, as can be observed from (Eq. 3.9) and (Eq. 3.10). The expansion of the shear layer is 

due to turbulence diffusion which enables mixing of ambient flow with the flow inside the wake. Here, 

ambient turbulence causes break down of tip vortices, thus slow moving wake flow is reenergized with the 

ambient flow by means of momentum transfer. So that velocity deficit caused by thrust on the rotor 

decays with the downstream distance monotonically with a rate depending on ambient turbulence. Finally 
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in the far wake region where ambient pressure is reached and equilibrium state is established, the wake is 

assumed to be completely developed. In this region the flow is described as axisymmetric without no 

pressure gradient and acceleration in the axial direction. So that velocity deficit and turbulence intensity 

can be represented by self-similar profiles. However, it should be noted that in reality due to ground effect 

and ambient shear, axial symmetry assumption for the velocity deficit and turbulence intensity profiles is 

not completely true. Since the velocity shear is larger at higher altitudes, turbulence intensity has its 

maximum about one rotor radius above the turbine axis. On the other hand maximum velocity deficit is 

observed below the centerline due to turbine shadow. Figure 3.13 illustrates velocity deficit trend in the 

wake region, which is maximum just behind the rotor in near wake region, decays with mixing and reaches 

its minimum value in the far wake region. (Sanderse, 2009) (Ainslie, 1988) (Crespo, et al., 1999) 

 

 

Figure 3.13 - Velocity deficit profile (blue) in the wake region (Sanderse, 2009) 

 

Another important phenomenon which should be taken into account in the scope of wake aerodynamics 

concept is the wake meandering effect which takes place as a result of large scale atmospheric structures. 

Eddies which are large in size as compared to that of wake cause the wake body to move in and out of the 

rotor planes of the downwind turbines. Ainslie claimed that these large eddies increase linearly in size with 

the downstream distance depending on the variability of wind direction. However, according to 

Högström, even eddies having smaller sizes than the wake itself can cause wake meandering effect. This 

phenomenon has two important consequences on the wake region, which are increased loading on the 

downwind turbines and reduced velocity deficit. The former one is due to wake being swept in and  out of 

the rotor plane and becomes even more significant for yaw loads on turbines. The latter occurs because 

meandering averages out the velocity deficit, thus reduces the power losses for the successive turbines. 

That's why wake meandering is also of interest for wind farm designers to evaluate power production and 

turbine loading and optimize the layout by considering these factors. (Larsen, et al., 2008) (Sanderse, 2009) 

(Crespo, et al., 1999) 
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3.3 Wind Farm Aerodynamics 

After choosing the most appropriate site to build the wind farm and solving legal issues, designers have to 

consider how to maximize net revenue and minimize energy cost. This is achieved by maximizing the 

energy output from a given site and keeping the life time of wind turbines as long as possible. To increase 

the energy output, first step to be taken might seem to place as many wind turbines as the site conditions 

allow. However, as mentioned in the previous section, turbines in a wind farm operate interactively with 

each other due to their wake regions. Hence, energy output cannot be increased efficiently by merely 

putting more and more turbines in a given site as a result of wake losses. Because, turbines which are 

exposed to wakes of upstream machines suffer from lower energy output and higher fatigue loading. 

Moreover, the interaction between neighboring turbines might affect the output power fluctuation which 

consequently might have an effect on the electrical grid the wind farm is connected. Therefore, these 

power/energy losses due to wake effects should be quantified accurately with the objective of optimizing 

wind farm layout in order to maximize the benefits from a specified site. To do so, firstly it should be 

identified what factors affect the wake loss phenomenon. (Barthelmie, et al., 2009) (Manwell, et al., 

2009) 

 

Figure 3.14 - Schematic representation of a wind farm (Manwell, et al., 2009) 

As seen in Figure 3.14, wind turbines are placed with some distance with respect to each other in order to 

provide some spacing to enable recovery of velocity deficit. In locations with a strong prevailing wind 

direction, downwind spacing is relatively larger than crosswind one to both facilitate this recovery and 

provide place more turbines in crosswind direction. So, it is obvious that turbine spacing is one of the 

most crucial parameters affecting wake losses. Also the structure of the wake region is closely related with 

the operating characteristic of turbines like power and thrust curves. Higher the thrust curve, higher the 

velocity deficit is, which requires larger turbine spacing for recovery.  Number of turbines together with 

the size of the wind farm is another important factor affecting the wind farm performance in a larger 

scale. Although in majority of the applications, it is assumed for simplicity that wind farm itself does not 

have an impact on the ambient wind conditions of the site; in reality it does like a surface roughness 

element. So larger wind farms, especially offshore ones, disturb the ambient wind flow and create an 

impact which should be taken into account while investigating the wake losses. In addition to the effects 

due to wind turbines, meteorological conditions like turbulence intensity and frequency distribution of 

wind direction have an influence on development of the wake region. The former determines how the 

wake grows and ambient flow re-energizes the slow moving wake flow by momentum transfer. Typical 

turbulence intensity values are between 10% to 15% for on land farms and it might be as low as 5% for 

offshore ones. On the other hand wind farm layout, in other words inter turbine spacing, changes 

depending on varying wind direction in a year. Therefore, wind direction frequency of a site should be 

considered carefully while determining the turbine spacing in both downwind and crosswind directions. 



-28- 
 

For instance Lissaman et. al suggests that wake losses could be reduced to less than 10% with 8-10 D 

downwind and 5 D crosswind spacing. (Manwell, et al., 2009) (Newman, 1977) (Lissaman, 1982) 

Furthermore, as mentioned above downwind turbines in a wind farm do not suffer from only decreased 

energy output but also increased fatigue loading due to increased turbulence intensity within the wake 

region of the upstream turbines. In some intense wind conditions, turbulence intensities could reach 

significant values which require frequent shut down of turbines to control the load on downwind turbines. 

This is another wake loss factor to be considered in wind farm planning. Also in some other situations; 

depending on wind farm layout winds from certain directions might cause excessive fatigue loading on 

downwind turbines. Therefore, the process called direction sector management is applied in these 

situations by shutting down some downwind turbine rows to prevent increased loading. (Manwell, et al., 

2009) 

3.4 Wind Farm Modeling 

Considering the wind farm aerodynamics concept explained in the previous section, it can be concluded 

that wake effects dominate the outcome of energy extraction process in a given site due to the interaction 

between wind turbines. This causes decreased efficiency for the downwind machines. Hence, an accurate 

wake model together with the proposed wind farm layout, wind regime of the specified farm location and 

characteristics of wind turbines to be used is strongly required to estimate how much energy can be 

extracted from a given site and to optimize the layout if necessary, in order to minimize generated energy 

cost. With this purpose several wake models have been developed so far by the researchers in order to 

represent the behavior of the previously explained wake formation phenomena behind wind turbine rows. 

Thus the interaction between the turbines can be better investigated and higher efficiency values together 

with decreased energy costs can be achieved by optimizing individual wind turbine locations or overall size 

and geometry of the wind farm. While developing these wake models, different approaches have been 

adopted depending on mainly the required accuracy expected from the model and the computational 

effort the model would need. In the first models developed based on wind tunnel tests, the effect of wind 

farm was assumed as a distributed surface roughness element that modifies the velocity profile of the 

ambient flow just like a forest does. Hence, the decrease in the output energy is estimated due to the 

reduction in velocity. In later models, energy decrease was described by using wake losses of individual 

turbines, which provides more accurate predictions. In individual wake modeling case, two main 

approaches have been adopted. The first approach is based on some simplifying assumptions as a result of 

observations and provides a solution through conservation equations. Some empirical constants 

determined with wind tunnel and field experiments are used in these kinematic models. In the second 

approach, simplified Navier-Stokes equations which define conservation of momentum of a fluid with 

constant viscosity and density are solved. These field models use eddy viscosity or k-ε turbulence closure 

schemes to the turbulent wake flow. There are also more advanced CFD models to describe the flow field 

more accurately and in more detail. However, simpler kinematic or field models are preferred for 

commercial wind farm planning activities due to their relatively accurate results with reasonable 

computational costs whereas advanced CFD model are more adopted for research activities. One of the 

most important factors determining the accuracy of the models mentioned is the way the multiple wakes 

are superposed from the power production estimation standpoint. The interaction between the multiple 

wakes is generally modeled by means of linear superposition or quadratic interpolation relations. The latter 

approach provides promising results by calculating the total energy loss in a wind farm through summing 

the individual energy losses from each individual turbine. (Manwell, et al., 2009) (Kiranoudis, et al., 1997) 

(Barthelmie, et al., 2009) (Crespo, et al., 1999) (Sanderse, 2009) 

Depending on the approach taken to describe the effect of wake region these models explained above can 

be categorized as follows: 
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 Distributed roughness approach models 

 Individual wake formation approach models 

o Kinematic (explicit) models 

o Field (implicit) models 

Due to their simplicity and ability to provide relatively accurate results, individual wake formation models 

have also been used to create some commercial codes which are widely utilized by wind energy companies 

to plan and optimize wind farm layouts. PARK and Eddy Viscosity models, which also comprise the basis 

of WindFarmer software used for simulations in this thesis work, are two important examples of these 

codes. PARK model is developed by implementing Katic’s kinematic individual wake formation approach 

whereas Eddy Viscosity model is based on Ainslie’s implicit approach by solving Reynolds Averaged 

Navier-Stoke equations with axisymmetric flow assumption and eddy viscosity turbulence closure scheme. 

These models will be explained with more details in the following sections. (Beaucage, et al., 2012) 

 

3.4.1 Distributed Roughness Approach Models 

The earliest and the simplest approach was to consider wind turbines composing a wind farm, 

mainly based on regular turbine arrays in relatively flat terrain, as distributed roughness elements which 

modify the ambient atmospheric flow. A logarithmic velocity profile is assumed to exist for the 

unperturbed ambient flow depending on the terrain roughness parameter. This roughness parameter is 

modified/increased because of the existence of wind turbines. Thus a new velocity profile is calculated 

which leads to calculation of power production from each wind turbine. This logarithmic velocity profile 

assumption used in early models was modified by Frandsen and Emeis (Emeis, et al., 1993) to have a 

better description of the perturbed flow. According to their assumption, two logarithmic velocity profiles 

which match at the hub height with each other exist. The one below the hub height is due the roughness 

of the ground while the one above is due the disturbance of the wind turbine. In the more advanced 

models, it was assumed that in the mixing layer of the air an energy or momentum transfer takes place 

from the undisturbed ambient flow to the wake which replenishes the momentum lost during the energy 

extraction process from turbines and to the ground due to its roughness. This replenishment rate provides 

the information of the energy or momentum deficit for the next turbine row. Thus the wind speed for 

these turbines can be calculated. Even though distributed roughness model approach, which mainly 

concludes that efficiency of a wind farm depends on the wind speed, is not as sophisticated as the other 

wake modeling techniques, it might provide reasonable wind farm efficiency values if required 

assumptions are done properly. (Crespo, et al., 1999) (Manwell, et al., 2009)  (Bossanyi, et al., 1980) 

 

3.4.2 Individual Wake Formation Approach Models 

Another approach adopted was to examine each wake formation behind a wind turbine 

individually in order to investigate the flow field with a better accuracy rather than an averaged 

distribution. Then the interaction of wind turbines inside the wind farm could be calculated by means of 

superposition of the wakes. For this reason both explicit i.e. kinematic and implicit i.e. field models have 

been developed depending on the requirements of the corresponding work. This individual wake 

formation approach is based on velocity deficit created by the existence of turbine rotor which has been 

described in many cases as a solid disc, benefiting from actuator disc theory. Due to the thrust on the 

turbine, flow past the blades loses its kinetic energy by creating a wake region downstream. This wake 

which is assumed to be cylindrically axisymmetric expands starting from near wake till the far wake region. 

