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Abstract 

 

This paper sets out to analyze the observed wake effect at Block Island Wind Farm. A comparison 

is made between several wake simulation methods and the observed data at Block Island using 

analytic and CFD (Computational Fluid Dynamics) modelling methods.  

The observed wake results at Block Island show a similar trend evident in earlier papers- a large 

power deficit found between the first two Wind Turbine Generators (WTGs) in the row followed 

by a slight variation in power along the row for the remainder of the WTGs. A noticeable difference 

is seen between the last two WTGs in the row where an increase in power is found. This increase 

in power is thought to be due to the alignment of the wind farm. Nevertheless, when the observed 

data is compared with the modeled results, the observed data seem to underestimate the wake effect 

due to misalignment issue with the nacelle wind direction measurement. 

A sensitivity analysis is conducted on the Wake Decay Constant (WDC) and Turbulence Intensity 

(TI) values. The results show a maximum power variation of ≈30% between a WDC value of 0.07 

and 0.04 and ≈18% for TI values between 8% and 14%. The findings show that a value in the 

higher range of the examined WDC (0.06 and 0.07) and TI (12% and 14%) values represent a 

better comparison to the observed data. Nevertheless, it is not recommended to alter these 

parameters to fit the observed data. 



 
         University Uppsala, Campus Gotland, Visby, Sweden                                                                                ii  

           Author: Robbie Pratt   
 
 
 
________________________________________________________________________________________________________ 

_____________________________________________________________________________________ 

       

GE Proprietary Information 

Class II (Internal).   

UNCONTROLLED WHEN PRINTED OR TRANSMITTED ELECTRONICALLY 

© 2019 General Electric Company. All rights reserved. 

 

Furthermore, due to high uncertainty in the data measurements, and hence observed results, a clear 

conclusion indicating which wake model best represents the wake effect at Block Island cannot be 

stated.  

Keywords:  Block Island Wind Farm, Offshore Wind Power, Wake Effect, Wake Modelling, 

WindPRO, WindSIM, Openwind, CFD modelling. 
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Nomenclature 

 

AC   Alternating Current 

AEP   Annual Energy Production 

ABL    Atmospheric Boundary Layer 

BITS   Block Island Transmission System 

BIWF   Block Island Wind Farm 

BRN    Bulk Richardson Number 

CFD    Computational Fluid Dynamics 

DNS    Direct Numerical Simulations 

EU   European Union 

GE   General Electric 

GIS   Geographical Information System 

GW   Gigawatt 

IEA   International Energy Agency 

KE   Kinetic Energy 

(k-𝝐)   k-epsilon  

(k-ω)   k-omega  

LES   Large Eddy Simulations 

LCoE   Levelized Cost of Energy 
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MOL   Monio-Obukhov Length  

MW   Megawatt 

NS   Navier-Stokes 

NTF   Nacelle Transfer Function 

NYSERDA  New York State Energy Research and Development Authority  

PDFs   The partial differential equations 

RANS   Reynolds Averaged Navier-Stokes 

RETD   Renewable Energy Technology Development 

SCADA   Supervisory Control and Data Acquisition 

SW   South-West 

WSW   West-South-West 

TI   Turbulence Intensity 

TKE   Turbulent Kinetic Energy 

USA   United States of America 

VBA   Visual Basic for Applications 

WAsP    Wind Atlas Analysis and Application Program  

WDC   Wake Decay Constant 

WTG   Wind Turbine Generator 

3D   Three Dimensional
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Chapter 1 Introduction 

 

1.1 Offshore Wind 

The projected worldwide offshore wind power capacity is set to double by 2020 to 35GW, based 

on figures from 2017 (IEA-RETD). Predictions made in early 2018 have estimated an increase in 

capacity six-fold by 2030 to 115GW (BloombergNEF, 2018). The recent acceleration in offshore 

wind power development and predicted continuation of this trend has been mainly due to the 

reduction in the Levelized Cost of Energy (LCoE) regarding offshore wind. Several factors have 

aided this reduction, including technical improvements such as larger and more efficient turbines. 

