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Abstract  

This study investigates the wake shading effect in wind farms, focusing on turbine spacing, 

horizontal rotor tilt (yaw angle), wind speed, and power production. With the global population 

increasing, the demand for energy continues to rise, emphasizing the importance of renewable 

energy sources like wind power. In wind farms, where multiple turbines operate together, the wake 

effect resulting from one turbine's influence on wind flow for others significantly impacts their 

power production. This research is focused around Jädraås Wind Power Park in Sweden, using a 

scaled model of a section of this park in a controlled environment to conduct a detailed analysis. 

Utilizing both experimental setups in a wind tunnel and numerical simulations for visualization, 

the study explores the dynamics of wake interactions among turbines and proposes to mitigate 

their adverse effects. 

Through the experiments conducted in the wind tunnel, the results demonstrate significant wake-

induced power losses at downstream turbines. The yaw adjustment mechanism of the upstream 

turbine is used so as to see how it has affected the power output of downstream turbine. The results 

also indicate significant reductions in power production as a function of turbine spacing. 

Specifically, the maximum reduction in power output, influenced by the presence of two upstream 

turbines, occurred at closer spacings between them: a decrease of 66% at 2.08D (2.08 Rotor 

Diameters between the downstream and the nearest upstream turbine) and 45% at 4.15D. 

Conversely, at broader spacings of 7.29D and 8.3D, the reductions were more moderate, a decrease 

of 28% and 18%, respectively. These findings underscore the critical influence of spatial 

arrangement on the wake-induced power losses within wind farms.  

Through an investigation of two purposely positioned upstream and downstream turbines at 4D 

meter of spacing, the optimal yaw angle for maximum combined power generation has been 

predicted using sinusoidal fitting, the results indicated that at yaw angle range of ±11° of the 

upstream turbine rotor, a maximum combined power output has been observed. Hence, a 

sophisticated optimization mechanism should be employed in an operating wind farm so as to 

lower wake effects.   

 

Key Words: Wind farm, wake shading, power deficit, lee effect, wind power, wind tunnel, power 

curve, yaw angle 
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Nomenclatures 
 

Latin  

 

 

Symbol Description Unit 

U Wind speed at the turbine rotor m/s 

T Thrust coefficient - 

D Diameter of the wind turbine rotor m 

P Power output of a turbine W 

Cp Coefficient of power - 

A Swept area of the turbine rotor m² 

ρ Density of air kg/m³ 

L Spacing between turbines in the wind farm m 

Q Tip Loss Factor - 

C_T' Modified thrust coefficient - 

U_h Hub height wind speed m/s 

Dr Rotor diameter m 

Dw Wake diameter m 

s Dimensionless separation between turbines - 

τ Shear stress around the turbine Pa 

η Efficiency of the drive train and electrical generator - 

ε Rate of dissipation of turbulent kinetic energy m²/s³ 

K Turbulent kinetic energy m²/s² 

C_μ Constant in turbulence models - 

C_R Calibration parameter in turbulence models - 

σ_k Model constant for turbulent kinetic energy - 

σ_ε Model constant for dissipation of turbulent kinetic energy - 

C_(ε,1) Coefficient used in the dissipation rate equations of turbulence models - 

C_(ε,2) Coefficient used in the dissipation rate equations of turbulence models - 

U∞ Free stream wind speed m/s 

U_d Wind speed at the disc or rotor m/s 

U_w Wind speed in the wake m/s 

P∞ Pressure far upstream Pa 

P+d Pressure just downstream of the disc Pa 

P-d Pressure just upstream of the disc Pa 

P(θ) 

a 

Combined Power Output 

Axial induction factor 

W 

- 

a' Angular induction factor - 



iv 
 

Greek 

Symbol Description Unit 

α Angle of attack of the turbine blade degrees 

β Yaw angle of the turbine relative to the wind degrees 

λ Tip speed ratio - 

μ Dynamic viscosity of air Pa·s 

σ Turbulence intensity in the wake field - 

 

Abbreviations and Acronyms 

Symbol Description 

ACL Actuator Line Method 

BEM Blade Element Momentum Theory 

CFD Computational Fluid Dynamics 

DAQ Data Acquisition 

EWEA European Wind Energy Association 

LES Large Eddy Simulation 

NI National Instruments 

NREL National Renewable Energy Laboratory 

RANS Reynolds-Averaged Navier-Stokes 

SCADA Supervisory Control And Data Acquisition 

SLSQP SciPy's sequential least squares programming 

SR Serial-Refine 

UVLM Unsteady Vortex Lattice Method 
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1. INTRODUCTION 

1.1 Background 

Energy is crucial for the survival of human beings. Energy is now a hot issue as the number of 

populations is boosting, the need for it is becoming higher with time. As a result, the need for 

renewable energy is undeniably vital. Wind energy has been utilized throughout the world 

extensively as it is environmentally and renewable energy source. Despite this, wind power is 

unpredictable because of its intermittency and varying nature of wind speed. Power from the wind 

is the function of its speed (Ren et al., 2017).  

In the wind farm, where a lot of wind turbine generators are installed together, all wind turbines 

do not face the similar speed because wake effect. Wake effect is the disturbances of wind speed 

caused by the wind turbine which are found in the windward side of other turbines. Wake effects 

are undesirable phenomenas that affect the wind power production (González-Longatt et al., 2012).  

The wake interference may reduce the power production of individual downstream turbines by up 

to 60% and the power production of the entire wind farm by up to 54% (Nilsson et al., 2015). This 

reduction of power is huge and important to study. Wake shading effect is unpleasant for the 

operation of a wind farm as it the reason for the reduction of the speed and occurrence of turbulence 

which in turn significantly reduces the overall power output of the wind farm. The wake effect not 

only disturbs the wind speed direction but also the structural integrity of the downstream turbines. 

In the wind tunnel owned by the University of Gavle, there is a model wind farm of nine wind 

turbines which are scaled versions of a real wind farm, that is Jädraås wind farm in Sweden. In 

this project, the wake shading effect in the wind farm are assessed using the wind tunnel and 

simulation tool.  The orientation and wind speed will be independent variables for each respective 

wind power result from wind turbine models in the wind tunnel. The power variation is studied 

using those three variables which are the spacing, yaw angle/rotor tilt, and wind speed. 

The main mechanisms of mitigating wake shading are to properly design their layout and optimize 

the yaw angle of upstream turbine. Yaw angle is the angle the wind turbine rotor makes with respect 

to its vertical axis. Adjusting the yaw angle or tilting the rotor horizontally as in the figure below 

will enable us to find the optimal value for which it will result a maximum combined power output 

of the upstream and downstream turbine. Hence, the main focus in the study is to alter the yaw 

angle of the upstream turbine so as to reduce the wake effect it could have on the respective 

downstream turbine. The turbine layout, the distance between each turbine is also another 

important factor that is considered during the experimental task of this thesis. 
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Figure 1 Simple sketch of the top view of rotors of turbines, where turbine rotor RT1 is in the 

upstream which is yawed at angle of β and the downstream turbine rotor with RT2 at normal 

position: the swirl is the wake induced by the turbine 1 and interestingly the wake will be 

directed the direction towards the arrow as it can been seen  

The above figure shows how the rotors are tilted in order to shift the wake propagation to 

downstream turbines. The angle is adjusted back and forth so as to decrease the wake influence on 

the turbine 2. The optimization of this angle is done by finding its value for which that resulted in 

maximized combined power output of the two turbines. Hence, the research as it has been 

mentioned, the reference angle 0° is considered when the upstream is not awed anymore to any 

directions.  

 

Figure 2 The orientation of Wind turbine models inside the wind tunnel. Wind coming from 
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1.2 Literature review 

This thesis has been made using search terms for the literature, including wind farm, wind farm 

optimization, wake shading, wind energy, wake effect, wind lee effect. These terms have been 

combined with the keywords of wake interference, wind turbine, renewable energy, yaw angle 

optimization. With the combination of those keywords more than 30 papers are cited for this work. 

Among those, the papers that directly included a reference to one of the wake effects in wind farm 

were selected. The selection is done manually. This process was followed to filter out the papers 

that have Wind Farm terms besides the wake effect and wind energy keywords. The particular 

databases that were searched for papers included Science Direct, Discovery (HiG’s meta search 

engine), Google scholar, MDPI, Wiley Online Library. The focus of the search has been on the 

journal papers or scholarly articles are also included accordingly as needed., but on some occasions 

highly cited and credible conference papers were also selected for review purposes. The approach 

of this work has been simple search, manual selection. The search has included all the papers from 

all times, up until March 2024. This thesis assumes that the reader is already familiar with wind 

energy. 

Wind energy is now becoming a hot issue as it is renewable energy resources. Wind energy, known 

for its cleanliness and cost-effectiveness, has developed rapidly in the past decades (Cao et al., 

2022). Wind turbines extract the energy which in the form of kinetic energy in the wind(air) and 

then change to mechanical energy of the shaft rotation. The generator which is coupled to the shaft 

from the rotor will be activated once the shaft starts to rotate, that is the mechanical energy is 

converted electrical energy. Wind turbines are mostly installed in nearby each other so that it will 

be easier to control and minimize the costs related to transmission of electric energy (Mahmoud et 

al., 2024). Besides, the area which is selected for the installment is after an enormous assessment 

for the wind speed availability. The collection of those wind turbines which is a wind farm has 

challenges because of the interaction of turbines each other. This interaction reduces the overall 

energy production of wind farm. Some of the previous studies which investigated the wind farm 

wake interaction are presented as follows. 

A study by (Han et al., 2023) delves into the optimization of wind turbine performance through 

yaw control, particularly focusing on its influence on wake interactions. Utilizing a sophisticated 

approach that integrates an advanced coupled unsteady vortex lattice method with a curled wake 

model, the study provides a comprehensive simulation-based analysis. This methodology enables 

the precise modeling of complex aerodynamic interactions which occur when wind turbines 

operate under controlled yaw conditions. 

Significantly, the research demonstrates that strategic yaw adjustments can markedly improve the 

efficiency of downstream turbines. By effectively deflecting the wakes away from these turbines, 

the adjustments minimize wake overlap and the resultant energy losses. The findings highlight not 

only an enhancement in power output but also a potential reduction in fatigue loads on turbine 

blades, which is achieved by altering turbulence characteristics within the wake. According to 

(Dou et al., 2020), implementing strategic yaw adjustments resulted in an overall increase in total 

power output by approximately 7% across all involved turbines. 
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The paper by (Fleming et al., 2022) explores an innovative approach to optimize yaw angles for 

wind turbines in a wind farm to enhance overall energy production through wake steering. The 

authors introduce the Serial-Refine (SR) which is a computational method, that rapidly finds the 

optimal yaw settings by adjusting turbines serially from upstream to downstream using a limited 

set of candidate angles. This method is a significant improvement over traditional optimization 

techniques, which are computationally intensive and less scalable. 

