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ABSTRACT 

Wake has a high impact on wind turbine performance and durability. Its impact, 

without a doubt, should be considered in wind resource assessment. However, wakes in 

the forest is a niche that is only examined by a couple of countries which area has a 

significant per cent land covered in forests. 

In this thesis, the wake over a homogenous forest is analysed, using the realisable 

𝑘𝑘 − 𝜀𝜀 model. Simulations were performed using OpenFOAM software. Firstly, simulations 

were performed for one wind turbine to examine if RANS is a reliable tool for wake 

calculation. Secondly, the power production of two wind turbines in tandem are examined, 

where one is in the wake of another one.  

Wind speed velocity analysis concluded that RANS credible predicts velocity 

deficit in the wake region and could be used in forested areas. For instance, the correlation 

coefficient for velocity mostly lies above 0.9. Also, the distance between wind turbines 

which would be erected in the forest could be reduced. The reduction could exceed up to 

3D with only 35% power loss, which means that wind farms in forests could be more 

compact. Further studies could examine multiple wake interactions and how a 

combination of forest clearing, vegetation growth and snow cover affects wind farm 

performance over a lifespan. 
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NOMENCLATURE 

 

ABL Atmospheric Boundary Level 

CAPEX Capital Expenditures 

CFD Computational Fluid Dynamics  

CPU Central Processing Unit 

DNS Direct Numerical Simulation 

IEC International Electrotechnical Commission 

LAD Leaf Area Density 

LAI Leaf Area Index 

LES Large Eddy Simulation 

Lidar Light Detection and Ranging 

MCP  Measure Correlate Predict 

O&M Operations and Maintenance 

PAD Plant Area Density 

RANS Reynolds Average Navier-Stokes 

TKE Turbulence Kinetic Energy 

W Watt 
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CHAPTER 1. INTRODUCTION  

1.1 Motivation 
 Fossil fuels have been the primary source of energy for most of the world and are 

one of the causes of global warming. Therefore, there's been a steady increase in interest 

in renewable energy, especially wind energy. In fact, great efforts should be made to 

replace the typical fuel sources for cars and vehicles or domestic use. On the other hand, 

electricity production is the energy sector where the replacement of fossil fuels with 

alternative energy production is possible in the not too distant future. For example, 

electricity production in the EU has recently reached an important milestone: in the first 

half of 2020, electricity generation from renewable sources will surpass that from fossil 

fuels. 

The number of wind farms built has increased. To continue this trend, installation needs 

to be expanded in different land types, especially in forested areas. In addition, 

unfavorable changes in regulations governing the construction of wind farms, such as the 

"1000 meter rule" in Germany, couldn't only slow down the energy share of wind energy, 

but also reduce it in the distant future. Like other energy sources, wind energy depends 

mainly on wind conditions at a particular location. Alternatively, offshore is the best 

location in terms of resources but full of challenges, like expensive O&M and CAPEX 

strict environmental regulations. Therefore, solving problems and facing challenges in the 

onshore region is one of the options for the continued growth of wind energy in electricity 

production. One of the problems faced by the countries of the Baltic region is the lack of 

knowledge about the construction of wind farms in forested areas, especially about the 

optimal distance between turbines. 
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1.2 Forest 
Table 1. Forest as a percent of land area 

Country Share of the land 
covered in forest, % 

Finland 73 

Sweden 68 

Lithuania 35 

Germany 32 

Source: World Resources Institute (2019) 
 

 Table 1 shows that large areas in the Baltic region are covered with forests, 

especially the northern part, where more than ⅔ of the area is forested. In these countries, 

there are virtually no vast unforested areas available for wind farm construction, as the 

impact of the forest would be felt one way or another. Moreover, in terms of rational land 

use, the apartment, unforested areas are better suited for other renewable projects, namely 

solar energy. Undoubtedly, wind farms should have close access to the power grid and 

nearby consumers, and forested areas aren't places where people congregate. In addition, 

access to the land is difficult and requires additional tree cutting and road construction. 

In contrast, forested areas have other advantages. First, the number of stakeholders 

and people who generally oppose wind energy is much smaller than in densely populated 

areas. Second, noise and shadow impacts would not bother anyone except in a few cases. 

Third, placing wind farms in forests offers certain advantages, but also brings challenges. 

Last but not least, wind flow over forested areas is highly complicated, and flow over the 

canopy has not been well examined. 
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1.3 CFD 

At first glance, the wind seems chaotic with its accelerations, twists and turns. 

However, its behaviour is based on the deterministic approach, which states that 

everything has a cause and an effect. Furthermore, the Laplace demon states that knowing 

the exact position, velocity and momentum of each atom makes it possible to know the 

past, present and future of each object. Therefore, CFD like this demon can predict what 

the wind speed will be in the long run or what the initial conditions of the wind were a few 

minutes ago. CFD is a valuable tool that simulates wind speed over different terrain and 

analyses vortices - a decrease in wind speed behind the rotor as some of the wind's kinetic 

energy has been converted into mechanical energy. The distance between the wind 

turbines in the wind farm thus depends mainly on the wake and topography, orography, 

meteorological conditions, available land and obstacles. Placing them too close together, 

for example, would lead to a higher power drop and a higher fatigue load on the wind 

turbine components. The wake behaviour is well studied both on land and at sea. It is 

known that the wake of wind turbines is shorter in rough terrain than in flat terrain and 

even longer on water (Højstrup, 1999; Li and Lehner, 2013). For example, from a power 

generation point of view, Zhang (2015) recommends a minimum distance of five rotor 

diameters between wind turbines in the prevailing wind direction for onshore wind farms 

and a minimum distance of nine rotor diameters for offshore wind farms. These figures 

depend largely on the roughness length, which is minimal in the water area (Table 2). 

Admittedly, onshore wind flows are well studied, but flows over forested areas are less 

studied. The CFD, rather than a simple linear model, is an application that reliably 

accounts for complex wind-tree interactions. 
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Table 2. Roughness length in different types of terrain 

Terrain surface characteristics Roughness length z0, m 

Forest and urban areas 0.7 ∼ 1.0 

Suburbs and sheltering belts 0.3 ∼ 0.5 

Farmland with closed appearance, many 
trees, bushes 0.1 

Farmland with an open appearance 0.02 ∼ 0.05 

Mown grass and airport runway areas 0.01 

Smooth snow surface 0.001 

Smooth sand surface  0.0003 

Water area 0.0002 

Source: Troen and Petersen (1989) 

 1.4 Objectives 

The main objective of the thesis is: 

• Analysing the wake in the forest and the impact on power production on 

downstream turbines. 

The main focus of this thesis is to present a model that could be used in the wind 

industry to deal with wind waves in forests and to make recommendations for the 
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separation of wind turbines in forested areas. Regardless of being user-friendly, this model 

has great potential to simulate wind flow in different types of forests and terrains with 

numerous wind turbines. The model uses a feasible k-ɛ turbulence model, an actuator disk 

model with local force fitting for wind farm flows, implemented in OpenFOAM - an open 

source software. The open source application ParaView is used for data analysis 

extraction. Furthermore, this RANS model could be integrated into commercial software, 

which would significantly increase the utility of the latter. 