Within this wake region the velocity of the flow decreases until the ambient pressure is reached. (Crespo, 

et al., 1999) 
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3.4.2.1 Explicit (Kinematic) Models 

Kinematic models which are created based on self-similar velocity deficit profiles are generally 

preferred due to their simplicity for implementation and low computational effort during simulations. 

Assuming a uniform profile, the initial velocity deficit is usually calculated from the thrust coefficient of 

the wind turbine. However, unlike many other authors Voutsinas, (Voutsinas, et al., 1990) preferred to use 

power coefficient to obtain the initial velocity deficit claiming that accessing the power curve information 

of a turbine is easier. For obtaining the velocity deficit profile at any section inside the wake, global 

momentum conservation principle is used in kinematic models. Several authors, namely Lisamann (S. 

Lissaman, 1979), Vermeulen (Vermeulen, 1980), Katic (Katic, et al., 1986), Kiranoudis (Kiranoudis, et al., 

1997) and Larsen (Larsen, et al., 1996), developed kinematic wake models with slight differences in their 

assumptions for velocity deficit profiles such as Gaussian or top hat profile, conservation formulations 

such as momentum or mass conservation and wake growth trend. But choosing appropriate values for 

these assumptions, all these models provide reasonable results. In these models, it is assumed that the 

wake grows due to the ambient turbulence, turbulence induced by the shear layer separating the wake 

region and ambient flow, and turbulence created by wind turbine itself. This growth rate is considered to 

be linear as a function of downstream distance by Katic (Katic, et al., 1986) while Larsen (Larsen, et al., 

2008) claims that the width increases with the cubic root of the downstream distance. Larsen also claims 

that velocity deficit and turbulence intensity decay as square of cubic root and cubic root of downstream 

distance respectively. The most important difficulty encountered in kinematic models is the 

implementation of the ground effect due to axisymmetric flow assumption. Generally a symmetrical image 

turbine is assumed to exist in order to imitate the ground effect, however satisfactory results are not 

observed. This problem can only be eliminated by 3-D models. (Crespo, et al., 1999)  

 

Figure 3.15 - Schematic representation of Katic's model (Manwell, et al., 2009) 

In order to have a better representation for kinematic models, it will be beneficial to investigate 

the work of Katic (Katic, et al., 1986). The model, of which representation is seen in Figure 3.16, describes 

the wake region with an initial velocity deficit profile depending on thrust coefficient and wake decay 

factor which determined experimentally as a function of ambient turbulence intensity, turbine induced 

turbulence and atmospheric stability. Having provided wind turbine properties of rotor diameter, hub 

height and power-thrust curves together with wind farm geometry and distribution of wind speed and 

direction, annual energy production for different turbine layouts can be calculated with this model. Thus 

location of wind turbines within the wind farm could be optimized to maximize energy output. Model 

assumes the wind velocity inside the wake as constant unlike other models using a Gaussian profile. Initial 

diameter of the wake is accepted as being equal to rotor diameter and it expands linearly as function of 

downstream distance, x depending on wake decay factor, k. Momentum conservation principle (Eq. 3.22) 

is used to represent the relation between free stream velocity   , rotor (or disc) velocity    and wake 

velocity   . 
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    (3.22) 

Using axial induction factor expression (Eq. 3.7), disc velocity can be obtained as a function of free stream 

velocity and (Eq. 3.22) can be rearranged to express wake velocity as following: 

         
  

          
 
  (3.23) 

Also, reorganizing thrust coefficient equation (Eq. 3.13) for the axial induction factor, velocity deficit at 

any x position in wake region can be expressed as below: 

   
  

  
 

         

          
  (3.24) 

Wake interaction is described by the model by summing the kinetic energy deficits caused by upstream 

turbines which are assumed to be equal to the kinetic energy deficit of the corresponding downwind 

turbine. Thus velocity at a given turbine position, UX, is calculated with the following expression. 

    
  

  

 
 

     
  

  

 
 

    
  

  

 
 

 (3.25) 

Where U1 and U2 stand for wake velocities of upstream turbines 1 and 2. Kinetic energy deficit approach 

of the model results in reaching an equilibrium value for the wake velocity after 3-4 turbine rows due to 

squaring velocity deficits. And experimental results agree this observation. After obtaining the velocity 

profile within the wake region by using equations given above for one wind speed and direction, the same 

procedure is repeated with whole wind distribution. Thus annual average energy output of the wind farm 

is obtained which provides the farm efficiency, the ratio of the actual energy harvested from the wind 

farm to the theoretical maximum energy which could be obtained if all individual wind turbines were 

operating standalone. With this information, farm layout could be adjusted in order to maximize energy 

output in a given location. (Katic, et al., 1986) 

 

3.4.2.2 Implicit (Field) Models 

One of the early approaches was implementing linearized momentum equation in the main flow 

direction used by Sforza (Sforza, et al., 1979). Considering the simplicity of the model, it was providing 

reasonable results within 10 to 20%. Later Taylor (Taylor, 1980) formed a 2 dimensional model with 

boundary layer approximation with eddy viscosity gradient closure scheme. But with a linear superposition 

of several turbine rows, very low or even negative power production results were obtained for the 

backmost turbine rows. EVMOD, parabolic eddy viscosity model, was developed by Ainslie (Ainslie, 

1988) which required solving only mass conservation and axial momentum equations. In additions to its 

simplicity, the model was able to provide reasonable results compared to wind turbine experiment results 

and the results were in good agreement with large scale tests when required corrections were done by 

considering the meandering effects. Crespo's UPMWAKE model (Crespo, et al., 1985) was developed by 

considering the wind turbine being immersed in a non-uniform basic flow with the surface layer of 

atmospheric boundary layer of which properties were determined by atmospheric stability (Monin 

Obukhov length) and surface roughness values. The flow was described by the mass, momentum, energy 

and turbulence kinetic energy conservation equations together with dissipation rate of turbulence kinetic 

energy equation with the k-ε closure method for turbulent flow equations. Having some discrepancies 

with experimental results, UPMWAKE is able to provide good predictions for velocity deficit and 

turbulent characteristics of the wake flow like the properties of downward tilt of the wake centerline, 

upward displacement of maximum added turbulence kinetic energy point and vertical and horizontal wake 

growth. EVFARM, which was developed by Garrad Hassan (Tindal, 1993) (Adams, et al., 1996), used two 

alternative semi empirical models, namely uniform turbulence in the wake and radial variations in 
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turbulence intensity to calculate wake turbulence. This model also provides reasonable results with 3% 

underestimation for velocity deficit and 11% overestimation for turbulence intensity as compared to 

experimental results. In most of the models, the inconsistencies between the models and the experiments 

in the near wake region are due to the assumptions of uniform or prescribed initial velocity deficit profiles 

which are obtained from thrust coefficient. Large eddies in comparison with wake size which can move 

bodily can cause the meandering phenomenon. (Crespo, et al., 1999) 

As being one of the most commonly adopted implicit methods, it is useful to have a closer look at 

Ainslie's Eddy Viscosity (EV) model which also comprises a significant part of WindFarmer software. EV 

model was developed to describe wake velocity field and is based on numerically solving of governing 

Navier-Stokes equations. Due to its advantages of being robust, quick and easy to implement, EV model 

has been widely adopted for wind farm planning and design operations. Thus it has become one of the 

forerunners of commercial wind farm design codes. In this approach, as the model name implies, eddy 

viscosity turbulence closure scheme is used due to its relative simplicity. Eddy viscosity scheme which 

describes the turbulence wake flow has two contributors. These are turbulent mixing due to turbulence 

generated within the wake shear layer and ambient turbulence induced wake mixing. The latter term 

dominates the wake velocity field formation. As the field and wind tunnel experiments illustrate, near 

wake region up to 2-4 D downstream distance has a very complex flow field structure. Therefore, eddy 

viscosity definition should be modified while describing this complex near field region where a non-

equilibrium state exists between mean velocity and turbulence fields. The model assumes that maximum 

velocity deficit is reached around 1-2 D downstream distance and mixing phenomenon overcomes the 

pressure gradient effect which enables velocity deficit recovery. As the annular turbulent shear layer 

expands and reaches the centerline around 3-5 D downstream, the wake profile is assumed to be Gaussian 

and it decays monotonically with a rate depending on ambient turbulence level which is related to surface 

roughness length and atmospheric stability. Higher the ambient turbulence level, faster the wake deficit is 

recovered. (Ainslie, 1988) 

 

Figure 3.16 – Schematic representation of Eddy Viscosity model (GL, 2014) 

EV model, of which representation can be seen in Figure 3.17,  assumes an axisymmetric, fully 

turbulent and stationary – neglecting the meandering effect – flow field to describe the wake region. 

Contribution from meandering is added later with modification to the velocity deficit. With these 

assumptions thin shear layer Navier-Stokes equation (Eq. 3.27) is solved where shear stress term,       , is 

described by turbulent viscosity with eddy viscosity concept (Eq. 3.28).  
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(3.28) 

where U-V and x-r stand for axial-radial velocity and distance respectively whereas ε represents eddy 

viscosity which is defined with (Eq. 3.29) as below: 

                   (3.29) 

where    and    are the suitable length and velocity scales for the wake shear layer and    stands for the 

ambient turbulence contribution to eddy viscosity. As mentioned above, for the complex near wake region 

a modification is required for more accurate description which results in obtaining the following 

expression (Eq. 3.30) for eddy viscosity with the filter function, F, contribution. More details related to 

this modification can be found in Ainslie’s work.  

                     (3.30) 

where    and    stand for wake width and wake centerline velocity respectively whereas    is an emprical 

constant which is found out to be 0.015 as a result of wind tunnel experiments with different thrust 

coefficient values. Since at 2 D downstream, pressure gradients stop dominating the flow, the solution is 

started at this distance. Initial velocity deficit, DM, at 2 D downstream is obtained depending on thrust 

coefficient with the following expression (Eq. 3.31) which is based on wind tunnel experiment results.  