The SR method employs a two-step process: an initial serial passes where each turbine is adjusted 

individually to gauge the impact on farm power output, followed by a refining pass that fine-tunes 

these settings. The method's effectiveness is demonstrated through comparisons with traditional 

gradient-based methods like SciPy's sequential least squares programming (SLSQP). The results 

show that the SR method achieves comparable or better results in terms of power output with 

significantly reduced computational overhead. 

By optimizing yaw angles more efficiently, the Serial-Refine method allows for real-time 

adjustments in operational wind farms and is adaptable to various wind farm sizes and 

configurations. This adaptability is crucial for larger wind farms where traditional methods become 

impractical. This study thus marks a pivotal advancement in wind farm management, promising 

more effective control strategies that could lead to substantial increases in wind energy efficiency. 

A study on wake effect and wind farm clustering by (Ciric, 2021) has investigated clusters in the 

southern middle bank region containing 20 turbines (16 MW), the lost electricity production due 

to wakes has been shown to stand for 4.8% of the gross yield when using 7D separation distance. 

The term "7D separation distance" refers to the spacing between wind turbines within a wind farm, 

where "D" stands for the diameter of a turbine's rotor. When wind turbines are installed in a wind 

farm, the distance between them is crucial to minimize the negative impacts of wake effects, where 

the turbulence and reduced wind speeds behind one turbine can adversely affect the performance 

of others downstream. When the separation distance was lowered to 4D, the loss of electricity 

production due to wakes stood for 14.1% of the gross yield. Layout changes that were introduced 

in order to mitigate the impact of wakes, such as smaller rotor diameter and higher towers, showed 

moderate improvements within the range of tenths of a percentage point. Firstly, future trends in 

rotor size, hub height are predicted based on historical data though regression models, the wake 

calculation was done using WindFarmer, which is a simulation software used for exploring 

different wind turbine layouts, spacing configurations, and power ratings. Economic viability is 

assessed through cost-effectiveness analysis. Furthermore, the study analyzes the impact of 

external wake effects from neighboring clusters on turbine performance. Lastly, wind farm 

scenarios are simulated to optimize turbine placement and maximize efficiency, aiming to provide 

insights into the future of offshore wind energy. However, according to this paper, wake effect 

mitigation using yaw control and sector management have not been researched. The key findings 

of (Ciric, 2021) implied that it important to keep the spacing gap between each wind turbine in a 

wind farm to able to extract maximum possible power form the wind despite the paper did not 

consider the used area of the land.  
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The paper, by (Deng et al., 2023), explores the implementation of a dynamic wake model to 

optimize yaw control for enhancing energy production in wind farms. The authors identify the 

limitation of static wake models, which do not account for the temporal variations and time lag in 

wake behavior affecting downstream turbines. Their proposed model integrates a simplified 

dynamic wake approach based on momentum conservation and the backward difference method. 

This model aims to capture the three-dimensional characteristics of wake movement and optimize 

the yaw settings to steer wakes away from downstream turbines, thereby mitigating wake-induced 

energy losses. Through this study, yaw misalignment, used to steer wakes away from downstream 

turbines, has been found to enhance the total power output by up to 7%.  

The paper by (Cai et al., 2023) introduces a novel optimization strategy for wind farms, focusing 

on redirecting wakes to improve power output and reduce fatigue load. It employs a multi-

objective approach with yaw angle optimization. The wind farm is divided into partitions based 

on wake interference, reducing computational burden. A wake interference model considering 

wake deflect effect is developed, represented as a graph to partition the farm. For single-turbine 

partitions, yaw angle is set to 0°, while multi-turbine partitions undergo multi-objective 

optimization. Simulations show the strategy's effectiveness in optimizing power and load in regular 

layouts and curvilinear layouts. The method is adaptable to various wind farms and offers insights 

on alternating strategies based on wind speed, balancing optimization and computational load. 

(Yeghikian et al., 2021) used Jenen’s method to simulate the wind farm wake effect in Manjil, Iran. 

The method used is particle swarm optimization algorithm to optimize the wind turbine space 

configuration and electricity generation costs. This paper revealed that from the proper 

optimization of wind turbine configuration specifically the turbine-to-turbine separation, it was 

achievable to increase the power output by 10.75%, which corresponds to a 9.42% reduction in 

costs. 

In the paper by, (Bempedelis et al., 2023)a numerical method is used to maximize the power 

production of wind farms using two design strategies. By using the large eddy simulations and a 

Bayesian framework, they proposed a gradient-free method to optimize wind farm production. 

Then, the proposed method is applied to maximize the wind farm power production by both layout 

and yaw angle optimization. The optimized results are compared with the results which are 

achieved with low-fidelity wake models. Finally, they proposed a simple multi-fidelity wake 

model that can effectively maximize the wind power production. The efficiency of the wind farm 

layout optimization increased by approximately 18.5% after applying the proposed high-fidelity 

large-eddy simulations and Bayesian optimization methods. 

Research which was conducted by (González-Longatt et al., 2012) encompassing the effect of 

wake in wind farm performance has indicated that this undesirable natural interaction of wind and 

rotors in the leeward side of each turbine which we call it wake effect disturbs the flow hence 

creating turbulence. As a result, the single wake or the interaction of multiple separate wakes, the 

wind down-stream of wind turbine has lower values of speed and become more turbulent. The 

paper presented a simple explicit model used to evaluate the impact of the wake effect on the 

performance of wind farm both in steady-state and dynamic operation.  
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The study by (Segalini & Chericoni, 2021) also assess the structure of the internal boundary layer 

above long wind farms though experimental analysis. The key findings highlight the dominance 

of turbulent momentum flux and kinetic energy displacement by mean vertical velocity in energy 

transfer. From this paper, it is concluded that there is balanced energy flux and boundary layer 

growth, with dissipation playing a minor role. Universal structures in mean velocity profiles 

contrast with Reynolds stress scaling behavior. Spectral analysis identifies wake meandering as a 

dominant dynamic phenomenon, overshadowing tip vortices. The Strouhal number remains nearly 

constant across different farm layouts and turbulence conditions. The experimental setup features 

a closed-loop wind tunnel with precise boundary conditions and hot-wire anemometry. Turbine 

details include plastic rotors with magnetic bases, enabling accurate thrust force characterization. 

Results offer crucial insights for optimizing wind farm performance and sustainability. This 

research provides valuable contributions to understanding wind farm dynamics, essential for future 

development and management strategies. 

Studies show that, wind farm wake effect is vital area of research. In general, there are two effects 

of a wake. The first one is a reduction in the wind speed which in turn results in the energy 

production. The second effect in addition to the reduction of power generation, the wake shading 

effects are unpleasant to the structural performance of the wind turbine rotors. The rotors which 

are subjected to the wake, because of the nearby wind turbines that are installed in the wind-ward 

direction, will be vulnerable to wearing, deformation which as result will be the cause for structural 

integrity of the wind turbine blade to get degraded and reduce overall energy production. Hence, 

it is important to consider these wake effects in the design of wind farm in order to maximize the 

overall energy production and lifetime of the wind turbines which also minimizes the life cycle 

cost of it. 
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1.3 Aims 

The main objective of this thesis is to assess “Wake Shading Effects in Wind Farms”. The specific 

objectives include:   

 Analyze the impact of lee effects on the performance and efficiency of wind farms. 

 Identify factors contributing to the generation and propagation of lee effects within wind 

farms. 

 Predict the optimal yaw angle for maximum combined power output of the considered 

turbines 

 Provide insights and recommendations for optimizing wind farm layout and operation to 

minimize lee effects and enhance energy output.  

1.4 Objectives and Research Questions  

The results of this research will enable to understand how the wake interaction affects the energy 

production in a wind farm. Additionally, the results will be suggestions to the optimize the 

orientation of the wind farm, layout optimization. The following questions will be answered: 

1. How does the wake shading effect vary with different wind turbine configurations and 

placements within a wind farm? 

2. What is the impact of wind farm wake shading on the overall energy production and efficiency 

of turbines, and how can this information be leveraged for optimization? 
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2. THEORY  

2.1 Wind Energy Basics 

Wind energy is a type of clean, renewable energy using wind power to generate electricity. Wind 

is used to produce electricity by converting the kinetic energy of air in motion into electricity. In 

modern wind turbines, wind rotates the rotor blades, which convert kinetic energy into rotational 

energy. This rotational energy is transferred by a shaft to the generator, thereby producing electrical 

energy. The amount of energy that can be produced depends on the size of the turbine (Wood, 

2011). 

2.2 Principles of Wind Turbines 

2.2.1 Aerodynamics of Wind Turbine Blades 

The kinetic energy of air molecules is transformed to electrical energy in the wind turbine. The 

velocity of air molecules obviously should decrease so that, they can able to have an effect on the 

wind turbine blade. Understanding and predicting the unsteady loads on the blades as well as 

accurately predicting rotor performance and wake interaction of turbines in a wind turbine park 

setting are still challenges in this field of study. In the past, a lot of models have been developed 

to predict the flow around wind turbines (Wood, 2011). 

2.3 Components of a Wind Turbine System 

2.3.1 Rotor 

The rotor is main component of wind turbine system which consists of the blades and the hub. 

These are often considered the most important components of the turbine from both performance 

and overall cost aspect (Manwell et al., 2010).  

2.3.2 Tower 

The structural tower is also another important component which can enable the rotor to stay at the 

desired height from the ground and hence a wanted amount energy can be extracted from the air. 

The speed of the wind increases with height above the ground and typically follows a logarithmic 

profile, especially in the atmospheric boundary layer where most wind turbines operate. It is 

essential to keep the tower as high as possible so that the effects of turbulence around the ground 

due to obstructions can be alleviated. The most common material for the design of tower is steel 

and concrete. In the design of tower, engineers are concerned on the strength of it, so that it has to 

be designed in a way that it can support the weight of the gearbox, rotors and withstand horizontal 

wind speed loads. 
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2.3.3 Drive Train 

The remaining rotating components of the wind turbine after the rotor make up the drive train.  

These usually consist of a gearbox, a high-speed shaft (on the generator side), and a low-speed 

shaft (on the rotor side). The support bearings, one or more couplings, a brake, and the spinning 

sections of the generator (described individually in the following section) are additional drive train 

components. The gearbox's job is to increase the rotor's rotational speed from low (tens of rpm) to 

high (hundreds or thousands of rpm), which is appropriate for powering a typical generator. In 

wind turbines, there are two different kinds of gearboxes: planetary and parallel shaft. The benefits 

of planetary gearboxes in terms of weight and size become more noticeable for larger machines 

(those above roughly 500 kW). Certain wind turbine types are attached to a gearbox with several 

output shafts because they employ multiple generators. Others make use of low-speed, specially 

constructed generators that don't need a gearbox (Manwell et al., 2010). 

Although the design of wind turbine drive train components often adheres to standard mechanical 

engineering machine design practice, extra consideration is needed due to the particular stress of 

wind turbine drive trains. Drive train components are subject to severe variations in load due to 

wind patterns and the dynamics of big rotating rotors. 