 

To put it in another way, the author of this thesis tries to answer the specific question:  

• Is RANS good enough to calculate the wake velocity deficit in the forest?  

This is done by comparing data between RANS simulation and field measurements. 

 

• What is the recommendation for turbine separation to prevent strong power 

reduction?  

This is done by changing the distance between two wind turbines when one wind turbine 

is operated in another wind turbine's downstream wake. 

 

 1.5 Structure of the thesis 

Chapter two reviews previous articles, books and dissertations on wind resource 

assessment in general, and on wind currents and tornadoes in forested areas in particular. 

In other words, the different models of turbulence, canopy and turbines are used on CFD 

to represent the flow over the forest and vegetation. 

 Chapter three presents the methods and materials used to carry out the simulation. 

In this chapter, the site and its specifications, such as wind data, forest type and wind 

turbine data, are presented. In addition, the methodological framework is presented in this 

chapter. This framework includes the OpenFOAM configuration, e.g. mesh size, turbine 

location, turbine models, wake and turbulence. It also explains the data processing with 

Paraview. Broadly speaking, this chapter tells you how to repeat the same simulation for 

further studies or to check the results. 
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Chapter four introduces the mesh sensitivity analysis to check if the mesh used in 

the simulations is suitable. Then the result of a single wind turbine is compared with the 

data from the met mast. Finally, an analysis of the power generation of two wind turbines 

in tandem operation is presented. This analysis includes 14 simulations where the distance 

between two wind turbines changes from 2D to 15D with a step of 1D. 

Chapter five contains the results and their analysis as well as answers to the 

specific questions mentioned above. 
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CHAPTER 2.  LITERATURE REVIEW 

2.1 History and background 

 

2.1.1 Wind resource assessment past and present  

 From a meteorological perspective, wind resource assessment is part of wind 

energy meteorology, a relatively new branch of meteorology. Wind energy meteorology 

arose from the wind industry's need for more complex wind flow models and wake effects 

as wind turbine sizes and parking areas increased significantly (Zhang, 2015, p.5). This 

need arose after the oil crisis, as a result of which many countries launched their national 

renewable energy programmes.  

Although it is a young discipline, wind resource assessment is one of the most 

important steps to estimate the available energy that a wind turbine installation could 

produce. In the early stages, however, calculating wind resources was more complicated 

than it is today. Firstly, there were no special wind measuring devices like Lidar or Sodar, 

while today's devices were inaccurate. For example, the cup anemometers used in the early 

1980s had an overshoot (Hyson, 1972; Izumi and Barad, 1970). Secondly, the prediction 

of wind resources for a given location was not possible with the MCP method. One of the 

reasons for this was the insufficient number of recorded years from meteorological stations 

in both Europe and the USA (Elliott et al., 1986, pp. 122-124; Troen and Petersen, 1989, 

pp. 112-117). Another reason is the immaturity of technology and computer power. 

Therefore, early assessments of wind resources were different from today's. For example, 

in the late 1980s they focused on assessing the country's wind resources for individual 

wind generators (Justus, Hargraves and Yalcin, 1976) and then moved to regional wind 

resources (Baker et al., 1978). 

Nevertheless, the guideline for assessing a site's wind resources was only a matter 

of time, and Pennell et al. (1980) demonstrated this procedure. First, the authors suggest 

moving from mesoscale models to regional models and then using the mass-consistent 

wind model, which takes topography into account and produces a regional wind speed 

contour map. Next, site assessment is done based on this map to select a prime candidate. 
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Then a measurement campaign of at least one year is required, while two years is optimal 

according to the authors. Finally, analyse the data if it is adequate and free of errors. 

Nowadays, the procedure described above for assessing wind resources has 

generally not changed much. It has undoubtedly become more complicated and includes 

additional procedures that improve the overall results. For example, the MCP method has 

become the standard in the wind industry, as developers do not want to buy a "pig in a 

poke" and take an unreasonable risk. Most calculations, estimations and predictions are 

done with linear (Atlas, WAsP) and non-linear (OpenFOAM, WindSIM, Meteodyn WT) 

models. The first is a fast and simple mathematical model that shows reliable agreement 

in relatively flat terrain. The second is used in complex terrain and takes into account the 

orography of the terrain, flow separation and unsteady flow regimes. However, it requires 

high computational power and relies on the user's knowledge of the different models or, 

in other words, it is not user-friendly. It also places more emphasis on environmental 

protection and comfort for local residents. For example, the visual impact of bird mortality 

and noise pollution are mitigated. However, even though the wind resource assessment 

has improved, there are still many uncertainties related to the flow model over different 

types of terrain, namely wakes in forested areas. 

 

2.1.2 Wind turbine wakes and its distance 

 Wind turbines extract kinetic energy from the wind and convert it into rotational 

energy. Due to the law of conservation of energy, which states that energy can neither be 

created nor destroyed, the kinetic energy of a downwind should be less than that of an 

upwind and thus have a lower wind speed. In addition, the rotation of the blades and the 

mixing of currents with different velocities create rotational motion and turbulence. 

There is no uniform view on the length of wake vortices and no guidelines on how to 

consider whether the wake vortex is still present. In general, wake vortices are shorter in 

onshore wind farms than in offshore wind farms. For example, Højstrup (1999) showed 

that wake vortices are still present at a distance of 14.5D in onshore wind parks. In another 

case, Li and Lehner (2013), using the TerraSAR-X Earth observation satellite, showed 
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that the length of wake vortices is highly dependent on weather conditions and varies 

between ~14-18 kilometres for offshore wind farms. In addition, further uncertainties arise 

from the subdivision of wake vortices into distant and near wake vortices and the distance 

of the latter. For example, Vermeer, Sørensen and Crespo (2003) claim that the near wake 

lies within one rotor diameter. Alternatively, Sørensen et al. (2014) use a sophisticated 

approach that does not consider rotor diameter, but is based on a stability analysis that 

takes into account the tip speed ratio, number of blades, confidence coefficient and 

turbulence intensity. Nevertheless, a near wake is a region directly behind a rotor with a 

spiral vortex structure related to the geometry of the rotor, while a far wake starts after the 

spiral vortex breaks into smaller vortices whose shape depends mainly on the 

environmental conditions (Kimura, Tanabe and Shinozaki, 2017). Figure 1 shows LES 

simulations of these two regions. This figure shows the normilised velocity of atmospheric 

turbulence and uniform inflow condiotins, where U is the velocity of the wake and Uinf is 

the inflow velocity. 
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Source: Kimura, Tanabe and Shinozaki (2017) 

 

Figure 1. Wake structure 

2.1.3 Wakes as a source of the problems and mitigation 

Put simply, the wake is a chaotic downwind, stretching from the wind turbines for 

hundreds of meters, like a chimney pollution plume. Consequently, the wake interacts with 

other wind turbines or other wind farms, which leads to particular problems. First, wind 

turbines in a wake produce less power, and this loss can be as much as 50%, depending 

on whether or not the wake affects the orography, altitude, and roughness of the terrain 

(Gao et al., 2019; Nygaard, 2014). Secondly, wake vortices can lead to additional fatigue 

of the rotor blades and rotor. Although Galinos et al. (2016), using Dynamic Wake 

Meandering, indicated that all wind turbines in his case study could withstand fatigue 

loads lower than the reference IEC 1A class, the wind turbine is highly influenced by 

multiple wake vortices, which increases the probability of damage-equivalent loads over 
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20 years. In addition, the wakes could damage surrounding equipment, particularly the 

conductor if the last is on the way of a wake (MacIver et al., 2014). 