  
            

            
    

     
(3.31) 

where    stands for ambient turbulence intensity (%). The wake width at this distance then is calculated 

with conservation of momentum using the expression in (Eq. 3.32). 

 

    
      

            
     

(3.32) 

After calculating the average eddy viscosity at 2 D downstream distance with the help of (Eq. 3.9) and 

(Eq. 3.10), Navier-Stokes equation (Eq. 3.5) can simply be solved implicitly using numerical finite 

difference scheme with a simple forward difference method for the axial advection term. Thus, the model 

describes the wake flow field of a single turbine. For overlapping wake conditions as in wind farm cases, 

velocity fields are superposed using a suitable method. As mentioned above, the model has been 

developed so far by neglecting the meandering effect, which is quite reasonable for stable atmospheric 

conditions. However, for neutral and unstable conditions, the model needs a modification to take into 

account meandering effect for more accurate predictions. Because velocity deficit in reality will be lower 

than it is predicted with the model due to averaging effect of meandering. Hence, the predicted value is 

corrected using an empirical expression. (Ainslie, 1988) (GL, 2014) (Anderson, 2009)  

  



-34- 
 

4 WindFarmer 

WindFarmer is a wind farm designing software which allows the user to perform energy 

calculations by considering environmental and geographical conditions of a given site. The software is 

developed to carry out wind energy simulations in order to investigate the interactions of wind turbines 

with the purpose of reaching the most optimum farm layout. Thus it is aimed to achieve maximum energy 

production by also taking into the design constraints such as maximum ground slope, maximum allowable 

turbulence intensity, minimum turbine spacing etc. WindFarmer is also able to perform simulations to 

exhibit environmental effects of a wind farm, namely noise, shadow flicker and visual influence. However, 

these features of the software are beyond the scope of this work.  

4.1 Data Loading 

The software mainly requires two data set to start executing a wind farm simulation. The first one 

is the map data file (.map) which contains the geographical information describing roughness, terrain 

height and dimensions of the related site location. This data can be created for a hypothetical location 

using WAsP Map Editor tool or a real map can be loaded by means of online sources like STRM 

Worldwide Elevation Data1. Map data is required firstly to create wind farm on a given site by determining 

the turbine locations and secondly to enable wind flow calculations depending on terrain characteristics. 

Furthermore, the software allows the user to load a background map image (.jpg) file which contains 

height contour, road, forest, town and individual residence data to provide a better visualization of the 

site. 

The second data set required by WindFarmer is the wind speed and direction distribution (.tab) 

file to represent the wind climate of the specified farm location. This .tab file which is created as a result 

of long term measurements by a meteorological mast comprises the information of each wind speed 

occurrence probability for a particular direction sector at the given mast point.  The software uses this 

data to perform wind flow calculations in order to create the wind resource grid of the site by associating 

the wind regime at mast height to turbine hub height.   

WindFarmer uses its own simplified model or external WAsP software to simulate speed and direction 

variation of wind flow as it moves across the site. This variation is modeled due to the changes in 

roughness, terrain height and existence of obstacles in the wind farm. 

Internal wind flow model of the software which is mostly adopted for early feasibility studies 

combines simple horizontal model based on terrain height and vertical shear model based on surface 

roughness to predict wind speed variations. The former one uses the assumption that wind speed changes 

linearly23 with a speed-up factor as a function terrain altitude, which is represented by (Eq. 4.1): 

                  (4.1) 

where s and    stand for speed-up factor and change in altitude respectively. Furthermore, the shear 

model associates the wind speed and direction distribution data measured at mast height to turbine hub 

height to be used in energy calculations. This can be performed by using log law (Eq. 4.2) or power law 

(Eq. 4.3) depending on the available input data and turbine hub height. 

 

   
   

    

  
 

   
     

  
 
      

(4.2) 

 

 

                                                 
1 http://www.cgiar-csi.org/data/srtm-90m-digital-elevation-database-v4-1 
2 Euro building code – ENV 1991-2-4:1995 
3 British standard building code – BS 6399: Part  2:1997 
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(4.3) 

where      and       are mast turbine hub and mast heights respectively while    and α which are the 

input parameters for the models stand for surface roughness length and power exponent.  

4.2 Wake Modeling and Energy Calculations 

In a wind farm incident wind speed on each turbine is obtained by integrating the topographic 

speed-up effects calculated through wind flow modeling and wake effects described by wake models. 

WindFarmer enables the user to perform calculations adopting two wake models, namely Modified PARK 

and Eddy Viscosity models. These models are based on the methods explained in Wind Farm Modeling 

section with slight modifications.  Assuming the first turbine, or turbine row, is not subjected to any wake 

effect, WindFarmer calculates incident wind speed on each downwind turbine in turn by modeling the 

wake of upstream machines for each wind speed and direction step. Calculations start at 2D downstream 

distance, where it is assumed that pressure gradients no longer dominate the flow and the software is 

validated accordingly.  

Modified PARK model used by WindFarmer is developed according to the algorithm explained 

by Katic (Katic, et al., 1986). Besides turbine characteristics, the software requires one of the input 

parameters of surface roughness length or wake expansion factor (k) in order to initiat e the calculations. 

In the absence of wake expansion factor knowledge, it is calculated with (Eq. 4.4): 

 
   

 

    
    

  
 
     

(4.4) 

where A is an empirical constant which equals to 0.5. The model takes into account partial and full wake 

cases while calculating the incident velocity on the downwind turbine depending on how much percentage 

of the rotor is covered by the wake of the upstream one. In the case of multiple wakes, largest wind speed 

deficit is used to calculate the wake effect while the other smaller deficits are neglected. WindFarmer uses 

this methodology as a result of assessment of various data obtained from real wind farms.  

Eddy Viscosity model which is developed based on the work of Ainslie is used by WindFarmer to 

execute more accurate simulations (Ainslie, 1988). The only disadvantage of this model against Modified 

PARK is its longer computation time. Using this model, the user needs to define maximum allowable 

turbulence intensity. Because unlike Modified PARK, EV model takes the turbulence structure of the flow 

field into account for wake calculations. The model calculates the ambient eddy viscosity term,      , 

with the expression in (Eq. 4.5): 

           
             (4.5) 

where    is the von Karman constant being equal to 0.4 and     stands for the ambient turbulence which 

should be provided as an input value or can be calculated from the surface roughness with (Eq. 4.6): 

 
    

 

        
     

(4.6) 

In (Eq. 4.5), F is the filer function developed for the complex near wake region but the model uses F as 

unity due to the comparison done with the measurements reported by Taylor (Taylor, 1990). Furthermore, 

since turbulence structure of the wake region is taken into account in EV model calculations, increased 

turbulence levels are considered for the turbines in the wake regions of upstream turbines are considered 

as well. The level of increased turbulence is calculated by means of an empirical expression firstly 

developed by Quarton and Ainslie (Quarton, et al., 1990); later improved by the WindFarmer software.  

After performing wind flow and wake modeling calculations, the software stores the incident 

wind speed on each wind turbine location for each wind speed and direction steps. The results of these 
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calculations consist of directional Weibull parameters to represent the wind regime at the turbine hub 

height. WindFarmer carries out energy calculations by combining these results with the power curve of 

related turbines and site air density to provide the power output for the whole wind farm as well as each 

individual wind turbine. Moreover, besides net energy output of the wind farm ideal and gross energy 

yields are provided by the software to observe topographic and array efficiencies respectively.  
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5 Results & Discussions 

5.1 Simulation Settings 

As stated in earlier chapters, the purpose of this work is to investigate the reduction of energy 

production in wind turbines due to wake losses. Therefore, a systematic approach has been adopted to 

represent wake development depending on different parameters defining wind farm characteristics, 

namely wind conditions, terrain conditions, turbulence intensity and selected turbine types. Due to the 

opportunity of using two different wake models that WindFarmer provides, simulations are executed to 

observe similarities and differences of both techniques.  

 Wind conditions 

Since a wake region behind a wind turbine is highly dependent on the wind direction, a narrow 

bin, 30° wide, from a prevailing direction, 0° with the rotor axis, seen in Figure 5.1, is chosen as the first 

step in order to have a better representation. As the speed distribution, following Weibull parameters, seen 

in Figure 5.1, which are acquired from a 27 m meteorological mast measurements, are used.  

A = 11.9 m/s , k = 2.04 , U = 10.50 m/s 

 

 

Figure 5.1 - Wind direction and speed distribution 

 

 Terrain conditions 

Three different roughness length4 are chosen to represent three different terrain conditions and 

their effect on wake region development. 

o z0 = 0.0002 m for open sea environment which is valid for offshore wind farms 

o z0 = 0.0300 m for agricultural areas with scattered dwellings around the wind farm 

o z0 = 0.1000 m for agricultural areas with some houses and hedgerows around the wind 

farm 

 

                                                 
4 http://www.renewable-energy-concepts.com/wind-energy/wind-basics/roughness-length.html 
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 Ambient turbulence conditions 

As explained in many sections of the work, ambient turbulence is a prominent aspect determining 

how the wake grows and wind speed recovers itself. Therefore, three different ambient turbulence 

intensity values, seen below, are used in the simulations.  

o I0 = 5 %  

o I0 = 10 % 

o I0 = 15 % 

 

 Turbine types 

Turbine characteristics are quite effective especially on the wake initiation phase where incident 

wind speed is reduced by the existence of the turbine with a rate depending on the thrust coefficient of 

the machine. Also initial wake width is assumed to be equal to the rotor diameter by most of the wake 

model.  In addition, hub height of the turbine determines how the rotor is affected by the ambient 

turbulence. Thus, three different turbine types having different hub heights and rotor diameters (D), 

which are listed below are used in order to observe these effects.  

 Generic  Turbine Type 1 (P = 750 kW, zhub = 46 m, D = 48 m)  

 Generic  Turbine Type 2 (P = 1.5 MW, zhub = 80 m, D = 70 m)  

 Generic  Turbine Type 3 (P = 3.0 MW, zhub = 100 m, D = 100 m) 

Data of these turbines are obtained together with WindFarmer software. Power and thrust curves of each 

turbine are given in Figure 5.2, 5.3 and 5.4 respectively. It should be noted that, in spite of the difference 

in their hub height and rotor diameter, Generic Turbines 2 and 3 have exact same power and thrust 

coefficients which can also be observed from the figures.  