2.3.4 Yaw Angle Optimization: Nacelle and Yaw System  

This nacelle and yaw system is the turbine housing, the machine bedplate or the main frame, and 

the yaw orientation. The main frame provides for the mounting and proper alignment of the drive 

train components. The nacelle cover protects the contents from the weather. 

The yaw orientation is used to keep the wind turbine rotor in a correct orientation to the wind 

direction. Basically, its main component is a large bearing which fixes it to the tower. An active 

yaw drive, always used upwind wind turbines and sometimes with downwind turbines, contains 

one or more yaw motors, each of which drives a pinion gear against a bull gear attached to the yaw 

bearing. This is controlled by an automatic yaw control system with its wind direction sensor 

usually mounted on the nacelle of the wind turbine. With this kind of construction, yaw brakes are 

occasionally employed to keep the nacelle in place when not yawing. On downwind wind 

machines, free yaw system, which have the ability to self-align with the wind are frequently 

employed (Manwell et al., 2010). 

The wake as defined in the above sections refers to the region of turbulent air behind the turbine 

where the wind speed has been significantly reduced by the energy extracted by the turbine. This 

wake can lead to reduced wind speeds for downstream turbines, thus lowering their efficiency and 

power output. The yaw angle optimization is very crucial to mitigate these adverse effects to 

downstream turbine. 

A sinusoidal function will logically be effective for fitting the datas for wake steering 

experimentation. As a wind turbine yaws, the area of the rotor exposed to the oncoming wind 

varies in a manner that can be closely approximated by a sinusoidal function. This variation is due 
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to the geometric projection of the rotor's circular area onto the plane perpendicular to the wind 

direction. As the yaw angle increases from 0° (facing directly into the wind) to 90° (parallel to the 

wind), the effective frontal area exposed to the wind decreases, following a cosine function. In the 

context of wind turbine yaw optimization, it helps predict the optimal yaw angle for maximum 

combined power production, thereby improving the efficiency of wind farms by reducing wake 

effects (Ted Sundstrom & Steven Schlicker, 2024). 

  

Figure 3 Time-averaged power for the downstream turbine vs yaw angle of the nearest upstream 

turbine (Han et al., 2023): the yaw angle/ the rotor tilt for the upstream stream turbine rotor of is 

adjusted from 0° to 30° 

The above figure presents the yaw angle vs. normalized power output of the downstream turbine. The 

horizontal axis represents the yaw angle of the upstream turbine, while the vertical axis shows the 

normalized power output of the downstream turbine. The figure demonstrates that tilting the rotor directs 

the wake propagation of the upstream turbine away from the downstream turbine, thus increasing its power 

output. In the figure, the red curve represents simulation results from LES (Large Eddy Simulation), and 

the black curve represents results from UVLM (Unsteady Vortex Lattice Method) 

2.3.5 Controls  

The control system of the wind turbine is important regarding both the turbine’s operation and 

energy production. Wind turbine control system consists of the following components: 

 Sensors – speed, position, flow, temperature, current, voltage, etc.; 

 Controllers – mechanical mechanisms, electrical circuits; 

 Power amplifiers – switches, electrical amplifiers, hydraulic pumps, and valves; 

 Actuators – motors, pistons, magnets, and solenoids; 

 Intelligence – computers, microprocessors. 
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2.3 Energy in the Wind 

The well-known Betz limit, 59.3% is the maximum amount energy that can be extracted from 

wind. This implies that the turbine extracts momentum from the flow leading to lower kinetic 

energy in the wake flow, and hence a lower mean velocity, relative to the undisturbed flow 

upstream of the turbine (Ivanell et al., 2018). In case the Cp value is 0 implies that all wind passes 

through and no kinetic energy is converted into mechanical power.  

 

Since wind is the energy source for wind farms, it's critical to comprehend how much energy can 

be extracted from the wind (EWEA, 2009). The amount of electricity that the wind farm is capable 

of producing can thus be determined. Wind energy is received in the form of kinetic energy 

(Manwell et al., 2010). To determine the wind's power output, utilize the following formula in the: 

                                                          P(U)   =
1

2
 ρA𝑈3                                                              ( 1) 

Where, U is the wind speed, ρ is the density of air and A is the rotor plane area. (Manwell et al., 

2010). On the other hand, Cp is the power coefficient which is defined as the share of possible 

wind power extracted by the rotor. On the other hand, the capacity factor (Cf) of a wind turbine is 

a measure of how much energy it produces compared to its maximum potential output over a year. 

The power coefficient and capacity factor can be obtained by the following formula; 

                          𝐶𝑝 =
𝑅𝑜𝑡𝑜𝑟 𝑃𝑜𝑤𝑒𝑟

𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑖𝑛𝑑
=

𝑃𝑟
1

2
 𝜌𝐴𝑈3

                         𝐶𝑓=
𝐸𝑎𝑛𝑛𝑢𝑎𝑙

𝑃𝑖𝑛𝑠𝑡×8760ℎ
                   ( 2) 

Wind power-based energy is one of the most rapidly growing areas among the renewable energy 

sources and will continue to do so because of the growing concern about sustainability and 

emission reduction requirements. The uncertain nature of wind and high penetration of wind 

energy in power systems are a big challenge to the reliability and stability of these systems. To 

make wind energy a reliable source, accurate models for predicting the power output and 

performance monitoring of wind turbines are needed (Sohoni et al., 2016). 

 

 Figure 4 Typical power curve of a pitch regulated wind turbine (Sohoni et al., 2016). 
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The power curve of a wind turbine indicates its performance. Power curve models which are 

accurate are crucial tools for forecasting of power and online monitoring of the turbines (Sohoni 

et al., 2016). The typical power curve of a pitch regulated wind turbine is as depicted in the above 

Figure 4. The power curve for wind farm is represented by the figure below.  

 

Figure 5 Power curve using actual data for a group of wind turbines at a wind farm (NREL)  

(Sohoni et al., 2016) 

2.4 Momentum Theory 

To fully understand the aerodynamics of wind turbines, it's crucial to explore Momentum Theory 

and Blade Element Theory. Momentum Theory provides insights into air dynamics around the 

turbine blades, focusing on the thrust force generated by the turbine. Blade Element Theory breaks 

down the blade into segments to analyze the lift and drag forces along the blade's span, crucial for 

predicting turbine performance (Holierhoek, 2008). 

Given the complexity and detailed mathematical formulations of these theories, a complete 

exploration, including detailed derivations and figures, is provided in Appendix C.  

2.5 Boundary Layer 

The boundary layer refers to the thin layer of fluid adjacent to a solid surface, where the fluid 

velocity changes rapidly from zero at the surface to the free stream velocity away from the surface. 

In atmospheric science, the bounsdary layer typically refers to the lowest part of the atmosphere, 

where interactions with the Earth's surface significantly influence airflow (Yunus A. Çengel & John 

M. Cimbala, 2006).  
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2.6 Wake Effect in Wind Farms 

2.5.1 Introduction to Wake Effect 

As the wind turbine in the upstream extracts an energy from the wind in terms of kinetic energy, 

the downstream turbines experience a reduction in the speed for which they will face (EWEA, 

2009). This reduction and turbulence of the wind speed is known as wake effect. This effect could 

happen either inside a wind farm within the interaction of each wind turbine (internal) or the wake 

effect a wind farm to another nearby wind farm which is also called external wake effect.  

Additionally, as the turbine blades sweep the air, each blade induces a vortex sheet which 

transforms into tip and root vortices behind the turbine. Because the blades are rotating, these 

vortices create helical structures as seen in Figure 6. These structures will eventually break down 

into smaller scale turbulence due to different instability mechanisms such as the vortex pairing of 

the tip vortices as depicted in in the figure below. This figure is generated by a large eddy 

simulation (LES) in which the turbine is modeled using the so-called actuator line (ACL) method 

(Ivanell et al., 2018). 

 

 

 Figure 6 The vortex structure behind a wind turbine(Ivanell et al., 2018). 

The wake effect is classified into near wake and far wake. The near wake basically considers wake 

which are very close to the rotor, approximately one rotor diameter downstream (Vermeer et al., 

2003). As a result, the properties of the turbine such as its rotor size, number of blades its are 

crucial. However, in the case of the far wakes, the focus is on the whole system and considerations 

will be diverted towards wake models, wake interference, turbulence models, and topography 

(terrain) of the land. For the prediction of wake effects in the larger scope like wind farms, the far 

wake models are more convenient. 

The wind farm overall performance is affected by the wind direction and wind farm layout. The 

reason behind this is that, they will change the orientation and location of wake cones. Hence, 
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when the direction of wind and turbine spacing is changed, the wake interaction will be changed 

which in turn affects the power output of each wind turbine (González-Longatt et al., 2012). 

 

Figure 7 a schematic showing wake effect of wind turbine “A” on wind turbine “B” 

2.5.2 Wind Farm Wake Models 

2.5.2.1 Single Wake Superposition 

A wind farm consists of several wind turbines, and whose turbines may be affected by the wakes 

of the other wind turbines which are located in the upstream position. The wake effect of a wind 

farm considers a single wake calculation of a turbine and then make superposition assumptions to 

take into account the wake effects of each turbine (Vermeer et al., 2003). 

2.5.2.2 Infinite Wind Farm Boundary Layer Model 

This model is developed by (Frandsen, 1992). An infinite wind farm boundary layer model 

(IWFBL), the velocity profile is reduced around the turbine rotors compared to the above the hub 

height and both profiles are logarithmic as it can be seen in the Figure 8 below (Göçmen et al., 

2016). In the wind farm, the turbines are presumed to be evenly gaped at a distance x and a 

dimensionless separation between the turbines is defined as: s=x/R, where R is the radius of the 

turbine. As shown in the figure, the shear stress difference around the turbine is defined as by the 

following: 

                                                       τ= 𝐶𝑇
′ 𝑈ℎ

2,                                                                               (3) 
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Figure 8 Illustration of the vertical flow shear, shear forces and external forces in the IWFBL 

model (Göçmen et al., 2016) 

Where 𝑈ℎ is the asymptotic spatial average wind speed at hub height, and τ is the thrust term τ= 

𝐶𝑇
′ 𝑈ℎ

2, with 𝐶𝑇
′ = 𝐶𝑇

′ 𝜋/8s2. Hence, the relation of velocity and Uh can be calculated using the 

following equation: 

                                                                                                                               (4) 

Where U⁕2 is the friction velocity above and U⁕1 below the hub height. 

Note that, under the rotor layer, the logarithmic wind profile is valid and can be used to relate Uh 

to U⁕1 using logarithmic law (Göçmen et al., 2016). For the region above that layer, the 

simplified geostrophic law which is mentioned at (Jensen, 1978) is applied and the resulting 

expression is; 

                                                                    (5) 

where h is the hub height, fp =fc exp(A⁕) with fc being the Coriolis parameter, A⁕ a modified A 

parameter from the resistance-law constants, and G the geostrophic wind speed. The friction 

velocities are parametrized as follows according to(Göçmen et al., 2016); 

                                                                              (6) 
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By substituting the above equations into Eq.                                                                          

(4) and then solving for Uh, it will give us  

                                                                                                                       (7) 

The friction velocities, U⁕2 to U⁕1, can also be calculated after solving for Uh. 