As shown above, wake vortices from wind turbines can not only damage 

equipment but also reduce electricity generation. Therefore, it is considered a negative 

factor when assessing wind resources, and its impact should be minimised in any way 

possible. The most obvious option is to place the wind turbines at such a distance from 

each other that wake vortices are not present. However, from an economic point of view 

and in terms of rational use of the land, this is the worst option. As a result, other, more 

reasonable ways of mitigating the impacts are used. 

One of these is to redirect the wake of an upstream wind turbine using pitch or/and 

yaw control, so that the downstream wind turbine is not completely but only partially 

overlapped by the wake. Although the upstream wind turbine produces less than it could 

in this case, the overall energy production of the wind farm would be higher. In one case, 

using the simulation CFD and a wind speed of 8 m/s, the total production of two wind 

turbines increased by 4.6 % with the yaw method and 7.1 % with the tilt method (Fleming 

et al., 2014). In another real case, the total energy production of six wind turbines operating 

at a wind speed of 7-8 m/s increased by 7-13 %, depending on the wind direction, i.e. 

overlapping wakes (Howland, Lele and Dabiri, 2019). 

Another option is wind turbine micropositioning, where wind turbines are placed 

in an area according to the wind rose and orography of the area to maximise wind farm 

output. The famous software for this is an OPTIMIZE tool in WindPRO. However, the 

"greedy algorithm" and Jensen wake model implemented in this tool do not help in finding 

the optimal solution relatively quickly and easily. Therefore, Grady, Hussaini and 

Abdullah (2005) suggested the use of genetic algorithms that focus on total wind farm 

performance. Similarly, Wan et al. (2010) proposed a particle swarm optimisation 

algorithm that improved the performance of Grady's cases by 4.02-6.14%. Although the 

methods focusing on the optimal performance of the wind farm in wakes have similarities, 

they do not seek to avariciously increase the performance of a singular wind turbine, but 

rather promote the overall park performance. 
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2.1.4 Wakes in a forested area 

 As shown above, wake effects are a significant problem that requires close 

examination. However, the studies mainly focus on wakes in complex terrains as the 

existing wind farms are not located on relatively simple, flat terrain. For instance, 

Barthelmie et al. 2018 and Sun, Gao and Yang (2020) used lidar to investigate the wind 

direction and general wake parameters of a wind farm, such as centre, trajectory and size. 

In contrast, Menke et al. (2018) studied the interactions between wake and hills in complex 

terrain. On the other hand, there are places that are classified as simple terrain, such as 

forested areas. Although one adjective refers to simplicity, namely forest, and wind, 

namely wakes, the interactions are not thoroughly studied and challenging. Even 

considering the share of wind energy in electricity and the percentage of forested area, 

these challenges are only relevant for a few countries in the EU, such as Sweden and 

Germany. Therefore, there are only a few articles dealing with the impact of wind turbines 

on forested areas. 

  Nevertheless, Adedipe, Chaudhari and Kauranne (2020) using RANS 

solver,concluded that the presence of forest with a different type of leaves coverage acts 

like a damper on a wake and rapidly reduces the length of the wake. Furthermore, a 

difference in leaf coverage has a minor impact on wake characterisation, which means that 

wind turbines in forests could be closer together, and how close would be a research 

question for this thesis. 

          Furthermore, it should be noted that Agafonova et al. (2016b), using the LES model, 

partially answered this research question. Their work investigates how a wind turbine 

located in the forest interacts with the wake of another wind turbine. As shown in the 

article of the previous paragraph, the wake recovers faster in forested areas. However, 

there was no information about the actual performance of the two wind turbines. 

Furthermore, it would be beneficial to add a third wind turbine, as the turbines are affected 

by several wake effects and not just one, as in this simulation. 
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2.2 Forest model 

 Forest in WAsP is represented by two parameters: zero-plane displacement height 

d and the roughness length z0 (Dellwik, Landberg and Jensen, 2006). The first parameter 

describes the forest as an obstacle with height d, often given as ⅔ of a forest height (WAsP 

Team, 2005). The second parameter represents the roughness of a canopy above 

displacement height. However, it is incorrect to present the forest as a monolith rather than 

a porous obstacle. Moreover, it is shown that the wind is still present in the forest's 

sublayer (see Figure 2) and exponential profile (Harman and Finnigan, 2007). Therefore, 

Landberg et al. (2006) suggest using forest density (λ), which is approximately equal to ½ 

of LAI and includes distance between trees, trees' height, and crown width, giving more 

accurate results. Also, Mohr et al. (2018) showed a physical relationship between LAI and 

z0
 and d making forest models in WAsP more detailed as LAI could be obtained from 

airborne laser scanning. 
Source: Papetta (2017) 

 

Figure 2. Structure of the troposphere over a forest 
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2.3 CFD 

As you have seen above, WaSP is a fast, reliable software that uses mathematical 

models to describe flow. However, for a more accurate representation of the flow, 

especially over a complex terrain or to describe the wake behaviour, CFD is essential.  

The Navier-Stokes partial differential equations describe the flow of gases and 

liquids at any given time. The most complicated point in these equations, however, is 

turbulence, as even small changes in the initial conditions lead to different results, such as 

adding a wire around a metal ball in a freestream in the Prandtl experiment (Figure 3). 

 

Source: Bodenschatz and Eckert (2011) 

Figure 3. Classical Prandtl experiment 

 Fortunately, CFD provides a number of turbulence models to address the above 

problem: RANS, LES, DNS and a combination of these models. The difference is only in 

which scales of turbulence are modelled and which are solved. For example, in RANS all 

scales of turbulence are modelled. In LES, only the large scale of turbulence is solved, 

whereas in DNS all scales of turbulence are solved. Below, the RANS and LES wake and 

forest models are present. On the other hand, DNS modelling requires an enormous power 

performance; hence in general used for smaller areas such as airfoil design rather than 

large forested areas. 
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2.3.1 RANS 

In RANS, flow quantities are decomposed into mean and fluctuation components. 

RANS is used in commercial wind flow modelling software such as WindSim, Meteodyn 

WT, ZephyCFD. 