Other improvements can be found in the manufacturing process, especially in the supply-chain, 

where the process is becoming more efficient. Additionally, offshore wind has several benefits 

when compared to onshore, including better undisturbed wind conditions, larger areas to develop 

wind farms and no restrictions on turbine sizes which leads to greater production. Offshore wind 

also significantly lessens the problems associated with visual and noise interference as well as 

shadow flickering which possesses a threat to onshore projects. On the other hand, offshore wind 

is still seen as expensive and relatively new. Costs for Operations and Maintenance are 

significantly higher than those for onshore, turbines need to be designed to withstand not just high 

winds but also waves which means the need for a more engineered turbine to withstand these forces 

and cable costs associated with transporting the energy to the grid comes as an added cost. 

Therefore, the capital expenditure and operational expenditure associated with developing offshore 

wind is greater than that of onshore but due to larger rotors and better wind conditions, offshore 
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wind produces more energy on an annual basis with a higher capacity factor. Furthermore, targets 

are being set by the European Union (EU) such as the European Wind Industrial Initiation and 

offshore wind developers Ørsted and E. ON (InnWind.eu, 2017, pp17) aiming to reduce the LCoE. 

These developments portray a bright future for offshore wind energy. 

To date, offshore wind energy in North America is a relatively untapped energy source and in the 

very early stages of development with only one fully operating wind farm, Block Island at 30MW. 

Comparing that to Europe which has 17,464MW of installed capacity (Wind Power Monthly, 

November 2018). The lack of development in the USA can be mainly attributed to government 

policy where political leaders are generally more concerned with developing a strong fossil fuel 

foundation. Other factors which have limited development include technological limitations, risks 

to the marine environment and overall costs including operation and maintenance as mentioned 

previously. Nevertheless, expectation is that the USA´s offshore wind will begin to grow in the 

near future. Figures predicted by International Energy Agency (IEA) indicate that offshore 

operational capacity in the USA will grow from 30MW-600MW by 2022 and will continue this 

upward growth late into the decade (IEA, 2017).  These predictions are based on new offshore 

wind farms off the coast of Maryland, New York and Massachusetts with predicted capacity of 

500-600MW, 800MW and 1600MW respectively. New Jersey is also preparing for offshore wind 

developments with the developer Ørsted conducting a measurement campaign for wind and wave 

conditions from mid-2018. These projects show early signs of a new push for development off the 

east coast.  Along with this, new research groups such as the New York State Energy Research 

and Development Authority (NYSERDA) is delving into some of the major technological 

restrictions limiting growth in offshore wind in the US. This research is part funded by the 

Department of Energy. The Consortium will work together with institutes and industry in solving 

technical restrictions holding back large-scale offshore development in a four-year project (Wang, 

U., 2018). 
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1.2 Justification of Research  

Accurate predictions of Annual Energy Production (AEP) for offshore wind farms are extremely 

important when determining the feasibility of a project. A variable which needs to be accounted 

for when measuring AEP in wind farms is the wake effect. In large wind farms wakes can account 

for a 10 to 20% loss of overall farm production. The period when the wind direction aligns with 

the row of WTGs sees the greatest wake loss (70%). (Archer, C.L., et al, 2018). Therefore, 

modelling this wake effect in an accurate manner can greatly improve the reliability and accuracy 

of the production results. This paper sets out to compare different wake models with observed data 

at Block Island in the hope of making better prediction of wake losses in the future. Below three 

research objectives have been proposed: 

1. To analyze the observed wake effect at Block Island Wind Farm 

2. A comparative of simulation methods with the observed wake effect at Block Island using 

analytic and CFD modelling methods 

3. To refine the analysis of cases within General Electric (GE) for offshore wakes and how 

findings can be implemented with other offshore wind farms 

 