2.5.2.3 Jensen wake model  

Jensen model is one of the most popular and most accepted wake models as it is simple and 

convenient for practical use. From the below control volume indicated in figure below, where 

D=Dr is the rotor diameter, and assuming a top-hat inflow profile the mass balance between the 

rotor plane and the downstream flow gives the following equation:  

                               (
𝐷𝑟

2
)

2

𝑈𝑟 + [(
𝐷𝑤

2
)

2

− (
𝐷𝑟

2
)

2

] 𝑈𝑜 = (
𝐷𝑤

2
)

2

𝑈𝑤 ,                                                                 (8) 

Additionally, the wake is assumed to be dispersed linearly as a function of the downstream distance 

x at a rate α, Dw = Dr + 2αx and  
Ur

Uo
= 1 − 2α using the axial induction factor, the fractional 

decrease in wind speed, α =
Uo−Ur

Uo
 Then, the normalized velocity can be found by assimilating 

them together 

                                                            (
𝑈𝑤

𝑈𝑜
) = 1 −

2𝑎

(1+
2𝑎𝑥

𝐷𝑟
)

2,                                                 (9) 

It is assumed that there is symmetric flow with no rotation, no turbulence, the axial induction 

factor can be expressed as:  

                                                                                                   (10)              

 

Figure 9  Schematic diagram of Jensen model(Göçmen et al., 2016; Jensen, 1983) 
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2.5.2.4 Larsen Model 

The Larsen model which was introduced by (Larsen, 1988) provides a simplified approach to wake 

calculation, integrated into WindPRO software. This model employes an axisymmetric form of the 

Reynolds-averaged Navier-Stokes (RANS) equations, applying thin shear layer approximation and 

neglecting the pressure term in the parabolic equations. Turbulence is measured based Prandtl’s 

mixing-length theory, with wake assumed to be steady, axisymmetric, and self-similar in the 

direction perpendicular to the flow. Larsen’s solution utilizes both first and second order 

approximations of the RANS equation, even though the latter is generally found negligible for 

most engineering equations (Göçmen et al., 2016).  

To construct boundary conditions and solve for wake perturbations and radius in the first order 

approximation, a simplified version of the momentum and continuity equations are utilized. 

Specifically, boundary conditions assume that wake perturbation in the axial direction is much less 

than the inflow velocity, allowing the model to calculate the radius of the wake and the axial and 

radial wake perturbations. 

 

The 2009 version of the Larsen model updates boundary conditions based on full-scale 

experimental investigation and includes a treatment for multiple wake interactions, addressing the 

shortcomings of the original design. The new model modifies the method for determining wake 

radius and velocity deficit by defining boundary conditions at the rotor plane and at a fixed frame 

of reference located downstream. The model can now be used in wind farm settings instead of 

simply single wake scenarios thanks these enhancements. 

 

Furthermore,(Larsen, 2009) simplifies the approach by neglecting the second order approximation 

and concentrating on first-order model that is both methodologically sound and empirically 

confirmed. The inclusion of the two methods for determining the inflow speed in the wind farm 

approach, geometric averaging and momentum balance allows for a more comprehensive 

knowledge of wake in the wind farm environment. These strategies use numerical integration 

techniques to resolve numerous wake effects, which are incorporated using linear sum (Göçmen 

et al., 2016). 
 

2.5.2.5 EllipSys3D  

EllipSys3D is a 3D general-purpose CFD solver utilizing a block-structure finite volume approach, 

offering both RANS AND LES models for detailed simulation.  

i. RANS models in EllipSys3D 

The RANS models the rotor as an actuator disc. It uses the elliptic form of the Navier-Stokes 

equations without external induction. Non-linear terms 𝑢𝑗 (
𝜕𝑢𝑖

𝜕𝑥𝑗
) are discretized using the QUICK 

scheme (Versteeg & Malalasekera, 2007). 

A number of turbulence models can be integrated into EllipSys3D, the recent developments 

𝑘– 𝜀– 𝑓𝑃 turbulence model by a (Van Der Laan, Srensen, et al., 2015) modification of 𝑘– 𝜀 which 
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was developed by (Launder & Spalding, 1974), which addresses its limitations in predicting velocity 

deficits in the wind turbine near wake (Cabezón et al., 2011; Prospathopoulos et al., 2011; Van Der 

Laan, Srensen, et al., 2015). It introduces a scalar function fP that adapts eddy-viscosity (vT) based 

on local shear, enhancing wake effect simulations in single and multi-turbine settings. The 

𝑘– 𝜀– 𝑓𝑃 model has shown good agreement with LES and measurements (Göçmen et al., 2016) 

for single (Launder & Spalding, 1974), double wake cases (Van Der Laan, Sørensen, et al., 2015), 

and complete wind farms (Paul Van Der Laan et al., 2015); The turbulence eddy-viscosity is 

defined as: 

                                                                      𝜈𝑇 =
𝐶𝜇𝑓𝑃𝐾2

𝜀
                                                                 (10) 

where 𝐶𝜇 is a constant, K is the turbulent kinetic energy, and 𝜀 is the turbulent dissipation rate. In 

the standard k–ε, 𝑓𝑃 = 1 and the effective eddy-viscosity coefficient 𝐶𝜇𝑓𝑃 is a constant. In the k–

ε–𝑓𝑃 model, fP is a scalar function that depends on the local shear parameter𝜎 =
𝐾

𝜀
√(𝑈𝑗𝑗)2. 

The scalar function 𝑓𝑃 is defined as: 

                                               𝑓𝑃 (
𝜎

𝜎̃
) =

2𝑓0

1+√1+4(𝑓0
2−𝑓0

, 𝑓0 =
𝐶𝑅

𝐶𝑅−1
                                                (11) 

Where 𝜎̃ is the shear parameter in an idealized atmospheric layer, and 𝐶𝑅 is a calibration parameter. 

Transport equations for K and ε: 

                                                    
𝐷𝑘

𝐷𝑡
= ∇. [(𝑣 +

𝑣𝑇

𝜎𝑘
) ∇𝑘] + P − ε                                                         (12) 

                                       
𝐷𝜀

𝐷𝑡
= 𝛻. [(𝑣 +

𝑣𝑇

𝜎𝜀
) 𝛻𝜀] + (𝐶𝜀,1𝑃 − 𝐶𝜀,2𝜀)

𝜀

𝑘
                                          (13) 

ii. LES models in Ellipsy3D 

The LES approach uses a combination of advanced discretization techniques and adapts empirical 

constants based on specific studies. The rotor is modelled as an actuator line with axial forces 

defined using Blade Element Momentum (BEM) theory, enhancing computational efficiency. 

The "Power Deficit vs. Yaw angle" graph below by (Göçmen et al., 2016) presents a crucial 

analytical view of how different wind turbine wake models, along with SCADA data, compare in 

predicting the normalized power output of wind turbines influenced by wake effects across various 

relative wind directions. 
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Figure 10 Sexbierum Double Wake Normalized Power flow direction¼173°730°. 

 SCADA Data: Shows actual measured data, providing a benchmark for model accuracy. 

 Jensen Model (BinAve and GauAve): These lines represent outputs from the Jensen 

wake model using binomial and Gaussian averaging techniques. 

 Larsen Model (GauAve): Depicts the Larsen model's Gaussian averaged results. 

 Fuga Model: This line indicates the performance of the Fuga wake model. 

 EllipSys3D (LES and RANS k–ε): Shows results from computational fluid dynamics 

simulations using Large Eddy Simulation and Reynolds-Averaged Navier-Stokes 

methods. 

The models and SCADA data exhibit that power outputs are highly sensitive to wind direction due 

to the varying wake effect. Near the centerline (0 degrees), there is a notable dip in power, 

indicating significant wake loss. Models like Jensen and Larsen generally underpredict the wake 

loss seen in the SCADA data, especially around the zero degrees where wake effects are strongest. 

The Fuga model and the EllipSys3D LES simulations show closer alignment to SCADA, 

suggesting higher accuracy or different sensitivity to wake dynamics (Göçmen et al., 2016). 

Understanding how power output varies with wind direction can help optimize turbine placement 

and farm layout to minimize wake-induced power losses. Direct comparison with SCADA data 

helps validate and refine these models, ensuring more accurate predictions and efficient wind farm 

management (Göçmen et al., 2016) 
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3. METHOD 

3.1 Experimental Setup  

A wind tunnel located in Gavle city which is owned by the University of Gävle, equipped with 

built-in turbine models, serves as the primary experimental setup for this study. The wind tunnel 

dimensions measure 11 meters in length, 3 meters in width, and 1.5 meters in height. Its operation 

is sustained by two fans, each with a power output of 110 kW during high-speed operations. The 

wind tunnel houses nine wind turbines selected for examination. The investigation focuses on wake 

effects on power production, wake steering optimization (adjusting yaw angles) and monitoring 

wind speeds at various intervals.  

Wake steering optimization has been employed to minimize the wake effect on downstream 

turbines by adjusting its propagation through the yaw control system. This adjustment ensures that 

the disturbed flow and reduced wind speeds do not impact the operation of downstream turbines. 

For this study, turbines were strategically selected based on their positions within the wind tunnel 

to mitigate boundary layer effects as much as possible. Specifically, turbines positioned in the 

middle were chosen. The study also considers the distances between turbines; both closer and 

significantly spaced turbines are included to analyze the wake effects comprehensively. 

Additionally, a turbine was dismantled from its original position and tested at various spacings to 

further examine the impacts. 

 

Figure 11  Schematic of the wind tunnel 

The other devices used during the experimentation include the laser sensor class 2 type distance 

meter, visible light sensors which are known for low power consumption with below 1mW power 

as indicated in the below and traditional folding meter for measuring the turbine spacing.  
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3.2 Calibration and measurement   

To ensure accuracy, each wind turbine model first undergoes individual calibration at the center of 

the tunnel before evaluating energy production as shown below in Figure 12. For this matter, we 

measure the power production from five distinct speed values for each turbine. Notably, wind flow 

is perpendicular to the turbine's rotor plane. The wind speed is adjusted using the revolution per 

minute (RPM) of the fan, which is the primary device responsible for generating the airflow. The 

RPM of the fan can be precisely controlled and calibrated to achieve the desired wind speed. This 

adjustment is based on specific calculations that correlate the RPM of the fan with the resulting 

wind speed, allowing for accurate and reproducible manipulation of airflow conditions for testing 

purposes. This calibration process aims to mitigate potential discrepancies arising from variations 

in model shapes and generator performance. The results of the test are indicated in the result and 

Appendix A (Table 4) sections of this report. 