 

2.3.1.1 Forest representation 

 Looking at the forest as a porous medium Li, Lin and Miller (1990) presented a 

first-order closure method for taking canopy into account in CFD simulations. In their 

work, parts of the tree act as a source of pressure and viscous drag forces. However, it is 

complicated to represent each tree part as a separate object. Therefore, LAI is used in 

many CFD codes to simplify the forest presence and make the forest more uniform. For 

example, LAI can generally vary from 0 to 18, where 0 represents no canopy and the 

higher the LAI, the denser the forest. Kaimal and Finnigan (1994) present a simple method 

for calculating LAI - an integral of foliage area density. Furthermore, in their book, the 

resilience of the forest is directly related to LAI, where the higher the LAI, the more 

resilience the forest produces, and vice versa. Importantly, Asner, Scurlock and Hicke 

(2003) go to great lengths to illustrate how LAI differs by biome and geographical 

location. On the other hand, Adedipe, Chaudhari and Kauranne (2020) studied the LAI 

Swedish forests with different effects on wake formation. 

 

2.3.1.2 Forest models k–ε 

Overall, in terms of k–ε RANS turbulent models, there are mainly four canopy 

models that differ only in coefficient.  

Svensson and Häggkvist (1990) proposed the first and were the first to introduce 

a drag term into a momentum equation. Their work provided the impetus for further 

studies on modelling a flow over a forest. However, they did not add a sink term and the 

Cε5 coefficient, which is one of the reasons for the overprediction of velocity within the 

forest and the lower TKE (turbulence kinetic energy) over the forest edge (Knaus, 

Rautenberg and Bange, 2017). 
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In contrast, Green (1992) accounts for dissipation and production terms. Although 

his model showed excellent results over corn and spruce fields, the results over pines both 

for velocity and turbulence were poor (Hiraoka and Ohashi, 2008). However, the authors 

suggest starting new research to overcome these poor results by finding optimal 

coefficients based on canopy type. Comparing results using LES simulation,Lopes da 

Costa (2007) found that Green's canopy model fairly well imitates the physics of 

turbulence. 

Subsequently, Liu et al. (1996) modified Green's model by reducing Cε5. 

Surprisingly, even small changes could lead to a good agreement between reference and 

predicted data. For example, Mochida et al. (2008) compared two canopy models and 

showed that Liu's model provides a good velocity prediction. Nevertheless, the authors 

showed that it is possible to obtain even more reliable results by changing the coefficients 

of the model. In another case, Knaus, Rautenberg and Bange (2017) concluded that among 

the four k-ε canopy models presented in this chapter, Liu's model has the best agreement 

with the reference solution in general and above the treetop in particular. 

One of the most recent canopy models was presented by Lopes, Palma and Lopes 

(2013), where the authors calibrated the coefficients and suggested applying only the 

dissipation terms for the turbulent kinetic energy and the dissipation of the turbulent 

kinetic energy. In other words, βp and Cε4 are not considered and are equal to zero. 

Remarkably, by considering only two of the four coefficients, this model showed the 

accurate TKE slope from the treetop to the forest's bottom (Knaus, Rautenberg and Bange, 

2017). 

Overall, the k–ε canopy model is reliable for modelling flow over and in the forest 

within the RANS framework. Proof of this is that much emphasis is placed on improving 

existing models (Krayenhoff et al. (2015)) or suggesting new ones (Viana Parente Lopes, 

Palma and Silva Lopes (2021)) which, in general, consider previous models. 
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2.3.1.3 Forest model k–ω 

 On the other hand, the k-ω canopy models are not so widely used. One of the 

reasons is that the k-ω-turbulence model depends on an initial estimate at the beginning 

of the simulation and convergence is complex (Monk and Chadwick, 2017). Regardless, 

there are few canopy models that could attract attention. 

One of the earliest models was presented by López and García (2001), where the 

k-ω model was compared with subcritical and fully turbulent flows through modelled 

vegetation. In their work, both k-ε and k-ω performed well. However, the volume of the 

experiments conducted was too small, about 11 m³, and the vegetation was present by 

wooden dowels, which do not capture all forest-wind interactions. 

A few years later, Neary (2003) also compared k-ε and k-ω models and found that 

the near-wall k-ω model showed similar results to k-ε. Moreover, Neary established 

weighting coefficients. Nevertheless, his work is not suitable for our case, as the flow was 

present by water, and the canopy was present by submerged vegetation, not to mention the 

low flow volume. 

In contrast to previous cases, Sogachev, Kelly and Leclerc (2012) used vegetation 

canopy simulation, which included LAD. Although the authors have doubts about LAD, 

they show that with the application of a comprehensively tested canopy scheme, the k-ε 

and k-ω models perform well even though only a single buoyancy-related coefficient is 

used. 

 

2.3.2 LES 

 The previous chapter presented various RANS models for both canopy and 

turbulence that are used to simulate wind turbine wakes in forested areas. In general, a 

single RANS simulation can be performed with an average computer, depending on the 

number of cells. On the other hand, the same simulation using LES requires more than an 

order of magnitude CPU hours than the solution in RANS ((Afgan et al. (2012)) and in 

some cases even more than two orders of magnitude ((van der Laan et al. (2014)). 

Therefore, conducting LES wake studies in forested areas requires justification and 
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rationale, namely a high percentage of forested areas and high ambitions for wind energy 

development. Finland, Germany and Sweden generally place great emphasis on these 

studies.  

One of the most recent studies is by Agafonova et al. (2016b), who investigated 

the behaviour of the wake of two wind turbines in a pine forest. Compared to the same 

case but without forest, they found that the wakes are shorter but more expansive. Also, 

in terms of power production, the wind speed in forested areas is less compared to the 

same area without a forest. Agafonova et al. (2016a) continued their studies comparing 

wakes in forested and non-forested areas and came to the same conclusion regarding the 

geometric parameters of wake vortices. In addition, they suggest placing the wind turbines 

closer to each other when a wind farm is located in a forest, closer than 5D in their 

simulation. 

It should be noted that despite shorter wakes, their intensity is higher in forests. 

Therefore, the authors recommend paying attention to the specification of the wind 

turbines, as the tangential forces acting on the blades are higher. Using LES, Nebenfuehr 

and Davidson (2016) found that as forest density increases, so do the loads on all 

components. Of course, pines are not deciduous trees, and the pine forest LAI is in some 

ways the same, but the presence and absence of snow cover could lead to seasonal load 

fluctuations. 

Schröttle et al. (2016) again point out that wind turbines could be placed closer. 

The authors found that the velocity deficit of 0.1 in non-forest conditions happens after 

15D, while in the forest - after around 5D. Notably, the authors found that the possible 

reason why tangential forces, mentioned before, are stronger in forests is due to stronger 

wake's vertical asymmetry. 

One of the most recent LES studies in forested areas was conducted by Navarro 

Diaz, Arnqvist and Ivanell (2021), comparing the simulated wakes of two wind turbines 

with met mast data. The authors concluded that LES accurately predicted the wind deficit 

for both turbines, but the TKE results were lower. In addition, the simulations where one 
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wind turbine was in the wake of another showed a close comparison with the measured 

data. 