1.3 Structure of the Report 

With the intention to answer the above research questions the paper has been divided into the 

following sections. Chapter 2 is the Literature Review and discusses the theory of several wake 

modelling methods and examines the relevant literature, theory and developments behind these 

wake models. Chapter 3 is the Methodology section, and includes an introduction to the project, 

the relevant software used in the project, and ends with a methodology framework. Chapter 4 is 

the Application of Methodology & Results section which includes the data set, scenarios which 
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will aid in helping to answer the research questions. This chapter also includes the results and 

compares the wake models´ results with the observed data from Block Island. Chapter 5 discusses 

the results given in chapter 4 and is titled Discussion. This section also includes limitations and a 

sensitivity analysis. Chapter 6 is titled Conclusion and reviews the report’s findings based on the 

research questions and includes a section titled Future Work and Recommendations. 
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Chapter 2 Literature Review 

 

2.1  Introduction to Literature Review 

This section starts with an overview of some basic concepts including the power in the wind 

formula, Weibull distribution and an introduction to wind turbine wakes. Next, the Jensen and 

Modified Park, Larsen and Ishihara wake models are explained. Following this the Eddy Viscosity 

wake model is described. Later in the chapter, an explanation for Computational Fluid Dynamics 

(CFD) modeling and the theory behind the Reynolds Averaged Navier Stokes (RANS) model and 

the k-epsilon (k-𝜖) equations used to solve the turbulence flow of the RANS equation is detailed.  

 

2.2  Power in the Wind 

A fundamental principle in wind energy is the conversion of the kinetic energy in the wind to a 

rotational kinetic energy of the rotor. This rotational kinetic energy of the rotor can then be 

converted to electrical energy with the use of a generator before been sent to the grid. This is the 

basic idea of how electricity is generated from a wind turbine.  

The power in the wind formula is derived from the kinetic energy of a mass formula and the mass 

flow rate. The formula is a function of density (𝜌), area (A), and wind speed cubed (𝑣3). The 

formula is given below in Equation 2.1: 
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 𝑃𝑊𝑖𝑛𝑑 = 
1

2
𝜌𝐴𝑣3   

 

               (2.1) 

Albert Betz introduced the power coefficient 𝐶𝑝  in 1919 that stated that the maximum power 

efficiency of any turbine in theory cannot be greater than 59.3%. Including this in Equation 2.1 

above gives the theoretical available power in the wind. The power coefficient is often used to 

show the efficiency of a turbine and is formulated below in Equation 2.2: 

 
𝐶𝑝 =

𝑃𝑂𝑢𝑡𝑝𝑢𝑡

𝑃𝑊𝑖𝑛𝑑
 

               (2.2) 

 

Where 𝑃𝑜𝑢𝑡𝑝𝑢𝑡 is the output of the turbine and 𝑃𝑊𝑖𝑛𝑑 is equal to Equation 2.1. 

The power in the wind formula is used as a preliminary check for power production but uses an 

averaged value for wind speed which leads to inaccurate results. To overcome this, several 

methods have been developed to estimate the wind power density using frequency distribution 

functions. The most commonly used methods due to their accuracy are the Weibull distribution 

and Rayleigh distribution methods. These methods calculate the frequency distribution of wind 

speed for a specific time series. The Weibull distribution is a two-parameter function which was 

developed by Weibull (1951). These include c the scale parameter (m/s) and k the shape parameter 

which is dimensionless. The Weibull distribution can be formulated by a probability density 

function 𝑓(𝑣) and a cumulative distribution function 𝐹(𝑣). Both are formulated as follows in 

Equation 2.3 and 2.4 respectively: 

 
𝑓(𝑣) = (

𝑘

𝑐
) (
𝑣

𝑐
)
𝑘−1

𝑒𝑥𝑝 [−(
𝑣

𝑐
)
𝑘

] 
               (2.3) 



 
         University Uppsala University, Campus Gotland, Visby, Sweden                                                                                7  

           Author: Robbie Pratt   
 
 
 
________________________________________________________________________________________________________ 

_____________________________________________________________________________________ 

       

GE Proprietary Information 

Class II (Internal).   

UNCONTROLLED WHEN PRINTED OR TRANSMITTED ELECTRONICALLY 

© 2019 General Electric Company. All rights reserved. 