 

 Figure 12 A photograph of Wind turbine models undergoing calibration inside the center of 

wind tunnel, Gavle1 (March 14, 2024) 

3.3 Data acquisition system    

The data acquisition (DAQ) system employed in this study leverages the National Instruments (NI) 

cDAQ-9174 CompactDAQ chassis, complemented by custom circuit boards interfaced with a 

microcontroller. This choice of hardware amalgamates the robustness and versatility of the 

CompactDAQ platform with the tailored functionality afforded by custom electronics. 

Encapsulated within a compact housing measuring 8.5×34.5×42.7 cm, the integrated system 
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achieves a harmonious blend of portability and performance, ideal for diverse experimental 

settings. 

The cDAQ-9174 chassis serves as the cornerstone of the DAQ architecture, providing a modular 

and scalable framework for seamless integration of multiple data acquisition modules. Its 

compatibility with a myriad of C Series I/O modules ensures adaptability to varied measurement 

requirements, ranging from analog input/output to digital signal processing and beyond. Moreover, 

the chassis's rugged construction and compact footprint render it well-suited for both laboratory 

benchtop setups and field deployments. 

Augmenting the hardware infrastructure is a bespoke LabVIEW program meticulously designed 

to interface with the CompactDAQ system. This LabVIEW application orchestrates the concurrent 

execution of critical tasks, including the generation of analog input signals from the wind turbine 

generator and the digitization of detector signals. Remarkably, the system achieves a sampling rate 

of 1000 kHz, underscoring its capability to capture high-frequency phenomena with unparalleled 

fidelity. 

 

 

Figure 13 Laser pointer type 2: it uses electromagnetic radiation to measure the distance 

between two selected points 
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3.4 Wake interaction using wake steering and turbine placement  

In this study, the spatial arrangement of turbines within the wind tunnel is critical to assessing the 

wake interactions effectively. The proximity between turbines significantly influences the wake 

effect, a phenomenon where the wind speed downstream of a turbine is reduced due to the energy 

extracted by the turbine upstream  (Barthelmie & Jensen, 2010). Consequently, understanding the 

inter-turbine distances is imperative for analyzing the wake interaction accurately.  

The figure below shows how the wakes interacts between two turbine aligned in a straight line. 

The wind comes from the right side of the figure and as it can be seent the rotor of the upstream 

turbine is tilted a bit. The light blue which seems cloud is the wake propagating from its source 

towards the dwonstream turbine. The yaw  is the tilt angle away from the rotor disc which is 

perpedicaluar to the wind.  

  

Figure 14 Top view of turbines where the wind turbine in the upstream is steered a little bit keeping 

the alignment in a straight line to the downstream turbine: wake steering is a mechanism of tilting 

the rotor so that the wake will be dispersed to other directions 

 

Figure 15 below presents the layout of the wind farm tested in the wind tunnel. It consists of nine 

turbines, labeled from 1 to 9. The wind direction is indicated as blowing from the north to the 

south, with north pointed for reference. This layout helps to analyze the effect of wind on the 

turbines, particularly looking at how upstream turbines might affect downstream turbines through 

the wake effect, which can decrease the efficiency and power output of the turbines behind them. 

Each turbine is represented as a circle with a number near to them, indicating its specific identifier 

within the wind farm.  

The selection of turbines from the Figure 15, #6 and #7, as well as #4 and #5 for this study is 

predicated on their relatively close proximity compared to other turbines in the farm. This 

proximity allows for a comprehensive examination of the wake effects that occur when turbines 

are spaced closely together. Although other turbines are positioned at shorter distances, their 

alignment does not facilitate an optimal configuration for study within the central area of the wind 

tunnel. The central placement is crucial to mitigate any potential speed reductions towards the 

walls of the wind tunnel, which could skew the data (Benjamin Sanderse, 2009) 
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The insights gained from studying these specific turbine interactions are vital for optimizing 

turbine layouts in wind farms to minimize wake-induced energy losses and to enhance overall 

efficiency (Frandsen et al., 2006). The empirical data collected from these configurations will 

contribute to a better predictive model for turbine spacing effects on wake dynamics, which is 

essential for the design and implementation of cost-effective wind energy systems. 

Additionally, the three turbines which are turbine numbers #4, #5, and #9 are aligned perfectly to 

the wind direction in a straight line as visualized in Figure 18. The wake effects of the wind turbines 

#4 and #5 on #9 is studied including yaw adjustment of #5. The rotor yaw adjustments are done in 

10-degree intervals, but at 5-degree interval from -20 to +20 degree and hence more datas will be 

better for the results. The wind speed used for all wake steering and spacing experiemts is 15 m/s, 

meausred at the turbine’s hub height. The yaw angle/rotor tilt is adjusted directly in the LabVIEW 

program. In this study, all results analysis and predictive modeling were conducted using Python 

version 3.11.4. This choice of software is due to its robust libraries and tools, which are well-suited 

for complex data analysis and machine learning tasks. 

 

 

Figure 15  Simple sketch the wind farm model: the wind blows the turbines from north to south at 

the normal operation, which means before rotating the table at which the turbines are fixed. 
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3.5 Turbine alignment mechanism  

First, the wind turbine #6 and #7 are selected for study of the wake effect as they have similar 

terrain appearance. To ease the task for adjusting the alignment, the turbine layout is sketched in 

the Figure 16. The turbine spacing will enable us to adjust the table for which the wind turbines 

are fixed on. Using simple trigonometric relationships, it is easier that the angle between the wind 

turbines with respect to the true north, is need to tilt the table to make align the intended turbines.  

 

 

Figure 16 Schematic of the orientation of wind turbine #6 and #7 when facing towards true north.  

Where: θ is the angle between the imaginary line drawn parallel with the true north from the 

turbine 7 and the line which connects both turbines 

From the above schematic, we can use the classical cosine rule follows to calculate the angle 

between the imaginarily line b which is towards the true north and the line “a” which imaginarily 

connects the two turbines.   

𝑆𝑖𝑛(θ) =
𝑐

𝑎
=

0.211

0.423
= 0.4988179609 

θ = sine⁻¹(0.4988179609) 

𝛉 = 𝟐𝟗. 𝟗 ° 

Hence, this angle will be used to turn the table so that, it will be possible to perfectly align the 

turbines each other towards the north. To ensure the validity of this way of making alignment, 

the distance each turbine is measured from the wall of the wind tunnel. 
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Figure 17 Wake steering of the upstream turbine number #5 to see its effect on the downstream 

turbine #9 

The Figure 17, above shows how the wake steering mechanism is done. In the figure it can be 

clearly visualized the upstream #5, where the wind blows from the right to left is being adjusted. 

The tilted turbine as it can been is done so that to look on how much the wake will affect. This 

means that, the rotor as it has been mentioned in the above sections, undergo adjustment so that it 

will be easy to analyze how adjusting it will affect the downstream turbine and at the same time 

anticipate the optimal angle of it that will produce maximum combined power, and visualize the 

width of the wake. The rotor for both upstream turbines has been tilted, to analyze the wake effect 

on the downstream turbine #9 

Then, wind turbine #4” and #5 undergo experimentation. The same principle as in the previous 

experiment is used to align the turbines towards the wind. By doing so, the wake effect caused by 

the upstream wind turbine #4 on wind turbine #5 will be studied. As mentioned above, by changing 

the orientation of the turbine rotor of the upstream turbine, the dependent variable which is the 

power out of the target turbine will be measured. 
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Figure 18 Three turbines aligned at the same time to observe the effects of the upstream turbines 

on the downstream turbine # 

The figure above illustrates a wind tunnel setup designed specifically to study the wake effects 

experienced by downstream turbine, labeled as turbine #9, due to the influence of upstream 

turbines 4 and 5. Positioned directly behind turbines #4 and #5 in the wind tunnel, turbine #9 is 

the focal point for measuring the impact of reduced wind speeds and increased turbulence caused 

by the wake of the upstream turbines. This controlled environment is essential for accurately 

understanding and quantifying the wake effects, which is crucial for optimizing turbine placement 

and enhancing overall efficiency in wind farms. The method used as mentioned in the beginning 

of this chapter, is the wake steering mechanism. Which means, to reduce the wake effect of the 

upstream turbine on the downstream turbine, the nacelle and rotor system of turbine #5 is tilted 
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with 10-degree intervals back and forth to the positive and negative angles. For some for the 

experiments the angle 5-degrre intervals has been used for the whole measurement.  

3.6 Computational tools/ Qblade 

To visualize the wake effect behind the wind turbine, the Qblade version 2.0 simulation tool is 

employed. Qblade is developed by the Wind Energy Technology Institute at the University of 

Applied Sciences in Berlin, German. In this study, QBlade is utilized specifically for the 

visualization of wake effects behind the wind turbine.  The geometrical dimension of the wind 

turbine for the model is measured physically. An optimal airfoil is selected for the blade for 

modeling. The airfoil NACA 2414 is use blade as the material is plastic and it very thin (NACA 4 

Digit Airfoil Generator (NACA 2412 AIRFOIL), 2024.). To design the model, the wind turbine blade 

is divided into 10 segments to optimize the twist angle as in the Appendix B. Betz method is used 

for the optimization of the blade. The turbine models, which are tested in the laboratory, feature a 

blade length of 4.8 cm. The blade's chord length varies between a maximum of 2.1 cm and a 

minimum of 1 cm. This specific dimension is utilized for the modelling.  
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4. RESULTS 

The analyses conducted in this study aimed to address key aspects of wind turbine performance, 

focusing on wake effects and their implications for power output and efficiency. The wake effects 

caused by upstream turbines were shown to significantly reduce the wind speed available to 

downstream turbines, thereby reducing their power output. The experimental results of the wind 

power variation due to the wake interference of the upstream turbines is elaborated in next pages 

of the report.   

The experiments are made at different spacing of the intended turbines. It has been mentioned that 

the spacing between the turbines used is in terms of the fraction the turbine rotor diameter. The 

rotor diameter of the model turbine is 0.1 m, considering the hub as well. The models are more or 

less exactly similar, nevertheless the correction factors are applied for all the analysis as it can be 

seen in the Appendix A. Hence, for each result elaborated in this thesis the spacing is determined by 

dividing the distance between the turbines to the diameter of the rotor.  

4.1 Wake Interaction of wind turbine number 6 and 7 

As the figure 19 below depict, the power output of turbine #7 is affected by the wake of turbine #6 

located 4.2D (4.2 rotor diameters) separation distance. The figures also show that the yaw angle 

of turbine #6 is affecting the wake: as the yaw angle is increasing, the wake influence on #7 is 

decreasing, while, however, also the power output of #6 is decreasing. Figure 19 below shows the 

orientation of the turbines before they are adjusted for alignment. But the measurements are made 

after they have been aligned using the method elaborated in the previous sections.  The maximum 

power reduction on the downstream turbine #7 is 36% at the yaw angle of 0°. At the yaw angle of 

±11° of the upstream turbine, the combined power output of the turbines is observed as it can be 

depicted in the Figure 20 below. 