 

2.4 Turbine model 

 Modelling a wind turbine within the CFD framework is an essential part of a wind 

farm simulation in general and wake modelling in particular. Therefore, the wind turbine 

could be modelled as a body from which forces are distributed. There are three turbine 

models: actuator disc, actuator line and the actuator surface models.  

Seemingly, Froude (1889) was the first who introduced the actuator disk approach, 

and this concept has been improving since. A century after, Sørensen and Shen (2002) 

introduced the actuator line model, which is more sophisticated than the actuator disk. In 

this approach, wind turbine blades are also taken into account rather than only the rotor 

itself. Adding more complexity, Shen, Sørensen and Zhang (2007) improved the actuator 

line model into an actuator surface model, where forces located are not only along the line 

but along the chordwise direction. As the last two models are not in the scope of this thesis, 

the only actuator disk model will be present. It could be seen that the difference between 

them is only in physical representation, where the actuator disc model is the least and the 

actuator surface model is the most accurately represent rotor of a wind turbine.  

2.4.1 Actuator disk model 

In simple terms, an actuator disk is a thin and porous disk whose area is equivalent 

to the swept area of a wind turbine and from which forces are apportioned. Although it is 

an old concept, it is still a useful tool for wind turbine wake modelling. Examples of this 

are Stevens, Martínez-Tossas and Meneveau (2018), who compare actuator disk and 

actuator line models with experimental results using LES. Actuator disk model just as 

accurately as an actuator line predicts wake model after 3D. However, before 3D,the 

actuator disk model overestimates the wind speed and underestimates the TI. 

On the other hand, the near wake region's results improved by adding structures in 

the simulation. Li and Yang (2020) compared the wake after actuator disk and actuator 

surfaces models in another case. Undoubtedly, the actuator surface model extensively 
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predicted the shape of the wake, velocity and TKE. At the same time, the actuator disk 

model results in far wake and more physical conditions, namely in a turbulent flow, were 

close to actuator surface results. As demonstrated above, the actuator disk model is a 

suitable tool for wake measurement, which requires improvements.  

One of the problems of the previous article was the overestimation of the power 

coefficient by 5-10%. Therefore, Revaz and Porté-Agel (2021) investigated the reasons 

for this overestimation and concluded that increasing the smoothing parameter increases 

the power and thrust coefficient. Furthermore, Revaz and Porté-Agel (2021) and 

Simisiroglou, Breton and Ivanell (2017) propose to use an advanced actuator disk model 

that exerts a homogeneous axial force across the rotor. When other turbine structures such 

as the nacelle and tower are also considered, the power coefficient is usually close to a 

realistic value (Li and Yang, 2020; Revaz and Porté-Agel, 2021). Another common 

problem is the lack of data related to a specific wind turbine because it is not confidential. 

For this reason, Sørensen et al. (2020) proposed an analytical actuator disk model that 

does not require detailed knowledge of specific wind turbines and airfoil data but rather 

the rated wind speed and the nameplate capacity. However, this model works better with 

airfoils designed for maximum performance, i.e. whose shape and geometry are 

aerodynamically optimal. 

Overall, the actuator disk performs well in a wind turbine scenario. It can simulate 

the wake, its shape and the downstream velocity. Moreover, in the interaction of two wind 

turbines, where the second wind turbine is downstream of the first, the actuator disk 

showed a satisfactory agreement between measurements and simulation (Simisiroglou, 

Breton and Ivanell, 2017). Also, affordable results were obtained by Navarro Diaz, Saulo 

and Otero (2019), where the actuator disk model correctly predicts the deficit peaks not 

only if a wind turbine is affected by the wake of another wind turbine, but also by a 

combination of two wakes.  

Importantly, advances in wind turbine rotor representation continue and new 

improvements and concepts are being introduced. For example, not long ago Liu et al 

(2021) applied the Lagrangian approach to fluid motion, the Lagrangian Actuator model, 
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which treats the rotor as a vortex generator. In contrast, the actuator disc, line and surface 

models discussed in this chapter are applied within the framework of the Eulerian 

approach, which treats the rotor as a "generator" of body forces. The authors have 

compared the actuator model in the Lagrangian framework with two Jansen wake models 

under the Eulerian framework and concluded that this method can be used for wake 

simulation despite its novelty. 
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CHAPTER 3.  MATERIALS AND METHODS 

This chapter provides information about the reference site's specification and how 

simulations were conducted to be repeated for validation or solving other problems. 

 

3.1 Site description  

 The reference site is located at Ryningsnäs, 30 km from the Swedish  

south-eastern coast (57∘27′61.12'' N, 15∘98′65.10'' E). Figure 4 shows the site cover on 

different scales starting from 50 km up to 1 km. Figure 4 (d) presents the topography of 

the area, which is located in a heterogeneous forest with many clearings. The area consists 

mainly of Scots Pines with a mix of other types of trees. The average tree height is taken 

as h=20 meters, although tree height varies from 7.5 up to 25 meters and more. Overall, 

Source: Arnqvist et al. (2015) 
Figure 4. The landscape of the Ryningsnäs site 
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the reference site is generally flat (see Figure 4 (d)) with slopes below 50 m in 1 km. 

Additionally, an area consists of a met mast and two wind turbines. The 138 meters met 

mast (solid cross) is located in the northwest corner of a 200x250-meter clearing and 

consists of both cup and sonic anemometers ranging from z/h≈2 to z/h≈7. Two wind 

turbines (dotted cross T1 and T2) are located 200 meters from the met mast and their hub 

heights are 100 and 80 meters, respectively. 

 

3.2 Measurement data 

The measurement campaign took place between November 2010 and February 

2012 and comprised 10560 hours of measurements. Met mast consisted of seven cup 

anemometers at heights of 25.5, 40.1, 60.5, 80.1, 95.85, 120.75 and 137.6 m and six sonic 

anemometers at heights of 40, 59, 80, 98, 120 and 137.7 m. In addition to wind 

measurement devices, met mast consists of other ones, such as temperature sensors and 

solar radiation sensors. A complete list of the devices can be found in Table 3. 
Table 3. Instrumentation at the Ryningsnäs site. 

Parameter Height above the ground, m Instrument name, company 

Wind field and temperature 
flux 

25.5, 40.1, 60.5, 80.1, 
95.85, 120.75, 137.6 

Thies first class, Adolf 
Thies GmbH & Co 

Wind field 40, 59, 80, 98, 120, 137.7 USA-1, Metek Gmbh 

Soil/air temperature −0.1, 40.0, 98.0, 120.0, 
137.7 Risø PT-100 

Incoming solar radiation 137.7 CM11, Kipp and Zonen 

Net radiation 40 NR-Lite, Kipp and Zonen 

H2O and CO2 
concentrations 59.0, 98.0 LiCor 7500, LiCor Inc. 