 

 

 
𝐹(𝑣) = 1 − 𝑒𝑥𝑝 [− (

𝑣

𝑐
)
𝑘

] 
               (2.4) 

   

The Rayleigh distribution is a specific case of the Weibull distribution where k, the shape 

parameter is equal to 2. Therefore, it can be formulated as follows in Equation 2.5: 

 
𝑓𝑟(𝑣) = (

2𝑣

𝑐2
) 𝑒𝑥𝑝 [− (

𝑣

𝑐
)
2

] 

 

               (2.5) 

There are several methods to estimate these Weibull parameters k and c including the Graphical 

method, Method of Moments, Standard Deviation method, Maximum Likelihood method, Power 

Density method, Empirical method and more. A detailed list of these methods can be found in the 

paper by Kidmo, et al (2015).  

 

2.3 Wind Turbine Wakes 

Wind turbine rotors extract power from the wind. A result of this extraction is the creation of a 

wake in the downstream of the turbine. This resulting wake is essentially a disrupted mass of fluid 

which has a lower velocity and magnitude than the upstream energy flow (Lissaman, P.B., 1979). 

More recently, McKay, P., (2012) has summarized the changes found in the downstream of the 

wind turbine if compared to the upstream. They have been summed up by the following five 

characteristics: 
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➢ An area of increases turbulence 

➢ A reduction in velocity 

➢ A change in air pressure 

➢ An expanding volume of air 

➢ A rotating wake field 

 

Figure 1: Interaction of turbine rotor with fluid, McKay, P., (2012) 

 

Figure 1 above depicts the decrease in wind speed as well as the increase in volume of the fluid 

downstream of the wake. This can be explained with the conservation of mass formula shown 

below in Equation 2.6: 

 ρ𝐴1𝑈1 =  ρ𝐴2𝑈2                                         (2.6) 

 

Where ρ is the density of air, 𝐴1 𝑎𝑛𝑑 𝐴2 are the change in area as the fluid as it moves downstream. 

This increase in area is a result of the fluid reducing in speed between 𝑈1 and 𝑈2. The region 

upstream is said to be an area of high pressure and the area downstream is an area of low pressure. 

The blades account for the change in pressure as they rotate to extract power but also account for 

the rotation of the air mass downstream of the turbine. The expansion of the air mass (wake) in the 

downstream of the turbines is dependent on atmospheric conditions. The wake will dissipate at a 
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specific rate known as the wake decay depending on the atmospheric conditions and at some point, 

the wake will reach equilibrium with the surroundings (McKay, P., 2012). 

The turbine wake can be divided into two sections- the near wake and the far wake. The near wake 

is the area roughly one to five diameters downwind of the rotor and in most cases this field of 

study only looks at the single turbine case. The far wake can be described as the wake beyond the 

near wake. This area of study examines how different turbine wakes interact with each other and 

what affect this has on power output, loads etc. Many different models are used to describe the 

interaction of the far wake in a wind farm and several of these models are described in section 2.5 

of this paper. 

Modeling wind turbine wakes in small arrays or large clusters is a complex process which requires 

complex modelling methods to compute and describe the relationship these interactions have on 

the wind farms AEP. Wakes are dependent on many variables including turbulence intensity, 

atmospheric stability, wind speed, wind direction and wind farm layout. The largest unknown 

according to (Hansen, K.S., 2012) is the interaction of wakes with the atmosphere. A better 

understanding of how these wakes interact with the atmospheric boundary layer (ABL) is needed 

so that a better prediction can be made for wake losses and power production. 

The Wake Decay Constant (WDC) is an important parameter when calculating wakes and can be 

defined as the rate of expansion of a wake downstream of the rotor. The WDC is dependent on the 

roughness class of the terrain and turbulence or atmospheric stability at the site. A value of 0.04 is 

recommended to be used for offshore wind farms according to (Nielsen, K., 2010).  
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2.4 Atmospheric Stability 

According to Hansen, K.S., (2012) the largest unknown when calculating the wake effect is how 

the wake interacts with the Atmospheric Boundary Layer (ABL). The ABL is the lowest layer in 

the atmosphere and is (in most cases) where the wind turbines extract the power from the wind. 