 

 

Figure 5.2 - Power and thrust curve of Generic Turbine Type 1 
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Figure 5.3 - Power and thrust curve of Generic Turbine Type 2 

 

Figure 5.4 - Power and thrust curve of Generic Turbine Type 3 

 

 Wake models 

Previously explained Modified PARK and Eddy Viscosity wake models are adopted for the 

simulations. Besides the different equations that both models use to describe wake region, the main 

difference between the techniques is to consider the ambient turbulence intensity to calculate the initial 

wake deficit elements. Therefore, both models are used to illustrate wake initiation and development. 

Considering the parameters explained above, a systematic approach has been followed to 

represent basic wind farm layout schemes. As will be explained with more details in the next section, 

starting from layouts involving two wind turbines; three, four and eight wind turbine cases with different 

configurations are simulated to observe the effect of wake loss on energy production depending on 

crosswind and downwind spacing between the neighboring turbines and farm layout shape. 
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5.2 Simulation Results 

5.2.1 Case I 

The interaction between two wind turbines placed in two different configurations is investigated under the 

wind condition explained in the previous section.  

5.2.1.1 Case I-A 

Two wind turbines are placed abreast as can be seen in Figure 5.5, with 0° according to the prevailing 

wind direction seen in Figure 5.1. The aim of this test case is to observe the interaction between adjacent 

wind turbines even though they are not in the wake region of each other. Because, the tip vortices caused 

by each turbine blade are expected to affect the neighboring turbine blade by adding an extra loading due 

to increased turbulence. Simulations are started with a crosswind spacing of 2D and executed till 5D.  

 

Figure 5.5 - Case I-A farm layout 

 Results 

In all of the terrain condition and wind turbine type, simulations are performed with both wake models 

and no significant interaction between the adjacent turbines is observed for the crosswind spacing values 

stated above.  

 Discussions 

Even though, a decrease in energy production is encountered for crosswind spacing less than 2D, it is not 

worthwhile to interpret this result due to two reasons.  Firstly, WindFarmer software is validated for 

minimum 2D spacing and simulations performed with spacing less than this amount are not guaranteed to 

provide realistic results. Secondly, placing turbines with a crosswind spacing less than 2D is not a realistic 

approach in actual wind farm cases. Therefore, it is accepted by this work that adjacent turbines do not 

have a significant interaction in the existence of single, narrow wind direction bin.  

 

5.2.1.2 Case I-B 

Two wind turbines are placed in a tandem configuration, as seen in Figure 5.6, for the same wind 

conditions as Case I-A. The aim of this case is to observe the decrease in energy production and the 

increase in the turbulence intensity of the downwind turbine, marked with 2 in Figure 5.6, due to the wake 

region of the upwind machine.  
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Figure 5.6 - Case I-B farm layout 

Simulations are executed in two main parts for Case I-B, depending on the wake model adopted. In the 

first part, three different roughness length values introduced in the previous section are taken as the 

terrain conditions for all of the turbine types, namely Generic Turbine 1, 2 and 3 and simulations are 

performed with Modified PARK wake model. Since Modified PARK model does not take ambient 

turbulence intensity value into account during calculations, a specific value is not given for the first part. 

In the second part, Eddy Viscosity wake model is adopted, in which wake growth is highly dependent on 

ambient turbulence intensity. Therefore, in addition to the parameters of the first part, three different 

ambient turbulence intensity values are considered in the second part. Thus, it is aimed to observe both 

energy decrease and turbulence increase trends for different conditions. In both parts, simulations are 

executed for downwind spacing values from 2D to 10D to see the effect of turbine separation on the 

wake loss phenomenon.  

 Results 

Energy production results of the downwind turbine from the first part of Case I-B are plotted on Figures 

5.7, 5.8 and 5.9 for Generic Turbine types of 1, 2 and 3 respectively. Energy production value of the 

downwind turbine is normalized with respect to energy production of a standalone turbine and is stated as 

E/E0 on the Y-axis of the graphs. The results are plotted as functions of downwind spacing between both 

turbines, which is normalized with respect to rotor diameter of the corresponding turbine and indicated as 

X/D on the X-axis. Three curves on each plot represent different roughness lengths with which the 

simulations are performed.    
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Figure 5.7 - Normalized energy production of the downwind turbine as a function of downwind spacing and roughness 

length for turbine type 1 with PARK wake model 

 

Figure 5.8 - Normalized energy production of the downwind turbine as a function of downwind spacing and roughness 
length for turbine type 2 with PARK wake model 

 

The results indicate that even though the trend is quite similar for all turbine types, it takes different 

downstream distances for different turbines to reach a certain amount of recovery. For instance, 

downwind turbine gets to produce 95% of the energy production of a standalone one at 10D downstream 

distance for 0.0002 m roughness length for Generic Turbine 1 whereas this distance is 9D for Generic 

Turbines 2 and 3 with very slight differences. Also, it is clearly observed that increasing roughness length 

reduces the required downstream distance for wake recovery. Graphs show that Type 1 turbine reaches 

the 95% production amount at a distance less than 8D with 0.1 m roughness length value while Type 2 

and 3 reach the same value around 7D downstream distance.  
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Figure 5.9 - Normalized energy production of the downwind turbine as a function of downwind spacing and roughness 

length for turbine type 3 with PARK wake model 

In the second part of Case I-B, normalized energy production of downwind turbine with respect to 

standalone turbine is plotted as a function of normalized downstream distance again. But this time, there 

are 9 curves on the plot each of which stands for different ambient turbulence intensity and surface 

roughness length couple, as can be seen in Figures 5.10, 5.11 and 5.12.  

EV wake model simulation results confirm with the first part of the case in terms of energy recovery trend 

with slight differences as expected. Since EV model takes ambient turbulence intensity into account 

during calculations, more detailed predications are observed in the second part. It is seen that ambient 

turbulence intensity has a similar but stronger effect on the wake recovery as the surface roughness length. 

For instance, as can be seen from Figure 5.10, for 0.0002 m surface roughness length, Type 1 turbine 

reaches 95% energy recovery level at 10D downstream distance when ambient turbulence is equal to 5%. 

However, this distance reduces to somewhere around 8D and 7D for 10% and 15% ambient turbulence 

intensities respectively. 

 

Figure 5.10 - Normalized energy production of the downwind turbine as a function of downwind spacing, roughness 
length and ambient turbulence intensity for turbine type 1 with EV wake model 
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The same observation is valid for other turbine types as can be seen from Figures 5.11 and 5.12. 

 

Figure 5.11 - Normalized energy production of the downwind turbine as a function of downwind spacing, roughness 
length and ambient turbulence intensity for turbine type 2 with EV wake model 

 

Figure 5.12 - Normalized energy production of the downwind turbine as a function of downwind spacing, roughness 
length and ambient turbulence intensity for turbine type 3 with EV wake model 

In the second part of Case I-B, increased turbulence intensity at the downwind turbine is also observed 

from the EV model simulations. The results are plotted for turbulence intensity values of each turbine 

type as a function of normalized downstream distance. Each curve on the plots, seen in Figures 5.13, 5.14 

and 5.15, represents different ambient turbulence intensity and surface roughness length couple as in 

energy production graphs. The results show that as the downstream distance increases, turbulence 

intensity at the downwind turbine tends to return ambient level at a certain distance depending on surface 

roughness length and turbine type. It is seen from the plots that as the surface roughness increases, 

ambient turbulence level is reached in a shorter distance. Results also indicate that much higher turbulence 

intensity values are observed for Type 1 turbine as compared to other types.  
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Figure 5.13 - Turbulence intensity at the downwind turbine as a function of downwind spacing, roughness length and 

ambient turbulence intensity for turbine type 1 with EV wake model 

 

Figure 5.14 - Turbulence intensity at the downwind turbine as a function of downwind spacing, roughness length and 
ambient turbulence intensity for turbine type 2 with EV wake model 

 Discussions 

The most significant observation from the first part of Case I-B, where simulations are executed with 

Modified PARK wake model is the difference between turbine types for reaching a certain amount of 

energy recovery. This is directly related with the thrust coefficient of the turbines which can be seen from 

Figures 5.2-5.4. As the thrust coefficient increases, higher wake deficit is observed after the energy 

extraction by the upstream turbine. Since Type 1 turbine has a higher CT value, it causes a much stronger 

wake deficit formation as compared to other types which have almost the same behavior due to having 

the same CT curve. The slight difference between Types 2 and 3 can be attributed to the difference in their 

hub heights. Since all turbines are exposed to the same wind conditions of which data are provided from a 

27 m high meteorological mast, Type 3 turbine experiences slightly higher wind speed than Type 2 turbine 

due to its higher hub. This condition is due to wind flow model of the software which associates the wind 
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Figure 5.15 - Turbulence intensity at the downwind turbine as a function of downwind spacing, roughness length and 

ambient turbulence intensity for turbine type 3 with EV wake model 

 

speed at the measured height to the hub height by means of shear law. Since the wind speed at Type 3 

turbine is higher than Type 2, corresponding CT value is lower which results in observing a slightly weaker 

wake region. Thus, the wake recovery distance for Type 3 turbine is shorter than that of Type 2. Another 

important result of the first part of the case is the relation between surface roughness length and the wake 

recovery. Wake expansion factor of Modified PARK model is dependent on surface roughness length, as 

can be seen from (Eq. 4.4). Therefore, increasing roughness length provides higher wake expansion factor 

which results in faster recovery. It should also be noted that higher surface roughness causes shear law to 

obtain higher wind speed values for the given meteorological mast measurement at the turbine hub 

heights. Thus, higher wind speeds usually result in lower CT values for the corresponding turbines. So it 

can be concluded that faster wake recovery due to increased surface roughness can be attributed to 

combined effect of increased wake expansion factor and increased hub height wind speed due to shear 

law. 

In the second part of the case, keeping the validity of the Modified PARK wake model results, the effect 

of ambient turbulence intensity on wake recovery is observed. As explained in previous chapters, ambient 

turbulence intensity together with the turbulence created by turbine itself is one of the most important 

factors which enhance mixing of the wake region with the undisturbed flow in order to enable wake 

recovery. Figures 5.10-5.12 clearly indicate that as the ambient turbulence level increases, decreased wind 

speed is recovered faster due to the momentum transfer from the ambient flow to the wake region. 

Furthermore, EV model results point out another important observation about increased turbulence 

intensity behind the upstream turbine. Simulations show that depending on the ambient turbulence level 

and turbine type, downwind turbine may experience turbulence intensities up to 33% which can be quite 

harmful in terms of excessive fatigue loading on the turbine blades. It is seen that Type 1 turbine 

experiences the highest turbulence intensities while Type 3 is exposed to lowest. This is due to the 

difference in hub height of the machines, which causes experiencing weaker turbulence at lower heights. 