Pressure 5.0 PTB100B, Vaisala 

Rain 5.0 Tipping Bucket, SemiPro 
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In general, data from the met mast and its selection and processing processes are 

present in Bergström et al. (2013) and could be used for the studies. Furthermore, Arnqvist 

et al. (2015) present a more sophisticated interpretation of measurements with particular 

attention to data errors and uncertainties. Moreover, Navarro Diaz, Arnqvist and Ivanell 

(2021) filtered data precisely when the met mast was in the wake of the wind turbine and 

when the Uref = 7 ±1 m/s at hhub=100 meters. Therefore, their data is used to compare 

simulation and field results, and Uref = 7 is the inflow condition specification for the 

vertical velocity profile for all RANS simulations. 

 

3.3 OpenFOAM 

 OpenFOAM is an open-source CFD software developed in 2004 and which 

available for download from the official site1. The version used in this thesis is ofv2012 

(launched in December 2020). The software is written in C++ and exploits object-oriented 

programming provided by the language. The central part of code is various numbers of 

CFD solvers, which could be used in different flow conditions. Additionally, users could 

create or manage an existing code. However, additional software, namely Paraview, is 

required to access the data and visually see the full results of the simulation. The detailed 

OpenFOAM structure is in Figure 5. 

 
Figure 5. OpenFOAM structure 

 
1 https://dl.openfoam.com/source/v2012/ 
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3.4 Methodological framework 

 The main objective of this thesis is a wind turbine's wake analysis in the forest 

with specific issues related to the calculation of the wind velocity deficit with the RANS 

solver ("buoyantBoussinesqSimpleFoam" in OpenFOAM) and the optimal distance 

between two wind turbines in a forested area. In order to study wake interaction in the 

forest, several wind simulations were carried out, which could be unified in a 

methodological framework depicted in Figure 6. 

 
Figure 6. Methodological framework 

 

3.4.1 Domain creation for one wind turbine 

 
 The first step is to create a domain in which the mesh sensitivity analysis will later 

be carried out. The size of this domain is shown in Figure 7, where "D" is a rotor diameter 

of 90 meters. The terrain is considered flat, not taking into account the Ryningsnäs site's 

topography. In addition, the flow is considered as a freestream on four sides. The top 

border has a slip condition, while the ground border has a wall function condition. 
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Figure 7. Domain size for one wind turbine 

 The mesh is structured so that it has no gradient in the X and Y axis and a 

gradient in the Z direction. In addition, two refinement zones were created around the 

wind turbine and along the wake path for a detailed wake representation. One refinement 

zone has a rectangular shape and contains four times more cells than a mesh outside the 

refinement zones, while another is located in the position of the turbine and has a 

cylindrical shape containing eight times more cells than a mesh outside the refinement 

zones. The exact positions of the two refinement zones and additional information about 

the mesh can be found in Figure 8. 
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Figure 8. Refinement zones for a single wind turbine 

 The RANS solver was chosen to solve the Navier-Stokes equations. In addition, 

the realisable k-ε turbulence model (Shih et al. (1995)) was chosen to close the RANS 

equation. The coefficients of the model are given in Table 4. The homogenous forest 

covering the whole area is represented by Sogachev's model (Sogachev and Panferov 

(2006)). The forest PAD profile was taken from the Ryningsnäs site and can be seen in 

Figure 9. The roughness length on the ground is z0=0.03 meters, but has a minimal 

influence as there are no clearings. Since the domain height is 1000 meters and the 

simulation should be close to reality, the k-ε ABLc inflow model is used, which includes 

the effect of wind veer by Coriolis force (Laan, Baungaard and Kelly, 2021). 
Table 4. Closure coefficients of realisable 𝑘𝑘 − 𝜀𝜀 model 

𝐶𝐶𝜇𝜇 =

=
1

𝐴𝐴0 + 𝐴𝐴𝑠𝑠𝑈𝑈
(∗)𝑘𝑘𝜀𝜀

 

 

σk=1 σε=1.2 

𝐶𝐶1 =
= max �0.43,

𝜂𝜂
𝜂𝜂 + 5

� 
 

 

C2=1.9 A0=4 

Source: Shih et al. (1995) 



 

28 
 

 
Source: Ivanell et al. (2018) 

Figure 9. Average PAD profile at Ryningsnäs site 

 The wind turbine is used in simulation at Ryningsnäs wind farm - Nordex N90 

2.5MW and hub height are 100 meters, represented as an actuator disk model. The thrust 

force fn is distributed along the swept area of the rotor and could be calculated knowing 

only thrust coefficient CT and upstream velocity U∞ as: 

 

𝑓𝑓𝑛𝑛 =
1
2
𝜌𝜌𝐶𝐶𝑇𝑇𝑈𝑈∞2  (1) 

 
 
While the thrust force in a single cell is calculated as: 

𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �𝑓𝑓𝑛𝑛
2𝜋𝜋𝜋𝜋𝛥𝛥𝑏𝑏
𝑛𝑛𝑐𝑐

� �
1

𝜀𝜀3𝜋𝜋
3
2
� exp �−�

𝑠𝑠
2𝜋𝜋
�
2
� (2) 

 

Where nl is a number of lines, ∆b - separation along with the blades, s is a distance 

between the node and the centre of the cell (Navarro Diaz, Arnqvist and Ivanell, 2021). 

However, when considering two wind turbines, the inflow wind speed and thrust 

coefficients CT are obtained using a calibration table based on the average velocity in the 

disk Ud. 
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3.4.2 Mesh sensitivity analysis 

Once the domain is created, the next step is to perform a sensitivity analysis which 

helps achieve computational grid independence. Additionally to the current mesh, which 

is renamed as a medium, two other domains have been created: coarse and fine. The 

settings for the sensitivity analysis are present below in Table 5. 
Table 5. Sensitivity analysis settings 

Mesh type 
The number of cells per 1D 

Refinement zone 2 Refinement zone 1 Outside refinement 
zones 

Fine  36 18 9 

Medium 24 12 6 

Coarse 18 9 4,5 

 

 After the completion of simulations, the data is extracted using Paraview 

software. Sensitivity analysis is done for the velocity and TKE at the hub height(z=100) 

and downstream at 1D, 2.5D and 5D (x1=450, x2=585, x3=810. The width is limited to ± 

3D from the rotor center (y= [180:720]). Finally, the 1D, 2.5D and 5D velocity and TKE 

graphs, including coarse, medium and fine data, are plotted for visual comparison. On 

the other hand, the numerical comparison includes calculating L2 errors both for velocity 

and TKE based on the formulas shown below. 

 

𝐿𝐿2𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐 = �∑ �𝑈𝑈𝑗𝑗,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑈𝑈𝑗𝑗,𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐�
2

∑ 𝑈𝑈2𝑗𝑗,𝑓𝑓𝑓𝑓𝑓𝑓𝑐𝑐𝑗𝑗
𝑗𝑗 (3) 
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𝐿𝐿2𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = ��
�𝑈𝑈𝑗𝑗,𝑚𝑚𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑈𝑈𝑗𝑗,𝑓𝑓𝑚𝑚𝑛𝑛𝑐𝑐�

2

∑ 𝑈𝑈2
𝑗𝑗,𝑓𝑓𝑚𝑚𝑛𝑛𝑐𝑐𝑗𝑗𝑗𝑗

(4) 

 

The smaller the L2 error less the solver is dependent on the mesh size. 