 

Figure 19 The orientation of wind turbine #6 and #7: before adjusted to align using turntable 
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Figure 20 Combined Power Output vs. Yaw angle for Turbines 6 and 7: where the rotor of 

turbine #6 is being tilted 

The figure above displays the individual power outputs for turbine #6 (blue) and turbine #7 (red), 

as well as their combined power output (green) as a function of yaw angle, ranging from -85° to 

85°. The sinusoidal model fit to the combined power data is shown in purple. The vertical orange 

dashed line represents the angle at which the maximum combined power output occurs. The graph 

demonstrates the impact of wake effects and the variability of power output with changes in yaw 

angle of the downstream turbine, emphasizing the importance of optimization of the yaw angle of 

the turbines in wind farms. 

4.2 Interaction of Wind turbine #4 and #5 

By aligning two wind turbines, #5 and #4, where #4 is installed in front of the #5 with straight 

alignment at a spacing of 5.2D, the wake effect of the wind turbine #5 is studied accordingly like 

the way it is done for the above turbines. The maximum power loss for the downstream turbine #5 

is 28% at the yaw angle of 0°. The maximum combined power output has been predicted to be in 

the range of ±9° at it can be seen form the figure below.  
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Figure 21 Power Output vs. Yaw Angle for Turbines #4 and #5, and Combined Output 

Figure 21 displays the power output of turbine 4 (blue dots) and turbine 5 (red dots) as a function 

of yaw angle, along with their combined power output (green dots). A sinusoidal function (purple 

line) is fitted to the combined power output data, and the maximum combined power output is 

indicated by a black dashed line at approximately angle=maxpowerangle:. 1.58°.  

 

4.3 Interaction of Wind Turbine “9” and “7” 

The turbine #9 and #7 are aligned to be directed to the wind source in the wind tunnel. The effects 

of wake due to turbine “7” on turbine “9” is analyzed. As the graph below illustrates the wake 

influence is visible on the turbine that is installed on the downstream despite the distance between 

the turbines is 10.8D meter of turbine spacing. The maximum power deficit of the downstream 

observed is 27 %, which is significant, although the spacing is relatively high between the turbines. 

possible reasons are the power reduction might also be influenced as the turbine #9 is at the back 

of the all turbines, hence influenced by all the terrain of the wind farm. In this configuration, when 

the turntable is adjusted to the left to align the turbines, it is evident that turbine #7 will be oriented 

directly into the wind. Consequently, turbine #6, positioned slightly in front of it, will also be 

shifted to the left. It is likely that the observed power out reduction is not only because of the wake 

effect, as it supposed to dimmish with that distance of separation. The other possible reason might 

be the fact that the orientation of the two turbines when aligned straight to the wind direction, both 

are closer to the wall of the wind tunnel. This will be probably affecting the wind speed to be 

reduced because of the boundary layer effect. Unfortunately, no total power data was attained for 

this case.  
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Figure 22 Power output of Wind Turbine Number “9”, downstream vs. Yaw Angle, Affected by 

Alignment with Wind Turbine “7” in Windward Direction at 10.8D meter spacing 

 

4.4 Wake effect interaction of wind turbines #4 and #5 on turbine #9 

From, Figure 15,the turbine 9 is downstream of the two turbines #4 and #5, but as it is not possible 

to align the three turbines at the same time, #9 was dismantled from its position; see Figure 18. 

Then, the three turbines are aligned simultaneously and then the effect of both turbines which are 

turbine “5” and “4” on turbine “9” is measured. The measurement is done for different spacing by 

manipulating turbine “9” back and forth towards both turbines without disturbing the alignment 

using laser pointer by putting the back side of it to turbine 9 and then pointing to the intended 

turbine. The experimental findings highlighted in the wind tunnel studies reveal considerable 

wake-induced power losses, particularly evident in the performance of downstream turbines. The 

experimental results, as depicted in the figure below shows a substantial maximum decrease in 

power output of turbine #9 when turbine #5 is positioned in front of it, with the presence of turbine 

#4 further upstream. Specifically, the maximum reduction in the average power output of turbine 

#9 occurred at closer spacings with turbine #5: by 66% at 2.08D and by 45% at 4.15D. Conversely, 

turbines positioned at broader spacings of 7.29D and 8.3D showed more moderate reductions in 

power output, registering decreases of 28% and 18%, respectively. The power reduction is 

compared with respect to the baseline, which is the maximum observable power output of the 

downstream turbine in each experiment. Unfortunately, no total power data was attained for these 

cases. 
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Figure 23 Power output variation of turbine number “9” at different spacings of turbine #5 due 

the wake effect of both turbine “4” and “5”: the yaw angle which is adjusted is for the upstream 

turbine #5 and #4 simultaneously  

 

Figure 24 Power output of downstream plotted against distance from upstream turbine 
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Figure 25 Comparative Analysis of Power Output at 4D Spacing: Impact of One versus Two Upstream 

Turbines on Wake Effects and Power Efficiency Across Yaw Angle: the angle for the upstream turbine 
#4&#5 when considering two Upstream turbins and for the one upstream 

The figure above displays the same 4D case as in the precious figure, with the addition of the case 

where the most windward turbine #4 is taken away; i.e. it compares the effect of one vs. two 

upstream turbines on a downstream turbine. The blue curve represents the power output of turbine 

#9 when influenced by the wake from turbine #5 alone, including adjustment of its yaw angle. 

Conversely, the orange curve illustrates the power output of turbine #9 when both turbines #4 and 

#5 are considered, with turbine #5 being adjusted within the same yaw angle range. In this setup, 

turbines #4 and #5 are aligned in their effect on turbine #9, creating a compounded wake 

interference scenario that results in different power output characteristics as compared to the 

situation when only one upstream turbine's wake is affecting turbine #9.  

Notably, the power output is consistently lower when two upstream turbines are involved 

compared to just one. This highlights the cumulative nature of wake interference, where additional 

upstream turbines exacerbate the reduction in wind speed and increase turbulence, leading to 

significantly decreased energy production from the downstream turbine. This pattern is critical for 

wind farm design, emphasizing the need for strategic turbine placement to minimize the negative 

impacts of wake effects. 

Interestingly, a recovery in power output is observed as the yaw angle approaches ±75 degrees in 

both scenarios. This suggests that extreme yaw angles may help mitigate some of the wake effects, 

possibly due to a more favorable interaction between the altered wind flow and the turbine's rotor. 
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4.5 Wind Power Curve for the wind farm models  

 

Figure 26 Power curve illustrating the power output (in watts) of each wind turbine at various wind speeds (in 

meters per second) with three theoretical power curves. Each dot represents the measured power of each turbine. 

 

As it can be seen from the above figure, the power output curves for nine different wind turbines 

are plotted alongside theoretical curves for power coefficients (Cp) of 0.3, 0.45, and 0.59. These 

curves illustrate the relationship between wind speed and power output, starting from a cut-in 

speed of 3 m/s. At this speed, the turbines commence power generation, and their output increases 

progressively with wind speed. Additionally, beyond certain high wind speeds, there might be a 

cut-off speed at which turbines are designed to shut down to prevent damage during extreme wind 

conditions. The wind tunnel testing did not extend to the cut-off speed due to safety concerns for 

the wind turbine equipment. The theoretical curves provide a reference, highlighting the potential 

efficiency of the turbines under optimal conditions. The theoretical curves above are predicted 

using equation 2: 

                                                       P(U)   =
1

2
 ρA𝑈3                                                              ( 1) 

The area of the rotor is calculated from its diameter which is measured to 0.1 meter. The efficiency 

of all the three turbines is set to be 1.  The speed as mentioned above is varied accordingly. The 

Cp values of the theoretical curves are chosen so as to understand from less efficient to more 

efficient ones, including Cp=0.59 which indicates the theoretical maximum (Betz limit). Here, the 

theoretical curves have been parallel moved to start at the cut-in speed of 3 m/s in order to agree 

reasonably with measurement data. Although questionable to do this, without it the discrepancies 

between measurements and theory would be huge. It seems the turbine efficiency varies 

significantly between turbines. This is discussed further in the Discussion chapter.     
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5. DISCUSSIONS  

The experimental study clearly demonstrates the influence of wake effects on wind turbine 

efficiency, a phenomenon well documented in the references section in this report. It is evident 

from the graph in the Figure 23, that as the spacing between turbine “9” and “5” decreases, the 

power output of the downstream turbine “9” also diminishes. This reduction is primarily due to 

wake effects, where the airflow disturbed by one turbine adversely affects the performance of 

others downstream. This was consistent across various turbine layouts and environmental 

conditions, underscoring the importance of optimal turbine spacing and orientation. This aligns 

with the observations made by (Barthelmie & Jensen, 2010), where downstream turbines showed up 

to a 20% decrease in power in similar settings.   

Conversely, increasing the distance between turbines leads to an observable increase in power 

output. This recovery occurs as the wake has more room to disperse before reaching subsequent 

turbines, thus mitigating its impact. Larger spacings between the turbines allow for a more efficient 

recovery of wind speed within the wake, subsequently enhancing the power output of turbines 

located further away from the wake’s origin (Frandsen et al., 2006). 

Additionally, the result from the study as it can been seen on the figure in the above pages 

underscores how the power output varies with the yaw angle of an upstream turbine. The overall 

effect is that a larger yaw angle reduces the wake effect and enhances the power output of a turbine 

directly downstream. With increasing yaw angle, however, the power of the upstream turbine is 

reduced. The study indicates that a small yaw angle of about ±11° results in highest total power 

output, from both turbines together. The small angle and the limited amount of data in this study 

suggest further, extended studies to ascertain this effect.  

The fact that the wake effect becomes very noticeable when the turbines are aligned, while the 

turbine rotors’ planes of both the upstream and downstream turbines are kept parallel to each other, 

and simultaneously their rotor planes are kept perpendicular to the wind direction, is also 

confirmed in this study. This observation corresponds well with the findings reported by 

(Sebastiani, 2020), where the downstream turbine's rotor plane faces the wake perpendicularly 

As wind speed increases, the power output from all turbines increases as can be seen in Figure 26, 

but curves do not perfectly align with theoretical curve but exhibit a general increase with wind 

speed which should have been consistent with the cubic relationship  𝑃 =
1

2
𝜌𝐴𝑣3𝐶𝑝. Real-world 

aerodynamic inefficiencies such as suboptimal blade pitch and control system limitations may not 

be captured in idealized models. Environmental conditions like variations in air density and 

temperature also affect turbine performance. Wake effects in wind farms, where upstream turbines 

disrupt airflow to those downstream, further contribute to these discrepancies.  

The shown variability in power output among different turbines at the same wind speeds suggests 

differences in individual turbine characteristics such as blade design, pitch settings, or even slight 

deviations in installation and orientation. This variability is crucial in practical terms, as it impacts 

the overall efficiency of a wind farm layout. Studies such as those by (Barthelmie & Jensen, 2010) 
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have noted that wake effects and turbine spacing significantly affect individual turbine 

performance, reinforcing the importance of strategic farm planning. 