Therefore, it should be concluded that downwind spacing between tandem turbines is crucially important 

not only because of wind speed recovery but also the increased turbulence intensity which can affect the 

downwind machine significantly in terms of fatigue loading.  
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5.2.2 Case II 

The interaction between three wind turbines in two different layout configurations is investigated. The 

same wind conditions as in Case I are applied. However, unlike Case I, simulation parameters in Case II 

are fixed with the purpose of observing the effect of varying crosswind and downwind spacing between 

neighboring turbines. On the grounds of the results from Case I, following parameters are selected for 

Case II simulations, all of which are executed with EV wake model in order to have more accurate 

predictions by taking ambient turbulence intensity into account:  

 Turbine type : Generic Turbine 3  

 z0 = 0.003 m 

 I0 = 12.5 % 

These parameters are chosen to have a realistic representation of a typical wind farm; having wind 

turbines with 3 MW rated power on a smooth agricultural area with a medium ambient turbulence 

intensity. In order to provide more clear comparison with the results obtained in this and following cases, 

a simplified version of Figure 5.12, having only one curve representing the results of type 3 turbine for 

surface roughness and ambient turbulence intensity mentioned above, is given in Figure 5.16. 

 

Figure 5.16 - Normalized energy production of the downwind turbine as a function of downwind spacing for turbine 

type 3 with EV wake model 

 

5.2.2.1 Case II-A 

Three wind turbines are placed in a configuration as seen in Figure 5.17 with the aim of observing partial 

and full wake effect on the energy production of downwind turbines, marked as 2 and 3 on the figure, 

depending on varying downwind spacing with the upwind turbine; and crosswind spacing with each other, 

which is centered according to the upstream turbine axis.  
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Figure 5.17 - Case II-A farm layout 

 Results 

Normalized energy production values of a downwind turbine, Turbine 2 or 3, are plotted on Figure 5.18 

as a function of normalized downwind spacing with the upwind turbine.  Four curves on the plot 

represent energy production amounts which belong to different crosswind spacing between downwind 

turbines in terms of turbine rotor diameter.  

The results indicate that in the close vicinity of upwind turbines, up to 4D downwind distance, downwind 

turbines are capable of producing maximum possible energy, E/E0 being equal to 1, in the case of 5D 

crosswind spacing. After this point a decrease starts, which lasts until 11-12D downwind distance where 

equilibrium is established with E/E0 having value around 0.98. A similar trend is observed for 4D 

crosswind spacing case, which has its maximum production until somewhere around 3D downwind 

spacing, after which a decrease is seen until minimum point is reached around 9D downwind spacing. For 

2D and 3D crosswind spacing cases, trend is similar to 4D crosswind case, however, in these cases 

downwind turbines do not have their maximum production at E/E0 =1 when they are placed in the close 

vicinity of the upwind turbine.  

 

Figure 5.18 - Normalized energy production of each downwind turbine as a function of downwind and crosswind 

spacing for Case II-A farm layout 
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 Discussions 

Case II-A simulation results point out the importance of partial and full wake effects on the energy 

production of downwind turbines. As Figure 5.18 is analyzed together with Figures 5.19 and 5.20, on 

which development of wake region is seen for 2D and 5D crosswind spacing cases respectively, it is 

observed that downwind turbines do not reach the minimum energy production amount unless they are in 

the full wake of upstream turbine. Figures 5.19 and 5.20 clearly show that depending on the crosswind 

spacing the distance where downwind turbines enter the full wake region changes. Therefore, the 

minimum energy production takes place at a further distance as the crosswind spacing increases. However, 

after reaching this minimum value, energy production of downwind turbines starts to increase due to wake 

deficit decaying. But it should be noted that varying crosswind distance changes the dominant factor 

determining the maximum energy production distance. As it is seen in Figure 5.18, for 2D crosswind 

spacing, downwind turbines reach the same energy production value around 6D downstream distance as 

they have at 2D. But it is important to state that in the former case downwind turbines are in the partial 

wake region of the upstream turbine whereas in the latter one they are exposed to full wake as can be seen 

in Figure 5.19. After the minimum point, downwind turbines start to increase their energy production 

with the increasing downstream distance as a result of weakening of wake region. On the other hand, for 

5D crosswind spacing, maximum energy production for the downwind turbines is observed when they are 

in close vicinity of the upstream turbine because they do not experience any velocity deficit due to not 

being in a wake region at all, as seen in Figure 5.20. However, as the downwind distance increases, they 

start to enter the wake region due to wake expansion which causes a decrease in the energy production. 

Since it takes much longer distance for the 5D crosswind spacing case to enter the full wake region, the 

reduction in the energy production is less significant as compared to 2D crosswind spacing case due to 

weaker wake effect at further distances. In 3D and 4D crosswind spacing cases, similar wake development 

trends as in 2D and 5D cases are observed. The main difference between these cases is the downwind 

distance where turbines experience partial and full wake regions.  

 

Figure 5.19 - Wake development and interaction with downwind turbines with increasing downwind distance for 2D 
crosswind spacing for Case II-A farm layout 
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Figure 5.20 - Wake development and interaction with downwind turbines with increasing downwind distance for 5D 
crosswind spacing for Case II-A farm layout 

 

5.2.2.2 Case II-B 

Three wind turbines are placed in a configuration as seen in Figure 5.21 with the aim of observing 

multiple wake effect on the energy production of the downwind turbine, marked 3 on the figure, 

depending on varying downwind spacing with the upwind turbines; and crosswind spacing of upwind 

turbines with each other, which is centered according to the downwind turbine axis. 

 

Figure 5.21 - Case II-B farm layout 

 Results 

Normalized energy production values of the downwind turbine are plotted on Figure 5.22 as a function of 

normalized downwind spacing with the upwind turbines. Four curves on the plot represent energy 

production amounts which belong to configurations with different crosswind spacing between upwind 

turbines in terms of turbine rotor diameter.  
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Figure 5.22 - Normalized energy production of the downwind turbine as a function of downwind and crosswind 

spacing for Case II-B farm layout 

Case II-B results have quite similar trends as Case II-A. Downwind turbine produces maximum possible 

amount for 5D and 4D crosswind configurations when it is placed in a short distance to the upwind 

turbines. This maximum production is followed by a decrease which reaches a minimum around 11-12 D 

and 9 D downwind distances for 5D and 4D crosswind spacing cases. Furthermore, downwind  turbine 

displays a similar behavior for 2D and 3D crosswind spacing configurations but it does not start 

maximum production with E/E0 =1 when it is very close to upwind turbines as in Case II-A.  

 Discussion 

Case II-B points out the effect of multiple wakes from two upstream turbines on the downwind turbine as 

can be seen in Figures 5.23 and 5.24 for 2D and 5D crosswind spacing cases respectively. Figure 5.22 

confirms the similarity between Case II-A and II-B in terms of energy production as a function of both 

downwind and crosswind spacing. However, it should be emphasized that E/E0 numbers are quite 

different between both cases. For instance at 2D crosswind spacing configuration of Case II-A, downwind 

turbine is able to reach 93.5% of a standalone turbine energy production when it has its minimum value at 

4D downstream distance. On the other hand the minimum energy production for 2D crosswind spacing 

configuration is again reached at 4D downwind distance for Case II-B, but this time the value is 85.9%. 

This result arises from downwind turbine being exposed to multiple wakes from two upstream turbines in 

the latter case, which results in experiencing a higher velocity deficit. Thus, the decrease in energy 

production is greater. Similar observations are valid for other crosswind spacing configurations as can be 

seen from Figure 5.22.  

It can be concluded from Case II-A and II-B that location of a downwind turbine with respect to upwind 

turbine or turbines is quite important in terms of wake losses. The results clearly indicate that energy 

production decreases as the turbine goes into full wake from partial wake and into multiple wakes from 

single wake. However, when the results of Case II-B and Case I-B are compared, an interesting 

observation is seen. In Case II-B, downwind turbine is covered fully in some downwind distances by the 

combination of two partial wake regions from upwind turbines. This downwind distance changes 

depending on the crosswind spacing between upwind turbines. But results show that even though the 

downwind turbine is covered fully by these multiple wake regions, the decrease in energy production due 

to wake loss is less than that of Case I-B at the same downwind distance. Because in Case I-B, downwind 

turbine is under the center of full wake of the upwind one, whereas in Case II-B outer parts of partial  
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Figure 5.23 - Wake development and interaction with the downwind turbine with increasing downwind distance for 2D 
crosswind spacing for Case II-B farm layout 

 

wake regions cover the downwind turbine. Thus, as the theory suggests it can be said that the effect of 

wake region decays as moving out from the center.  So it can be concluded that for the same downwind 

spacing between upwind and downwind turbines, it is more desirable to be exposed to two partial wake 

regions which fully cover the rotor area of upwind turbine, rather than being under the center of one full 

wake region. 

 

Figure 5.24 - Wake development and interaction with the downwind turbine with increasing downwind distance for  5D 
crosswind spacing for Case II-B farm layout 
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5.2.3 Case III 

The interaction between four wind turbines in two different layout configurations is investigated. The 

same wind, terrain and turbulence intensity conditions as in Case II are applied for simulations executed 

for Type 3 Turbines with Eddy Viscosity wake model. The aim of Case III simulations is to observe the 

effect of multiple wakes on the energy production of downwind turbines depending on varying crosswind 

and downwind spacing between neighboring turbines.  

5.2.3.1 Case III-A 

Four wind turbines are placed in a configuration as seen in Figure 5.25 with the aim of observing multiple 

wake effect on the energy production of each downwind turbine. Case III-A differs from Case II-B in 

which multiple wake effect is observed as well in the way that downwind turbines are exposed to partial 

and full wake regions of upwind turbines.  

 

Figure 5.25 - Case III-A farm layout 

 Results 

Normalized energy production values of a downwind turbine, Turbine 3 or 4, are plotted on Figure 5.26 

as a function of normalized downwind spacing with the upwind turbines.  Four curves on the plot 

represent energy production amounts which belong to different crosswind spacing between adjacent 

turbines in terms of rotor diameter.  

It is observed from Figure 5.26 that as the downwind spacing increases, normalized energy production 

amount of downwind turbines increases as well. This observation confirms the results seen in Case I-B 

where similar configuration for tandem turbines is simulated. Figure 5.26 also shows that as adjacent 

turbines are placed further from each other, energy production is increased for the same downwind 

spacing. This observation becomes visible after 4-5D downwind spacing. However, it should be noted 

that such distinction is not valid between 4D and 5D crosswind spacing configurations.  

 Discussions 

The results from Case III-A are almost identical with Case I-B, especially when downwind turbines are in 

the close vicinity of upwind ones. Because although a very small contribution from the partial wake of 

further upwind turbine is present, it is negligible as compared to the full wake region of the close upwind 

one. However, as downwind spacing increases a slight separation is observed for 2D and 3D crosswind 

spacing cases. This is due to the increased partial wake area for the downwind turbines as can be seen in 

Figure 5.27 for 2D crosswind spacing configuration. On the other hand as crosswind spacing between 

adjacent turbines are increased to 4D or 5D, it is seen that the effect of partial wake region vanishes. 