 

3.4.3 Simulation and field results comparison 

If the results of the sensitivity analysis are satisfactory, the second phase is to 

compare the difference between the simulation results and the field results. Figure 10 

shows a satellite image of the site from which the data were taken. The measurements 

used in this comparison were those when the met mast was in a downwind of a wind 

turbine (T1) located 2.02D away from the met mast. The met mast consisted of several 

anemometers, both cup and sonic, placed at different heights. However, the results from 

seven sonic anemometers were extrapolated to six heights: 40, 59, 80, 98, 120, and 138, 

where six cup anemometers were located. Simulation data was extracted using ParaView 

at medium mesh size at 2.05D distance (x= 454,5) at the same height as anemometer 

heights (z1=40, z2=59, z3=80, 98, z4=120 and z5=138). Likewise, the previous example 

limited the width to ± 3D (y=[180:720]). Then, velocity data is normalized by dividing 

velocity results by Uref and TKE by Uref2. Additionally, data from field measurements is 

also normalized by the same principle described above. In the end, normalized velocity 

and TKE from simulations cup and sonic anemometers are plotted and visually compared. 

On top of that, simulation was also compared with LES-OpenFOAM (Navarro Diaz, 

Arnqvist and Ivanell, 2021) results. 
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3.4.4 Domain creation for two wind turbines 

 The next step is to create the domain for two wind turbines, one of which is in the 

wake of another. The domain is shown in Figure 11, and it can be seen that its size varies 

depending on the distance between the wind turbines. In addition, the locations of the 

refinement zones (Figure 12), whose initial coordinates are based on location, have also 

changed. The parameters, namely the turbine type, turbulence model, solver, forest model, 

and others, are also the same as those used in the simulation for a wind turbine. 

 

Figure 10. Location of wind turbines and a metmast at Ryningsnäs 
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Figure 11. Domain size for two wind turbines 

 
Figure 12. Refinement zones for two wind turbines 

3.4.5 Power deficit calculation 

There are six simulations with two wind turbines in tandem. The distance between them 

ranges from 2.5D to 15D with a 2.5D step. After the simulations are completed, the power 
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generated by a downstream wind turbine is divided by upstream wind turbine power, 

indicating a power deficit. The total power for each wind turbine is present in 3 rows from 

the end in the outTurbines.csv file. Finally, the power deficit is plotted on the vertical axis, 

while the wind turbine distance is on the horizontal axis. 
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CHAPTER 4. RESULTS  

In this chapter, the relevant results from all simulations described above are 

present. 

 

4.1 Precursor simulation 

The first stage for any new case is a precursor simulation that generates inflow 

conditions based on initial parameters. It should be noted that the precursor simulations 

are performed for a single column of cells and the cyclic border conditions on the 4 sides 

are simulated only. In this stage, no wind turbines or other objects are present and only 

the wind flow is simulated. The second stage is already a simulation with additional 

objects. The visualized flow of ParaView can be seen in Figure 13. The inflow conditions 

are shown in Figure 14. 

 
Figure 13. Flow visualisation for a single wind  turbine 
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Figure 14. Inflow conditions 

 

4.2 Mesh sensitivity analysis 

 The original case, run at a medium grid, consisted of simulating the wake of a 

single wind turbine. In addition, two other simulations were run with the same precursor 

but different mesh sizes. Second, the velocity and TKE profiles of the wake at the hub 

height and distances of 1D, 2.5D, and 5D were compared by calculating the L2 error. The 

mesh configurations for the sensitivity analysis are listed in Table 6, while the results can 

be found in Table 7. Also, Figure 15 and Figure 16 present Velocity and TKE sensitivity 

analysis graphs. 
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Table 6. Mesh configurations for three mesh types 

Mesh resolution Coarse Medium Fine 

Total number of 
cells 121767  254112 474710 

 
Table 7. L2 errors for velocity and TKE 

L2 error 

Downstream distance 

1D 2.5D 5D 

Velocity, 
coarse/medium  0.71 % 0.29 % 0.13 % 

Velocity, 
medium/fine 0.25 % 0.08 % 0.04 % 

TKE, 
coarse/medium 1.11 % 0.7 % 0.17 % 

TKE, medium/fine 0.3 % 0.12 % 0.05 % 
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Figure 16. TKE sensitivity analysis 

4.3 Comparison with wake measurements 

 The next step is a simulated wake comparison with measurement results at the 

Ryningsnäs site, shown in Figure 17 for velocity and Figure 18 for TKE. 
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Figure 18. TKE comparison between RANS, cup and sonic anemometers 
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4.4 Power deficit 

 
In the last group of simulations, there were two wind turbines in the domain, 

where one wind turbine was the entire wake of another. These wind turbines are of the 

same type, have the same hub height, and the rotor is perpendicular to the wind flow 

direction. The only different parameter is the distance between the turbines. A total of 14 

simulations were performed, ranging from 2D to 15D with a 1D step. The power 

produced by each wind turbine is listed in Table 8, while the power deficit can be seen in 

Figure 20. Figure 19 shows the ParaView flow visualization for two wind turbines with 

distance of 3D. 

 

 
Figure 19. Flow visualisation for two wind turbines at 3D 
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Table 8. Power production of two wind turbines 

Distance between turbines, 
rotor diameters 

Upstream wind 
turbine, W 

Downstream wind 
turbine, W 

Power 
deficit  

2 404191 673510 0,60  

3 451561 683270 0,66  

4 485154 681161 0,71  

5 508984 683666 0,74  

6 528257 685802 0,77  

7 547792 686435 0,80  

8 560669 682330 0,82  

9 571276 684646 0,83  

10 582131 687960 0,85  

11 592490 684391 0,87  

12 599093 681167 0,88  

13 604492 684741 0,88  

14 612403 686755 0,89  

15 618292 683126 0,91  

 

 
Figure 20. Power deficit 
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CHAPTER 5. DISCUSSION AND ANALYSIS 

 In this chapter, the obtained results are examined and based on them, the answers 

to the thesis questions are evaluated and answered. 

 

5.1 Mesh sensitivity analysis 

 First, according to Figures 15 and 16, the RANS code weakly depends on mesh 

resolution, as both wind and TKE profiles match each other. Based on Table 7, some 

patterns of L2 errors can be identified. First, the L2 error is more significant for TKE than 

for the velocity in the same conditions. Second, L2 errors are lower the further the 

downstream is. Finally, L2 error is lower comparing medium mesh size with fine than 

coarse with fine. Overall, in the majority of calculations, the L2 error is lower than 1%. 

Therefore, the data provided with medium mesh size is suitable since the difference in 

results with fine mesh size is negligible. 