This study underscores the importance of considering wake effects in the design and layout of 

wind farms. The data suggest that with appropriate planning regarding turbine placement and 

orientation, wake-induced power deficits can be minimized, thereby maximizing the efficiency 

and output of wind farms.  

The use of scaled models of wind turbine farms in wind tunnel experiments introduces scaling 

effects that impact the extrapolation of data to real wind farm. Challenges in replicating the full-

scale environment, such as achieving accurate Reynolds numbers and managing blockage effects, 

necessitate careful interpretation of results. To ensure the applicability of these findings to the wind 

farm in operation, adjustments and validations through computational models and empirical testing 

are essential.  

Previous studies including (Han et al., 2023) confirmed that yaw steering changes the inflow 

conditions to downstream turbines, resulting in altered aerodynamic loads. These loads are highly 

dependent on the degree of yaw misalignment and the wake's interaction with the downstream 

turbines. The partial wake overlap caused by yaw steering leads to asymmetric loading on the 

rotors, which could impact turbine longevity and efficiency due to increased fatigue. This implies, 

there should be an advanced control system which can be utilized in the real time wind conditions.  
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6. CONCLUSION 

This study has examined the effects of wake shading on wind turbine performance, with a specific 

focus on turbine placement and rotor orientation within wind farms. The experimental work 

conducted through different spacing of turbines and orientation of rotor demonstrated that wake 

effects significantly reduce the power output of downstream turbines due to the reduced wind 

speed and increased turbulence.  

 

6.1  Study results  

The experiments conducted in the wind tunnel at the University of Gävle demonstrated that wake 

effects significantly reduce the power output of downstream turbines. Throughout the experiments, 

the maximum wake effect observed was a reduction of 66% in baseline power production for the 

downstream turbine, which occurred at a spacing of 2D meters with the immediate upstream 

turbine, while the setup included two turbines positioned upstream. Measurements indicated a 

marked decrease in performance due to the velocity deficit and increased turbulence in the wake 

of upstream turbines. This was particularly evident in closely spaced turbines, where the 

downstream turbine's power output was notably compromised. 

Adjusting the yaw angles and optimizing the spacing between turbines proved to be effective 

strategies to mitigate the detrimental effects of wake interactions. By adjusting yaw angles, the 

alignment of turbines relative to the wind direction could be optimized to reduce the wake impact 

on subsequent turbines. With increasing yaw angle, however, the power of the upstream turbine is 

reduced. The study indicates that a yaw angle range of ±11° results in highest total power output, 

from both turbines together. This interesting indication would be valuable to get confirmed in 

future studies.  

The findings highlight the importance of careful planning in the design and layout of wind farms. 

Strategic placement of turbines, considering both wake effects and optimal operational settings 

such as yaw angles and turbine spacing, can significantly enhance the efficiency of wind farms. 

This has practical implications for wind energy developers looking to maximize energy output 

while minimizing wake-induced efficiency losses.  

6.2  Outlook  

The research presented in this thesis not only advances our understanding of the complex dynamics 

of wake effects in wind turbines but also highlights the critical areas where further technological 

and methodological advancements are possible. Looking forward, the potential to improve wind 

farm efficiency through advanced wake management and optimization techniques remains 

substantial. The small optimal yaw angle found, ± 11°, and the limited amount of data in this study 

suggest that further, extended studies are needed verify this effect. 

Future advancements in sensor technologies and real-time data analytics could enable more 

dynamic adjustment of turbine operations to respond to immediate atmospheric changes. 
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Additionally, the integration of machine learning models could provide better predictive 

capabilities for wake effects, leading to smarter, more responsive wind farm management systems. 

These technologies will likely become crucial as the scale and density of wind farms increase. 

Moreover, further work could explore the impact of variable atmospheric conditions on wake 

behavior more comprehensively. This would involve extending the experimental setups to outdoor 

environments where natural and more variable wind conditions can be assessed, providing a more 

robust dataset for validating and refining computational models. 

Future research should focus on dynamic yaw control and adaptive turbine layouts that can respond 

in real-time to changes in wind direction, thereby optimizing power output and minimizing wake-

induced losses across a broader range of operational conditions. Implementing such adaptive 

systems could dramatically enhance the efficiency and reliability of wind farms, contributing to 

more sustainable and economically viable wind energy production. 

6.3  Perspectives  

The broader implications of this study extend to the practical realms of wind farm design and 

global renewable energy strategies. By providing empirical data and validated models that describe 

turbine interactions more accurately, this research contributes to the more efficient design and 

operation of wind farms, potentially lowering the cost of wind energy and enhancing its 

competitiveness with fossil fuels. 

This work also adds a crucial piece in understanding how renewable energy sources can be 

optimized to meet growing energy demands sustainably. It aligns with global energy policies that 

are increasingly favoring sustainable development and carbon-neutral energy solutions. The 

insights from this study could help policymakers, designers, and operators of wind energy systems 

to make informed decisions that balance energy production with environmental and economic 

considerations. 

The ongoing transition to renewable energy sources, particularly wind energy, underscores the 

importance of such research. As wind farms become a more significant component of the global 

energy portfolio, the knowledge and technologies developed from this and similar studies will play 

a pivotal role in ensuring their successful integration into the energy grid, thereby supporting 

global efforts towards a more sustainable and resilient energy future. 
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7 ETHICAL CONSIDERATIONS 

No ethical considerations need to be taken care of in this research, as the investigation and 

conclusions are unlikely to cause harm or offense to any individuals or communities. The nature 

of the study, focused on wind turbine orientation and power production in wind farms, does not 

involve human participants or sensitive personal data. Furthermore, the research does not pose any 

risks of physical injury, environmental damage, or societal harm. 

Given the experimental and analytical nature of the study, the research has been conducted in 

controlled laboratory settings and simulation environments. Therefore, there are no concerns 

regarding participant safety, data privacy, or environmental impact. The findings of the study are 

intended to contribute to scientific knowledge and technological advancements in the field of 

renewable energy, without implications for individual rights, societal well-being, or environmental 

conservation. 
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Appendix A 

The results of the power output of the turbines which undergo experimentation are listed here in 

this appendix as tables.   

a) Correction factors applied for the turbines for analysis after the calibration 

 

Table 1 The power deficit variation of wind turbine number “7” due to the wake effect of the 

nearby turbine “6” 

Yaw Angle No. Wind Power [W] 

-85 6 0.00011 

7 1.13 

-80 6 0.00016 

7 1.13 

-75 6 0.00014 

7 1.12 

-70 6 0.00118 

7 1.11 

-65 6 0.0499 

7 1.08 

-60 6 0.112 

7 1.07 

-55 6 0.229 

7 1.06 

-50 6 0.378 

7 1.0 



46 
 

-45 6 0.479 

7 0.957 

-40 6 0.574 

7 0.84 

-35 6 0.834 

7 0.828 

-30 6 0.936 

7 0.817 

-25 6 1.02 

7 0.791 

-20 6 1.12 

7 0.772 

-15 6 1.12 

7 0.77 

-10 6 1.17 

7 0.765 

-5 6 1.21 

7 0.756 

0 6 1.25 

7 0.728 

5 6 1.2 

7 0.734 

10 6 1.19 

7 0.767 
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15 6 1.17 

7                    0.805 

20 6 1.14 

7 0.815 

25 6 1.02 

7 0.871 

30 6 0.93 

7 0.893 

35 6 0.832 

7 0.966 

40 6 0.607 

7 0.983 

45 6 0.545 

7 1.02 

                      50 6 0.444 

7 1.07 

55 6 0.282 

7 1.06 

60 6 0.172 

7 1.06 

65 6 0.0734 

7 1.12 

70 6 0.0102 

7 1.14 
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75 6 -8.67 E-5 

7 1.14 

80 6 -8E-5 

7 1.14 

85 6 -8.56 E -5 

7 1.14 

 

Table 2 The power deficit variation of wind turbine number “5” due to the wake effect of the 

nearby turbine “4” 

Yaw Angle/Rotor tilt No Wind Power 

-90 4 0.00052 

5 1.08 

-85 4 0.00052 

5 1.08 

-80 4 0.00053 

5 1.08 

-75 4 0.00579 

5 1.08 

-70 4 0.0472 

5 1.11 

-65 4 1.126 

5 1.07 

-60 4 0.224 

5 1.08 

-55 4 0.357 
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5 1.06 

-50 4 0.51 

5 1.05 

-45 4 0.61 

5 1.01 

-40 4 0.738 

5 1 

-35 4 0.835 

5 0.976 

-30 4 0.923 

5 0.958 

-25 4 1.02 

5 0.935 

-20 4 1.08 

5 0.92 

-15 4 1.4 

5 0.916 

-10 4 1.16 

5 0.867 

-5 4 1.24 

5 0.894 

0 4 1.16 

5 0.806 

5 4 1.14 
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5 0.827 

10 4 1.14 

5 0.859 

15 4 1.13 

5                    0.862 

20 4 1.08 

5 0.869 

25 4 1.05 

5 0.892 

30 4 0.987 

5 0.923 

35 4 0.91 

5 0.966 

40 4 0.81 

5 0.993 

45 4 0.694 

5 0.994 

                      50 4 0.574 

5 1.04 

55 4 0.456 

5 1.08 

60 4 0.314 

5 1.09 

65 4 0.197 
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5 1.09 

70 4 0.0911 

5 1.08 

75 4 0.0329 

5 1.11 

80 4 0.00079 

4 1.11 

85 4 0.00051 

5 1.12 

90 4 0.00047 

4 1.12 

 

 

Table 3 The measured distance between each turbine denoted as L 

Turbine 

number 

L12 L15 L23 L25 L34 L35 L45 L56 L67 L79 

Distance(m) 0.455 0.64 0.448 0.702 0.471 0.546 0.516 0.776 0.423 1.08 

 

Table 4 Power output of each of the nine wind turbines in watts tested at the middle section of the 

wind tunnel 

   Turbine number  

Wind 

Speed(m/s) 

1 2 3 4 5 6 7 8 9 

3 0.0243 0.0181 0.0195 0.233 0.02 0.0193 0.0221 0.0217 0.006 

5 0.165 0.147 0.151 0.163 0.16 0.158 0.163 0.158 0.0384 

8 0.561 0.537 0.533 0.563 0.55 0.553 0.54 0.55 0.199 
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10 0.935 0.9 0.885 0.94 0.916 0.92 0.893 0.904 0.363 

12 1.38 1.3 1.33 1.39 1.36 1.36 1.4 1.33 0.542 

15 2.16 2.07 2.1 2.13 2.12 2.11 2.16 2.1 0.848 

Table 5 The power deficit variation of wind turbine number “9” due to the wake effect of the 

nearby turbine “7” 