-54- 
 

Because the partial wake reaches the downwind turbines at a further downstream distance where it gets 

weak enough to be neglected.  

 

 

Figure 5.26 - Normalized energy production of a downwind turbine as a function of downwind and crosswind spacing 
for Case III-A farm layout 

 

 

Figure 5.27 - Wake development and interaction with the downwind turbines with increasing downwind distance for 
2D crosswind spacing for Case III-A farm layout 
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5.2.3.2 Case III-B 

Four wind turbines are placed in a configuration as seen in Figure 5.28 with the aim of observing multiple 

wake effect on the energy production of a downwind turbine. In this case second and third turbines are in 

a similar configuration as in Case III-A and expected to have similar results. However, fourth turbine is in 

the wake region of first turbine together with second and third turbines of which incident velocity field are 

already affected by the existence of first turbine.   

 

Figure 5.28 - Case III-B farm layout 

 Results 

As expected wake loss in second and third turbines are almost identical with Case II-A, except for a very 

small decrease in 2D crosswind and 2D downwind spacing configuration. This small decrease can be 

attributed to very closely packed turbine layout which causes the fourth turbine to affect the energy 

production of second and third turbines. However, as the spacing is increased in both directions, this 

effect vanishes rapidly and the same behavior as in Case II-A is observed for these turbines. On the other 

hand, the situation of fourth turbine, of which normalized energy production trend is shown on Figure 

5.29, is more complex due to being exposed to 3 wake regions from 3 upstream turbines. Figure 5.29 

shows that in all crosswind spacing configurations, curves exhibit two different energy production trends. 

Up to a certain downwind spacing which changes depending on crosswind spacing, normalized energy 

production increases. Then a slight decrease, or for 2D crosswind spacing configuration a stable region, is 

observed, which is followed by an increase. However, the rate of this increase depends on the crosswind 

spacing again. For instance with 2D crosswind spacing, it is faster while with 5D crosswind spacing it is 

almost negligible because energy production is already very close to equilibrium state just above E/E 0 = 

0.96. 

 Discussions 

Comparing the results with the previous cases, it is observed that the effect of further downwind turbines 

(turbine 4) on the energy production of upstream ones is only remarkable for very dense farm layouts. On 

the other hand being in the latest row of the layout, fourth turbine is more significantly affected by the 

upwind turbine wakes. The energy production of fourth turbine increases up to a downwind distance 

while the wake region is still being dominated by the full wake of the first turbine. During this period, 

second and third turbine can only partially affect the fourth turbine, which is not as strong as the full wake 

effect. This situation is visualized on Figures 5.30 and 5.31 for 2D and 5D crosswind spacing 

configurations respectively.  
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Figure 5.29 - Normalized energy production of the fourth turbine as a function of downwind and crosswind spacing for 

Case III-B farm layout 

After that maximum point, as full wake of first turbine gets weaker, partial wakes become dominant on 

the fourth turbine which causes the slight decrease in energy production. But as the downstream distance 

increases, this effect decays as well. Thus, the energy production starts to increase or reaches the 

equilibrium level.  

 

Figure 5.30 - Wake development and interaction with the fourth turbine with increasing downwind distance for 2D 
crosswind spacing for Case III-B farm layout 

However, it should be pointed out that the downwind distance shown on Figure 5.29 is the spacing 

between each turbine row. In other words, as X/D equals to 6 in Figure 5.29, it means that the total 

distance between the first turbine and the fourth one reaches 12D. Thus, when a direct comparison 

between Case II-B and Case III-B is done due to the configuration similarity for the third (of Case II-B) 

and fourth turbine (of Case III-B), it is observed that energy production is lower for the latter case.  

Because even though the wake of first turbine has lost its strength at this distance for the fourth turbine 

which results in considering only two partial wakes from turbines 2 and 3, as in Case II-B, the incident 

wind speeds on the second row turbines are lower due to the wake region of the first turbine. 

Consequently, fourth turbine is exposed to a wake region with a lower wind speed as compared the wake 

region after the first turbine row in Case II-B. 
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Figure 5.31 - Wake development and interaction with the fourth turbine with increasing downwind distance for 5D 

crosswind spacing for Case III-B farm layout 
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5.2.4 Case IV 

Eight wind turbines are placed in a 2-row configuration as seen in Figure 5.32. Second row turbines are 

located with an offset with respect to first row in the normal direction, which is donated as Z, to the 

downstream direction, X. This offset starts from -2D and is shifted gradually towards +2D in Z direction. 

The direction of the offset is shown with an arrow on Figure 5.32. Simulations are performed with this 

shifting for varying crosswind and downwind spacing from 2D to 5D and 2D to 11D respectively. The 

same wind, terrain and turbulence intensity conditions as in previous cases are applied for simulations 

executed for Type 3 turbines with Eddy Viscosity wake model. The aim of Case IV is to observe the effect 

of offsetting of the successive turbine rows on the energy production decrease due to wake loss.  

 

Figure 5.32 - Case IV farm layout 

 Results 

Normalized energy production results of turbine 5 (outer turbine) and turbine 6 (inner turbine) are plotted 

as functions of offsetting in Z direction. Each curve on the plots represents varying downwind spacing 

between first and second turbine rows. Unlike previous cases, results of different crosswind spacing 

configurations are shown in different figures in order to provide better visualization. Due to the symmetry 

between turbine pairs of 5-6 and 7-8, results of the latter couple are not plotted additionally. Eight plots in 

this section represent the results of four different crosswind spacing configurations from 2D to 5D. The 

first four plots belong to outer turbine energy production results while inner turbine results are shown in 

the last four.  
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Figure 5.33 - Normalized energy production of the outer downwind turbine as a function of offsetting and downwind 

spacing for 2D crosswind spacing in Case IV farm layout 

 

 

Figure 5.34 - Normalized energy production of the outer downwind turbine as a function of offsetting and downwind 
spacing for 3D crosswind spacing in Case IV farm layout 

Analyzing Figures 5.33-5.36, it is observed that in all crosswind spacing layouts lowest energy production 

takes place at 0 offsetting, which is the configuration when downwind turbine is placed exactly behind the 

upwind one up to a certain downwind spacing. The distance where this observation is no longer valid 

changes depending on the crosswind spacing. For instance, it is viable up to 9D downwind spacing for 4D 

and 5D crosswind configurations whereas it is broken down before 7D and 5D downwind spacing for 3D 

and 2D crosswind cases respectively. Results also suggest that as the downwind spacing is increased, the 

effect of shifting the second row on energy production decreases gradually, particularly for larger 

crosswind spacing configurations.  
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Figure 5.35 - Normalized energy production of the outer downwind turbine as a function of offsetting and downwind 

spacing for 4D crosswind spacing in Case IV farm layout 

 

 

Figure 5.36 - Normalized energy production of the outer downwind turbine as a function of offsetting and downwind 
spacing for 5D crosswind spacing in Case IV farm layout 

 

Furthermore, it is also seen that as the crosswind spacing is increased, plots become more symmetrical for 

offsetting. In other words, outer downwind turbine tends to decrease its energy production as it is shifted 

in -Z direction for 2D crosswind configuration, whereas it reaches the initial production amount for 

almost every downwind spacing in 5D crosswind case.  
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Figure 5.37 - Normalized energy production of the inner downwind turbine as a function of offsetting and downwind 

spacing for 2D crosswind spacing in Case IV farm layout 

 

 

Figure 5.38 - Normalized energy production of the inner downwind turbine as a function of offsetting and downwind 
spacing for 3D crosswind spacing in Case IV farm layout 

Figures 5.37-5.40 show the normalized energy production results of the inner downwind turbine. As they 

are analyzed it is seen that like outer downwind turbine, lowest energy production takes place at 0 

offsetting, which is the configuration when downwind turbine is placed exactly behind the upwind one. 

Again this observation is valid up to a certain downstream distance which changes depending on 

crosswind spacing. However, it should also be noted that in 2D crosswind spacing configuration, at -2D 

and 2D offsetting placements, inner downwind turbine has the minimum production as well due to being 

exactly behind the upwind turbine as it is at 0 offsetting. For the inner downwind turbine, the symmetry 

of the plots about 0 offsetting is more remarkable as compared to outer downwind turbine. Except for 2D 

crosswind configuration, in which there is a slight difference between the results of -2D and 2D offsetting 

after 5D downstream distance, inner downwind turbine reaches the initial energy production amount in 
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the end of shifting. Furthermore, the response to offsetting vanishes with the increased downwind 

spacing, as in outer downwind turbine results.  

 

Figure 5.39 - Normalized energy production of the inner downwind turbine as a function of offsetting and downwind 
spacing for 4D crosswind spacing in Case IV farm layout 

 

 

Figure 5.40 - Normalized energy production of the inner downwind turbine as a function of offsetting and downwind 
spacing for 5D crosswind spacing in Case IV farm layout 

 

 Discussions 

Results obtained in Case IV simulations indicate that, in almost all configurations lowest energy 

production takes place for the downwind turbine, either outer or inner one, when it is placed directly 

behind an upwind turbine with no offset up to 5D downwind spacing, except for 2D crosswind spacing 

case. This observation is a result of full wake effect which losses its dominancy around 5D downwind 

spacing. After this downstream distance, combination of partial wake regions becomes more effective. 
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However, for 2D crosswind spacing configuration, the same situation is observed at a closer downstream 

distance because turbines are placed too close to each other in crosswind direction. Thus, combination of 

partial wake regions is capable of overcoming the dominancy of full wake region even at 4D downstream 

distance. On the other hand within the downstream distance mentioned here, production is maximum for 

the outer turbine at the initial offset position or when it gets rid of the full screen of the upwind turbine. 

This situation is observed at different offset positions depending on crosswind spacing configurations as 

seen in Figures 5.33-5.36. However, after exceeding a certain downwind spacing, more offsetting means 

being exposed to more partial wake regions for the outer upwind turbine. S ince at further downstream 

distances, combination of multiple partial wake regions is more effective on wake loss, it is no longer 

helpful to shift the second turbine row.  

Analyzing the results of the inner downwind turbine, quite similar observations are made in terms of 

energy production trend due to full and partial wake effects. Up to a certain downstream distance, which 

is about 5D for 2D crosswind spacing configuration and further for larger crosswind spacing cases, full 

wake is more dominant. Thus 0 offsetting causes the maximum decrease in energy production. 

Afterwards, combined effect of partial wake regions becomes more dominant and shifts the minimum 

energy production point to a further offset location.  On the other hand maximum production within the 

mentioned downstream distance is observed when the turbine is shifted to an offset location exactly 

between the crosswind spacing of two upwind turbines. This occurs at different offsetting depending on 

the crosswind spacing configuration. For instance, second row should be shifted to -1D or 1D offset in 

2D crosswind case for the maximum production, whereas in 3D crosswind case the offset should be -

1.5D and 1.5D. 