 

5.2 Inflow conditions 

 According to Figure 14, it can be seen that the velocity profile has a good 

agreement with the cup and sonic anemometers and LES results with a correlation 

coefficient round 0.99. In addition, the velocity profile above the canopy and within the 

height of the rotor has a logarithmic profile, which is shown in the following formula: 

𝑈𝑈(𝑧𝑧) =
𝑈𝑈∗
𝜅𝜅
�𝑙𝑙𝑛𝑛 �

𝑧𝑧 − 𝑑𝑑
𝑧𝑧0

�� (5) 

Where U(z) is a wind speed at a specific height above the ground z, U* is a friction velocity, 

κ is the Von Kármán constant, d is a displacement height, z0 is roughness length. Also, 

following Foken's (2017, p.54) recommendation and taking displacement height as ⅔ of 

the average forest height, the friction velocity increases (see Figure 21), with increased 

height instead of being the same. 
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Figure 21. Friction velocity 

On the other hand, wind profile follows the power-law wind profile, which formula 

is present below: 
𝑢𝑢1
𝑢𝑢2

= �
𝑧𝑧1
𝑧𝑧2
�
𝛼𝛼

(6) 

 
 

Where u1 is the wind speed at z1 height, u2 is the wind speed at z2 height, and α is an 

exponent. For example, Figure 22 presents a logarithmic wind profile, where z0= 1 meter 

(average number for forest, Table 2) and a power-law wind profile with α=0.25, which is 

Sweden's (Jung and Schindler (2021)) average mean power-law exponent. For both cases, 

the hub height parameters are known. It can therefore be seen that the simulation follows 

the logarithmic profile better than the power-law wind profile.   
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Figure 22. Simulation result comparison with log profile and power-law profile. 

5.3 Wake velocity deficit calculation by RANS 

 

 Figure 17 and Figure 18 present field and simulation velocity and TKE profiles in 

2.05D downstream at different heights. It can be seen that the RANS has a good velocity 

profile agreement. However, upon closer inspection of the velocity graph, the valley on 

charts for anemometers are shifted to the right side, while in simulation, it is in the middle. 

In addition, RANS overestimates the wind speed at the center of the rotor and cannot 

estimate another velocity decrease beyond ±1D. Nevertheless, the simulations showed 

good agreement with the anemometers within the hub height, while at the top of the rotor 

the velocity difference between measurements and simulation is higher than at the bottom. 

In contrast, the TKE profile has a bad agreement between field and simulation 

results. First, the TKE in the simulation has a conical shape with smoother ups and downs, 

while the sonic anemometer's peaks and valleys are sharp with more significant 

differences between them. Second, the correlation coefficient in the lower part of a wake 
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is lower than 0. Third, RANS generally overestimates the TKE, especially at ±1.5D 

distance from the rotor center. Finally, with a few exceptions, the simulation does not 

agree with the shape of the sonic anemometer results. Despite all the discrepancies, the 

difference between the simulation and the field data is small and within certain limits, and 

at the hub height this difference is even smaller. Simply put, the overestimation of TKE 

and inaccurate representation of wake near wind turbines is a drawback of RANS. 

Moreover, this poor TKE performance occurs even when using RANS in forested areas 

with different LAI profiles (Adedipe, Chaudhari, and Kauranne (2020)), including when 

using different forest models (Alatalo et al. (2020)) and turbulence models (Bartl and 

Sætran (2017)). On the other hand, in all previously mentioned articles, the velocity 

profiles agreed with the experimental data. 

Although the TKE profile is incorrect, the velocity profile is accurately 

represented, which is more critical for power performance calculation and for calculating 

a velocity deficit in the wake. 

 

5.4 Recommendation for turbine separation 

 Table 8 and Figure 20 present the simulation results of two wind turbines, where 

one wind turbine is in the wake of another. It could be seen that the difference between 

3D and 2D distance is the biggest compared to other distances within the 1D difference. 

Also, even after 15D, the power performance is still equal to 90% of the first wind turbine 

performance. Nevertheless, the graph has a logarithmic shape whose equation is y = 

0,1515ln(x) + 0,499, where x is a distance between wind turbines and y is power deficit. 

Therefore, it can be said with some degree of certainty that if the distance between the 

wind turbines in the forest is more than 29D, the performance of one of the wind turbines 

will not be affected by the presence of the other. 

The above scenario for wind farm construction is unrealistic because the distance 

between wind turbines is about 10D even in offshore wind farms. One of the reasons is 

the turbulence intensity, which is low in the sea because the specific heat of the salt water 

is a few times higher than soil. Therefore, the stable stratification lasts longer on the sea. 
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Another reason is the roughness length, which is minimal in the water. Therefore, stable 

stratification and low roughness length create conditions for longer waves (Emeis, 2011; 

Syed Ahmed Kabir and Ng, 2019). In addition, forested areas have higher roughness 

length compared to non-forested areas. From the simulation results and the articles 

mentioned earlier, it appears that the wake recovers faster in forested areas than in non-

forested areas. This fact could be an opportunity to place wind turbines closer together in 

forests.  

On the whole, to lose only 20% of generated power by a second wind turbine, it is 

recommended to place it at 7D. However, taking the example of Horns Rev offshore wind 

farm (Howland, Lele and Dabiri, 2019), where second wind turbines lose around 35% 

power, it is recommended to place a second wind turbine in the forest at a distance of 3D. 
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CHAPTER 6. CONCLUSIONS 
 In some countries, there will likely be further expansion of wind power in forested 

areas if those countries want to increase the share of renewable energy in electricity 

generation. However, this step leads into unexplored territory where even a flow over 

forest could only be suspected. In this work, an attempt was made to dispel some doubts 

about wind turbine separation in homogenous forests and examine if a RANS model is a 

reliable tool for calculating the wake velocity deficit. 

  The steps taken to answer the above questions are presented in Chapter 3, where 

the methodological framework is presented. In simple words, first, the RANS model was 

analyzed to achieve independence from the computational grid. Second, the results of the 

simulations of one wind turbine were compared with the results from the field. Finally, 

the two wind turbine simulations with different wind turbine separation distances were 

attended to plot a power deficit graph. The main results are presented in Chapter 4, while 

their discussion can be found in Chapter 5. 

  However, as one issue was investigated, the other issues emerge. For example, 

only a tandem of two wind turbines was studied in this thesis, not the interaction of 

multiple wakes. In addition, the combination of forest clearing with natural forest growth 

and winter snowpack changes wind behavior in an area and which strategies are more 

appropriate for wind farm developers. Lastly, in this thesis, no address is given to TKE or 

turbulence models. Students could use this topic in further studies, where one of the 

research questions would be – “How the wake varies depending on turbulence model?” 

Undoubtedly, building a wind farm in forested areas is challenging, expensive, and 

requires a lot of clearing for turbines and roads. Therefore, the results of this work assure 

wind farm developers that wind farm implementation in forested areas requires less wind 

turbine separation than in open fields. This means that less space is needed for 

woodcutting. In addition, the same wind farm can be built on a compact area compared to 

an open field, requiring less construction work and a lower land lease. Last but not least, 

wind farm developers and wind resource analysts can use the described RANS model for 

real-world scenarios that include different forest, wind turbine, and wind inflow 

characteristics. 
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