Yaw 

Angle/rotor 

tilt  

Power 

(W) 

-90°         1.000 

-80°         1.000 

-70°         0.959 

-60°         0.921 

-50°         0.916 

-40°         0.896 

-30°         0.801 

-20°        0.801 

-15°        0.780 

-10°        0.758 

-5°         0.740 

0°         0.715 

5° 0.725 

10°         0.745 

15°    0.735 

20°         0.765 

30°        0.790 

40°         0.855 

50°          0.893 
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60°          0.908 

70°          0.969 

80°          0.965 

Table 6 Power output of each turbine at different wind speed values at the normal position of the 

wind farm which seen as in the schematic 

Wind 

Speed(m/s) 

Turbine 

1(W) 

Turbine 

2(W) 

Turbine 

3(W) 

Turbine 

4(W) 

Turbine 

5(W) 

Turbine 

6(W) 

Turbine 

7(W) 

Turbine 

8(W) 

Turbin

e 9(W) 

3 0.00087 0.00067 0.00375 0.00259 0.00093 0.00325 0.00332 0.0102 0.006 

5 0.0283 0.0268 0.0624 0.0673 0.0489 0.0741 0.0754 0.0962 0.0384 

8 0.156 0.181 0.273 0.289 0.246 0.308 0.299 0.397 0.199 

10 0.301 0.369 0.451 0.501 0.43 0.524 0.531 0.632 0.363 

12 0.513 0.581 0.751 0.749 0.605 0.772 0.768 0.985 0.542 

15 0.8 0.8 1.19 1.17 1.05 1.24 1.19 1.64 0.848 

                      

 

Figure 27 The power curve for the nine wind turbine models 
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Table 7 Technical Data of the real Wind farm in operation in Jädraås 

Parameter Value 

Installed Power 3.075 MW 

Tower Height 119    meters 

Rotor Diameter 112 meters 

Sweeping Area 9852 m² 

Rotor Speed Range 6.2 - 17.7 RPM 

Life Expectancy >20 years 

Expected Lifetime of Infrastructure >50 years 

Price Range 3 

Estimated Average Wind Speed ~7.5 m/s (at hub height) 

Cut-in Speed 3 m/s 

Rated Wind Speed 12 m/s 

Cut-out Speed        25 m/s 

Operating Temperature Range -20°C to 40°C 
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Appendix B 

Appendix B basically provides the information regarding the wind turbine blade and simulation 

results from Qblade software.  

Table 8 The chord length of the blade at each segment prepared for analysis of the optimization 

of twist angle 

Position Distance from Hub (cm) Chord Length (cm) 

0 0 2.1 

1 0.4364 1.97273 

2 0.8727 1.84545 

3 1.3091 1.71818 

4 1.7454 1.59091 

5 2.1818 1.46364 

6 2.6182 1.33636 

7 3.0545 1.20909 

8 3.4909 1.08182 

9 3.9273 0.954545 

10 4.3636 0.827273 

 

 

 

 Figure 27 Lift-to-Drag Ratio (Cl/Cd) versus Angle of Attack (Alpha) for NACA 6409 Airfoil in the left side of the 

graph: Lift Coefficient (Cl) versus Angle of Attack (Alpha) for NACA 6409 Airfoil: right side of the graph 
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Figure 28 The 3D model of the wind turbine blade 
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Figure 29 Turbulent Windshield from Qblade simulation 

Figure 30  

 

 

Figure 31 The wake shading behind the wind turbine rotor: a simulation result from Qblade 

software 
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Appendix C 

The global flow can be determined by using the classical approach of axial momentum theory. A 

momentum theory considers an idealized flow stream in a control volume which enclosed a 

rotating disc.  

 

Figure 32  The stream tube around an actuator disc. The pressures and the local wind velocities 

at the disc, in the far wake and far upstream are shown(Holierhoek, 2008). 

The conservation of mass is applied to determine the expressions of velocities. The mass flow is 

constant at every cross section of the stream tube. 

Mass flow rate = constant … Conservation  of mass flow in the control volum𝑒 

𝜌 =
𝑚

𝑣
, 𝑚 = 𝜌 × 𝑣   

   ṁ =
𝜌 × 𝑣

𝑡
,     𝑣 = 𝐴 × 𝑙, 𝑙 = 𝑙𝑒𝑛𝑔𝑡ℎ 𝑎𝑐𝑟𝑜𝑠𝑠 𝑡ℎ𝑒 𝑡𝑢𝑏𝑒 

ṁ = 𝜌 × 𝐴 × (
𝑙

𝑡
) 

 ṁ = 𝜌𝐴𝑈  

                                                         𝜌𝐴∞𝑈∞= ρ𝐴𝑑𝑈𝑑= ρ𝐴𝑤𝑈𝑤                                                   (1)                                      
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Where ρ is the air density, A∞ is the area of the stream tube far upstream, Ad  the actuator disc area 

and AW is the area of the stream tube in the far wake. The flow is assumed to be incompressible; 

therefore, the air density is the same everywhere. This assumption is valid for low Mach-numbers 

(velocity is small relative to the speed of sound). 

The flow ṁside can also be calculated using the conservation of mass, but this time on CV II. This 

alternative control volume is very large, close to infinite such that the pressure on this control 

volume is equal to p∞ everywhere. CV II has the shape of a cylinder and is illustrated in Figure 

32. Using conservation of mass for CV II gives: 

                         ACV U∞ = ṁ side + (ACV – AW )U∞ + AW UW                                         (2) 

                                                     Therefore: ṁ side = AW (U∞ − UW )                                     (3) 

Now we can apply conservation of momentum here. Hence, the total thrust force exerted axially 

will be the same as the change in the momentum of the control volume. 

       ΣF=
ΔM

Δt
,   Where F is the force exerted due to pressure. M is the momentum induced axially 

and t is the time. 

         ΣFaxial = ρ×(ṁ side + (ACV – AW)U∞ + AW UW – ACVU∞) ×U  

The overall change of momentum must therefore be equal to the thrust T, because there are no 

other resulting forces in axial direction on CV II. This gives: 

                         (T=ρ×(ṁ sideU∞)  + (ACV – AW)U∞
2+ AW UW

2– ACVU∞
2                              

(4) 

                                         
𝑇

𝜌
= ρ×(ṁ sideU∞)  + (ACV – AW)U∞

2+ AW UW
2– ACVU∞

2                   (5)
                   

Then we can have the following expression for the thrust: 

                                                     T = ρAW UW (U∞ − UW)                                    (6) 

 

Using the conservation of mass equation this can be written as: 

  

                                                       T =ρUdAd(U∞ − UW)                                                           (7) 

Bernoulli’s equation for incompressible flow can be used for the flow upstream of the disc 

and again for the part of the flow downstream of the disc. It cannot be used across the disc, 
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because there is a discontinuity in total pressure caused by the disc. Bernoulli’s equation states 

that under steady conditions and when no work is done the total pressure is constant: 

                                                 
1

2
ρV2 + p + ρgh = const                                                    (8) 

A horizontal flow is assumed, therefore the gravity term drops from the equation. The total 

pressure upstream can be calculated far upstream and equalised to the total pressure just 

upstream  

                                                       𝑃∞ +
1

2
𝜌U2

∞
 =P+

d+
1

2
𝜌U2

d 
                                                               (9) 

The total pressure downstream of the disc can be calculated in the far wake and equalised to 

the total pressure just downstream of the disc: 

                                 𝑃∞ +
1

2
𝜌 𝑈2

𝑤 = 𝑃𝑑
− +

1

2
𝜌𝑈2𝑈2

𝑑                                                                                  (10)                                                               

By subtracting equation (10)  from equation (9), an equation is found for the pressure difference 

over the disc= P+
d–P–

d=
1

2
𝜌(U2

∞–U2
w)  , The thrust on the disc must be equal to the pressure 

difference over the disc times the area of the disc: 

                                               𝑑𝑇 = (𝑃2 − 𝑃3)𝑑𝐴                                                                     (11)                     

                                             𝑑𝑇 = 1/2𝜌(𝑈∞2 − 𝑈𝑤2)𝑑𝐴                                                        (12) 

Define the axial induction factor ‘a’ as: 

a =
(U∞ − U𝑤)

U𝑤
 

Then by considering rotating annular element and by defining angular induction factor as, 

                                                                𝑎′ =
𝜔

2𝛺
                                                                     (13) 

The torque can be given as: 

                                                dҐ=4𝑎′(1 − 𝑎) 𝜌𝑉1𝜋𝑟3𝑑𝑟                                                          (14) 

Blade Element Theory  

Blade element theory is based the following assumptions:  

 There are no aerodynamic interactions between different blade elements  

 The forces on the blade elements are only determined by the lift and drag coefficient  

Consider a blade divided up into N elements as shown in Figure 33,Error! Reference source not 

found. Each of the blade elements will experience a slightly different flow as they have a different 

rotational speed (Ωr), a different chord length (c) and a different twist angle (γ). Blade element 

theory involves dividing up the blade into a sufficient number (usually between ten and twenty) of 
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elements and calculating the flow at each one. Overall performance characteristics are determined 

by numerical integration along the blade span. 

                 
  

Figure 33  Rotating Annular Stream tube and Blade Element Model(Ingram, 2005) 

  

                                 𝑑𝐹𝑥 =
𝜎′𝜋𝜌(𝑉12(1−𝑎)2)

𝑐𝑜𝑠2(𝛽)
(𝐶𝐿𝑠𝑖𝑛𝛽 + 𝐶𝐷𝑐𝑜𝑠𝛽 𝑟𝑑𝑟 )                                      (15)                           

 

 

                                   𝑑𝑇 =
𝜎′𝜋𝜌(𝑉12(1−𝑎)2)

𝑐𝑜𝑠2(𝛽)
(𝐶𝐿𝑠𝑖𝑛𝛽 + 𝐶𝐷𝑐𝑜𝑠𝛽)𝑟2𝑑𝑟                                          (16) 

Where: 𝜎′ is the local solidity and defined as; 

                                                                  𝜎′ =
𝐵𝑐

2𝜋𝑟
                                                                     (17) 

Blade Element Momentum Theory 

Blade element momentum is a combination of blade element theory and momentum theory. 

The momentum theory implies a control volume analysis for the conservation of mass and 

momentum, while blade element theory incorporates the force analysis of blade section as a 

function of the incoming flow and blade geometry (Hansen, 2008) 

In the calculation of induction factor, 𝑎 𝑎𝑛𝑑 𝑎′, an accepted practice is to set the drag 

coefficient to zero, this simplification introduces negligible error. So, when the torque 

equation from momentum and blade element theory are combined will give us 

                                                             
𝑎

1−𝑎
=

𝜎′(𝐶𝐿𝑠𝑖𝑛𝛽 + 𝐶𝐷𝑐𝑜𝑠𝛽)

4𝑄𝑐𝑜𝑠2(𝛽)
                                                 (18)                            

Where: 𝑄 = tip loss correction. 
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