Depending on the analysis above, it can be concluded that as long as the full wake region is the dominant 

factor on energy production decrease for the successive turbine rows, in other words, up to 4-5D 

downstream distance, it is a useful action to place the successive turbine row with a certain offset which 

should be determined depending on the crosswind distance between the adjacent turbines in a row. As the 

Figures 5.33-5.40 show, this strategy provides a higher energy production for both outer and inner 

downwind turbines. This increase could be as high as nearly 25% depending on the crossw ind and 

downwind spacing between the turbines. However, it is seen that the same strategy cannot be adopted 

when a certain downstream distance is exceeded between the rows. Considering the extra crosswind 

length the farm needs to occupy with the offset, which will bring an increase in the total farm area; it is 

more beneficial to have a layout without offset when the downwind spacing is more than 5D. Finally it 

should be added that even though here the analysis is done for only turbines 5 and 6, the same results and 

observations are valid for turbines 7 and 8 due to the symmetry between these pairs.   
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5.2.5 Case V 

In this case eight wind turbines are placed in different layouts with simple geometrical shapes to create a 

small wind farm. These layouts are designed depending on the results obtained from previous simulations. 

However, unlike previous cases, total farm efficiency is investigated instead of individual downwind 

turbine energy production with the aim of observing the effect of farm layout on total energy production. 

Here total farm efficiency is calculated as the ratio between the actual total energy production of the wind 

farm and the maximum achievable energy production if all wind turbines perform standalone. The same 

wind, terrain and turbulence intensity conditions together with type 3 turbine and Eddy Viscosity wake 

model as in previous cases are applied for Case V simulations.  

 Results 

Simulations are executed for 10 different layout shapes. In each layout, crosswind and downwind spacing 

between turbines are varied with the same approach adopted in previous cases.  However, in Case V total 

farm efficiency of a specified layout is plotted as a function of total occupied downwind and crosswind 

lengths, instead of individual spacing between adjacent turbines and successive rows. Thus, it is aimed to 

evaluate the efficiency of a layout together with the required land area.  

Specified layouts and their efficiency results are given as below: 

 

Figure 5.41 - Case V farm layout 1 : Rectangle 

First layout shape used in Case V is a simple rectangle as seen in Figure 5.41. Eight wind turbines are 

placed to form two rows. Simulations for rectangle layout are executed for varying downwind and 

crosswind spacing from 2D to 11D and 2D to 5D respectively. Total farm efficiency is plotted as a 

function of total occupied downwind and crosswind lengths, which are normalized with respect to rotor 

diameter and indicted as X/D and Z/D respectively on Figure 5.42. As expected due to the observations 

from previous cases, total farm efficiency increases with the increasing downwind and crosswind spacing. 

But it is seen from Figure 5.42 that the influence of downwind spacing is stronger on the farm efficiency 

as compared to crosswind spacing. Figure 5.42 shows that, regardless of crosswind spacing, total farm 

efficiency reaches 0.95 before 5D downstream distance. This value is also used as a performance indicator 

in previous cases when normalized energy production of a downwind turbine is examined. For instance in 

Case I-B, it is observed that for the same wind and terrain condition it takes at least 7D downstream 

distance for a type 3 downwind turbine to reach this efficiency level, as seen in Figure 5.16, even though 

no multiple wake regions are present. However, here total efficiency of a farm is examined. Thus, with the 
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maximum achievable energy production levels of the first row turbines, lower efficiency values at the 

second row are averaged. Therefore, it is observed that in rectangle farm layout around 5D downwind 

spacing between successive rows - exact location depends on the crosswind spacing as well -, energy loss 

due to wake effects is reduced to 5%.  

  

Figure 5.42 - Total farm efficiency of rectangle layout as a function total occupied downwind and crosswind lengths 

 

 

Figure 5.43 - Case V farm layout 2 : Bow 

  

The second layout is chosen as bow shape, which is seen in Figure 5.43. Each row is created by placing 

four turbines on 1/3 of the perimeter of a circle with a specified radius. Simulations are executed for 

varying minimum downwind spacing, which is the distance between two successive turbines in a column, 

from 3D to 11D; and varying bow radius. Turbines cannot be placed less than 3D downwind spacing, 

which causes to have less than 2D spacing in other directions, resulting in breaking down of minimum 2D 

spacing constraint of WindFarmer software. Total farm efficiency result of bow layout, which is seen in 
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Figure 5.44, suggests similar observations with the rectangle case in terms of increasing efficiency due to 

increasing downwind spacing and bow radius. Also it is seen that 0.95 efficiency value is reached around 

4-5D downwind spacing, as in rectangle layout. 

 

Figure 5.44 - Total farm efficiency of bow layout as a function total occupied downwind and crosswind lengths 

 

Figure 5.45 - Case V farm layout 3 : Reverse Bow 

 

As the third layout, bow shape used in previous configuration is reversed, as seen in Figure 5.45, in order 

to observe if any variation between both shapes exists in terms of wake loss. The layout shape is created 

with the same manner explained for the bow shape and simulations are executed with the same 

configuration variations. The results, seen in Figure 5.46, indicate no observable difference between bow 

and reverse bow configurations.  



-67- 
 

 

Figure 5.46 - Total farm efficiency of reverse bow layout as a function total occupied downwind and  crosswind lengths 

 

In the fourth layout, rectangle and bow shapes are combined in a way to create a half circle, as can be seen 

in Figure 5.47. Simulations are executed for varying minimum downwind spacing, between turbines 3-7 

and 4-8; and varying half circle radius.  

 

Figure 5.47 - Case V farm layout 4 : Half Circle 

 

Efficiency results, plotted on Figure 5.48, show a similar trend with the previous cases. As the spacing 

between turbines increase, the efficiency increases as well. However, it is seen that the initial efficiency 

values for the minimum downwind spacing configuration is higher than rectangle and bow shape layouts. 

Thus, 0.95 efficiency value is reached earlier, even before 4D downstream distance for bow radius of 4D 

and more. 
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Figure 5.48 - Total farm efficiency of half circle layout as a function total occupied downwind and crosswind lengths 

 

In the fifth layout, half circle shape is modified by reversing the first row which has the bow shape.  Thus 

the downwind spacing between outer turbines (2-8 and 1-5) and inner turbines (4-7 and 3-6) is changed. 

Modified half circle layout is seen in Figure 5.49.  

 

Figure 5.49 - Case V farm layout 5 : Modified Half Circle 

It is seen from results of modified half circle layout, indicated in Figure 5.50, that reversing the first row of 

half circle has the same effect which is observed when bow layout is reversed. Efficiency trend as 

functions of downwind and crosswind spacing of modified half circle is almost the same as half circle 

case. However, there is an observable change in the enclosed farm area due to the variation in the shape. 

This situation will be discussed in the discussion section. 
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Figure 5.50 - Total farm efficiency of modified half circle layout as a function total occupied downwind and crosswind 

lengths 

 

Sixth layout is the reverse half circle shape, where the straight line faces the incident wind as the first row 

and reverse bow shaped comprises the second row.  This reverse half circle layout can be seen in Figure 

5.51. The results obtained from reverse half circle layout are plotted on Figure 5.52. As can be observed 

from the figure this layout has a quite similar behavior with the other circle based layouts having two 

turbine rows.  

 

 

Figure 5.51 - Case V farm layout 6 : Reverse Half Circle 
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Figure 5.52 - Total farm efficiency of reverse half circle layout as a function total occupied downwind and crosswind 

lengths 

 

Seventh layout has a square shape and it differs from the previous configuration by consisting of three 

rows, as can be seen in Figure 5.53. Turbines in a row are placed with the same crosswind spacing as the 

downwind spacing with the successive row. Simulations are executed with varying spacing from 2D to 5D 

and the results are plotted on Figure 5.54. Since this is a symmetrical layout, efficiency results are shown 

on a two dimensional plot as a function of total occupied downwind spacing which also represent the total 

occupied crosswind spacing.  

 

Figure 5.53 - Case V farm layout 7 : Square 

Results indicate that longer downstream distance occupation is required to reach the efficiency value of 

0.95. This can be attributed to extra turbine row in the square layout as compared to previous 

configurations which consist of only two rows. Since there exists a strong prevailing wind direction, 

increasing the number of rows enables using less space in crosswind direction. However, it results in 

higher wake loss.  
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Figure 5.54 - Total farm efficiency of square layout as a function total occupied downwind length 

 

Another symmetrical configuration is used in the eighth layout as a circle shape, which is illustrated in 

Figure 5.55. Circle layout is similar to square in terms of symmetry; however, it differs from this layout 

due to its row pattern. Simulations are executed for varying circle radii and it is seen that circle layout 

reaches 0.95 efficiency around 7D total downwind length, as illustrated in Figure 5.56, which is much less 

than that of square layout. This can be because circle layout provides the advantage of being shifted out 

for the downwind turbines. As in Case IV simulations, downwind turbines 4,5,6 and 7 are not exposed to 

full wake region of the closest upwind turbine row. Thus, higher efficiency values can be reached in 

smaller areas.  

 

 

Figure 5.55 - Case V farm layout 8 : Circle 
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Figure 5.56 - Total farm efficiency of circle layout as a function total occupied downwind length 

 

Another layout shape which consists of three rows is the modified rectangle configuration, as seen in 

Figure 5.57. In this configuration, second row turbines are placed by giving an offset with respect to first 

and third row turbines, as done in Case IV simulations. Thus it is aimed to minimize wake loss. 

Simulations are performed for varying crosswind and downwind spacing. The results, illustrated in Figure 

5.58, suggest that even though almost 14D total downstream length is required for reaching 0.95 efficiency 

when turbines as placed with 2D crosswind spacing, this value is easily reached even at the 4D 

downstream length if crosswind spacing is increased to 3D or more. 

 

Figure 5.57 - Case V farm layout 9 : Modified Rectangle 

However, it should also be noted that efficiency increase trend of modified rectangle case is more 

complicated as compared previous layouts which consist of only two rows. Because in two-row 

configurations full wake and partial wake regions become dominant on the downwind turbines at certain 

distances. On the other hand in modified rectangle configuration, the number of rows is increased with an 

additional crosswind offset. Thus, the energy production behavior of the far downstream turbines turns 
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out to be more complicated. Nevertheless, it can be concluded that modified rectangle layout has a certain 

advantage over the two-row configurations at shorter downwind spacing placement due to offsetting of 

the second row.  

 

Figure 5.58 - Total farm efficiency of modified rectangle layout as a function total occupied downwind and crosswind 
lengths 

 

The last layout configuration tested for Case V is another version of modified rectangle which consists of 

5 rows, as seen in Figure 5.59. Even though there exists only one turbine each at second and fourth rows, 

with the increasing downwind spacing, partial wake regions from these turbines affect the downwind 

machines as seen in previous cases.  

 

 

Figure 5.59 - Case V farm layout 10 : Modified Rectangle 2 
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The results of second modified rectangle configuration, which is plotted on Figure 5.60, indicate that 

reaching the same efficiency level as the previous configuration requires much longer downstream 

distance even though occupied crosswind length is shorter. For instance, when turbines are placed with 

3D crosswind spacing, 0.95 efficiency is reached at 15D downstream distance. This is mainly due to 

accumulated wake loss effect with the increasing number of turbine rows. Therefore, it can be concluded 

that in the presence of a strong prevailing wind direction, as in all these cases, increasing the number of 

turbine rows is not a good strategy after a certain number.  

 

Figure 5.60 - Total farm efficiency of second modified rectangle layout as a function total occupied downwind and 
crosswind lengths 

 

 Discussions 

It is aimed to investigate the influence of the farm shape on the total farm efficiency in Case V 

simulations. With this purpose 10 layouts, each of which consists of 8 turbines, are tested. The layouts 

differ from each other in terms of geometrical shape, total farm area, number of turbine rows and 

occupied total crosswind and downwind lengths. Analyzing the results, firstly it is seen that an observable 

efficiency increase exists when farm layout is changed from rectangle to bow shape. This is attributed to 

the reduced partial wake effect on the inner downwind turbines. However, there is no such a difference in 

farm efficiency values between the bow and reverse boy layouts. Continuing the analysis it is observed 

that, half circle and reverse half circle configurations, which are obtained by roughly combining simple 

rectangle and bow shapes, have an advantage over the previous layouts due to increased distance between 

the upwind and inner downwind turbines. Thus, the influence of full wake region is reduced, which results 

in reaching the targeted efficiency value in a slightly smaller farm area. Furthermore, the results indicate 

that even though modified half circle layout has almost the same efficiency trend as other half circle cases, 

it encloses a much smaller area for obtaining the targeted efficiency. This is simply due to substituting 

downwind coordinates of inner and outer turbines in the first row of the half circle layout. Thus, the full 

wake effect on the downwind turbines stays the same, but changes its location.  

Moreover, it is observed that square layout which differs from previous cases by having 3 rows, suffers 

from accumulated full wake effect for the outer far downwind turbines. This is due to the extra turbine 

row. Thus, 0.95 efficiency is reached at a quite further downstream location by occupying significantly 

larger farm area. On the other hand, circle layout, which has a similar configuration to square one in terms 

of symmetry, performs much better. This can be explained with the offset of the downwind turbine rows 

with respect upwind ones. Thus, downwind turbines are not exposed to accumulated full wake effect as 
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strong as they are in square layout. This brings the advantage of less space occupation for the targeted 

efficiency. Nevertheless, two-row layouts like rectangle, bow, and half circle outperform circle 

configuration. However, modified rectangle configuration, which is another three-row layout, exhibits 

much better performance than all previous cases. This layout is created by adopting a similar approach 

used in Case IV simulation where downwind turbines are placed with an offset with respect to upwind 

ones. Therefore, the full wake effect on downwind rows is minimized and modified rectangle layout 

reaches targeted efficiency by occupying far less space than previously discussed configurations. On the 

other hand, second modified rectangle layout which consists of five rows cannot achieve a similar 

performance with the three-row version one. Because increased number of rows enhances the 

accumulated full wake effect on the successive downwind rows which causes to require much longer 

downwind distance to increase the efficiency even though this layout provides the advantage of quite 

short crosswind length occupation.  

In the following table, Table I, required minimum farm areas for reaching 0.95 efficiency value with each 

layout discussed in Case V are given together with maximum length that the farm occupies in crosswind 

and downwind directions. Numbers are normalized with respect to turbine rotor diameter, D. Table I 

clearly indicates the superiority of modified rectangle layout in terms of both farm area and occupied 

lengths in both directions. It is followed by modified half circle configuration which has a certain 

advantage over other half circle layouts. It is seen that bow configurations perform slightly better than 

rectangle layout; however, rectangle outperforms them in downwind length occupation. Circle layout 

requires more than double area that modified rectangle. It is also observed that second modified rectangle 

layout provides the worst performance together with square in terms of farm area, however, it should be 

noted that former one has the advantage of smallest crosswind length occupation among all 

configurations.  

 

Table I - Required minimum farm area and downwind-crosswind lengths for targeted efficiency for specified layouts 

Layout Farm Area (D2)  Crosswind Length (D)  Downwind Length (D)  

Rectangle 28.8 6.0 4.8 

Bow 28.1 5.2 5.4 

Reverse Bow 28.1 5.2 5.4 

Half Circle 26.3 5.2 5.5 

Modified Half Circle 22.8 5.2 5.4 

Reverse Half Circle 26.3 5.2 5.5 

Square 90.2 9.5 9.5 

Circle 34.2 6.6 6.6 

Modified Rectangle 16.0 4.0 4.0 

Modified Rectangle 2  42.0 3.0 14 
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6 Conclusion 

6.1 Concluding Remarks 

The aim of the presented work which is performed at the Fraunhofer Institute for Wind Energy and 

Energy Systems Technology (IWES) is to investigate the influence of wake loss phenomenon on the 

energy production trend of a simple wind park in the presence of a predominant wind direction. 

Following an intensive exploration phase about wind farm aerodynamics and wake modeling subjects, 

representative test cases are developed to perform simulations with DNV GL WindFarmer 5.3 software 

tool.  

Wind farm maps used in simulations are created by using WAsP Map Editor by providing roughness and 

orography conditions of the specified farm area. Required wind speed and direction distribution frequency 

data are obtained with the software package and edited by means of WAsP Climate Analyst which is an 

external tool used along with WindFarmer. Farm layouts with different turbine placement configurations 

are created by MATLAB and loaded into WindFarmer to complete data input stage.  

Test cases are designed to represent the effects of downwind/crosswind turbine placement spacing, 

number of turbines and overall farm layout, ambient turbulence intensity, terrain roughness and turbine 

type on the development of wake region and its influence on the energy production of both individual 

turbines and overall wind farm. Five main cases are developed to observe the effects of these parameters 

systematically.  

Case I is executed to investigate the interaction of two wind turbines placed in abreast and tandem 

configurations with varying spacing by using three turbine types having different hub heights and rotor 

diameters Simulations are performed with both Modified PARK and Eddy Viscosity wake models with 

different surface roughness lengths and ambient turbulence intensities. Results indicate no significant 

interaction between the turbines in abreast placement although energy production of downwind turbine 

increases with the increasing downstream distance in the tandem configuration.  It is observed that 

required downwind distance for the incident wind flow recovering itself to reduce wake loss to a certain 

level, changes with the varying surface roughness length, ambient turbulence intensity and turbine 

characteristics. Increased surface roughness length and ambient turbulence intensity have a positive effect 

on the wake recovery by enhancing turbulence level within the wake region, which results in better mixing 

with the undisturbed ambient flow. For instance Modified PARK wake model simulations for the 750 kW 

(Type 1) turbine indicate that 20% reduction can be achieved in the downstream distance which is 

required to reduce wake loss to 5% level by increasing surface roughness length from 0.0002 m to 0.1 m. 

Similar observations are done for the increased ambient turbulence intensity levels in Eddy Viscosity wake 

model simulations. Keeping the surface roughness length constant, almost 30% decrease is achieved in 

downstream distance again for reaching 5% wake loss by increasing ambient turbulence intensity from 5% 

to 15% with the same turbine type. It is also observed that turbine type effects the initiation phase of wake 

region depending on its thrust coefficient. Higher wake deficit is seen in the near weak region with turbine 

type 1 due to its higher thrust coefficient value. Furthermore, analyzing the turbulence intensity levels at 

downwind turbine locations with the Eddy Viscosity model simulations, it is observed that for high 

ambient turbulence intensity values like 15%, it can be quite harmful to place the downwind turbine 

within 3-4D downstream distance which might result in being exposed to extreme fatigue loadings due to 

greatly increased turbulence levels. 

Case II, III and IV simulations are executed with the purpose of investigating partial, full and multiple 

wake effects on the downwind turbines. Various layouts are tested with different number of turbines in 

these cases. The results indicate that depending on the crosswind and downwind spacing configuration of 

the layout, the dominant factor which causes the greatest reduction for downwind turbine changes. Case 

III-B suggests that, increasing number of turbine rows enhances the effect of accumulated wake loss on 

the far downwind turbine. Other cases, which consist of various combinations of two-row configurations, 
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point out that up to a certain downwind distance which is around 4-5D, full wake region dominates the 

wake loss effect. However, combination of partial wake regions becomes more dominant after a certain 

downwind spacing, which highly depends on crosswind spacing configuration. Case IV simulations 

indicate that for the same crosswind and downwind spacing placements, wake loss can be reduced 

significantly, even more than 20% for some configurations, by simply giving an offset to the downwind 

turbine row with respect to the upwind one, in case of available farm areas. 

In the final part of the presented work, different farm layouts, each of which consists of eight wind 

turbines are designed on the grounds of the results obtained in previous cases. These layouts are tested in 

order to have a comparison between each other in terms of total occupied farm area, crosswind and 

downwind length for reaching the targeted farm efficiency value of 0.95. It is observed that best 

performance is obtained with the modified rectangle layout, which consists of three turbine rows. Second 

row has an offset with respect to first and third rows, which results in eliminating the full wake effect. 

This situation confirms the results obtained in Case IV.  

 

6.2 Future Recommendations 

In the presented work simulations are executed in the presence of a predominant wind direction from a 

narrow direction width. Thus, wake region development depending on crosswind and downwind spacing 

between neighboring turbines is observed clearly. However, in many real life applications this condition is 

not completely valid. Therefore, considering larger direction widths which represents the wind speed and 

direction distribution frequency of a given location in a more precise way might improve the accuracy of 

the results obtained in this work.  

Furthermore, only flat terrain conditions with various surface roughness lengths and ambient turbulence 

intensity values are used in the simulations. If more detailed map information can be obtained for a given 

site location, containing different roughness and geographical elements, more realistic wind flow 

simulations can be performed. However, it should be noted that, most wake models, including the ones 

used in this work, have a limited capability of dealing with complex terrain conditions. Thus, simulations 

may need external support, like a CFD model, to describe the wind flow within the given site. Therefore, 

increasing details might increase the complexity of the simulations as well.  

Number of wind turbines to represent different farm layouts in Case V simulations can be increased to 

observe the wake influence on larger wind farms. Because large wind farms may also influence the 

ambient wind flow around the farm area by increasing the total surface roughness length of the terrain at 

the given location. Thus, it can be useful to observe the wake loss influence in such a condition to obtain 

better results.    
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