The lowest part of the ABL is highly influenced by the surface due to its proximity and thus the 

surface layer has a significant influence on wind speed and turbulence intensity. In general wind 

speed can be said to increase with height. Therefore, lower more turbulent wind speeds are found 

nearer to the surface and higher more stable wind speeds are found with increasing height into the 

ABL due to the reduction of friction from earth’s surface. At a certain point in the atmosphere the 

influence of the surface layer will be zero and non-turbulent, in theory. This change of wind speed 

with height is known as wind shear and there are several methods to calculate the wind speed at 

different heights. The logarithmic wind profile law calculates the wind speed at a specific height 

when given one wind speed at a specific height and a roughness length. It is formulated as follows 

in Equation 2.7: 

 

𝑣

𝑣0
=
ln(
𝐻
𝑧0
)

ln(
𝐻0
𝑧0
)
  

 

                 (2.7) 

 

 

 

Where, 𝑣 is the wind speed at a specific height H, 𝑣0 is the wind speed at the height 𝐻0, 𝑧0 is the 

roughness length. The roughness length value is dependent on the land type.  

Another method to calculate the wind shear is the Hellman’s power law. It uses a measured wind 

speed 𝑣 at a specific height H, 𝑣0 is the wind speed at the height 𝐻0, and α is the friction coefficient 

also known as the Hellman’s exponent. It is formulated as follows: 
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𝑣

𝑣0
=  (

𝐻

𝐻0
)
𝛂

 

 

                 (2.8) 

 

 

Both the logarithmic wind profile law and the Hellman’s power law assume neutral atmospheric 

conditions which is not always true. Therefore, an alternative method is needed to calculate the 

stability in the ABL, so the effect of unstable and stable conditions can be taken account of. 

Wind speed is not the only fluctuating parameter found in the ABL. In fact, temperature and 

humidity also effect the local climate. Temperature and humidity variations are driven by ground 

and moisture temperature as well as turbulent fluxes which lead to large mixing within the ABL. 

Therefore, there is a need to calculate the stability in the atmosphere to better understand the effect 

these parameters have on wind speed and AEP.   

Stability in the atmosphere previously has been divided into three regions, stable, neutral and 

unstable. In the literature there are two predominant methods used to classify atmospheric stability 

or the “tendency to resist vertical motion” (Maxwell, J.F., 2010) for wind power projects. The two 

methods are the Bulk Richardson Number (BRN or BR) and the Monio-Obukhov Length (MOL).  

 

2.5 Wake Modelling 

Wake models are essential in calculating if a certain wind farm design or layout is profitable and 

at what point the wake losses make it infeasible to add another turbine into a defined area. At this 

point the cost of the turbine will be greater than the predicted returns from that turbine over the 

lifetime of the wind turbine. The wake models therefore are used to predict the energy yield of the 
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wind farm and are of high importance in wind power projects due to the high investment costs of 

such projects. 

There are two predominant wake models used in wind power projects- analytical wake models and 

Computational Fluid Dynamic (CFD) wake models. Analytical models use formulations and 

mathematics to try and better describe how the wake behaves. CFD models instead examine the 

volumetric flow of a fluid based on some assumptions and conditions and the result is based on 

the Naiver-Stokes equations. Computers with high processing power are used to solve these 

equations which then describe how the fluid interacts with the boundary layer. In the following 

section the momentum theory which the Jensen/Park model is based on is described.  

2.5.1 Momentum Theory 

Actuator disk momentum theory can be used on a wind turbine to calculate the initial velocity 

wake deficit experienced. The theory does this by modeling the wind turbine rotor as an actuator 

disc. The axial induction factor calculates the change is wind speed caused by the actuator disc. 

The actuator induction factor is described as follows by (Hansen, M.O., 2015) in Equation 2.9 

below: 

 

𝑎 =
𝑉∞ − 0.5[𝑉∞ + 𝑉𝑤]

𝑉∞
 

 

               (2.9) 

 

Where 0.5[𝑉∞ + 𝑉𝑤] is the average of the free-stream velocity and the waked free-stream velocity, 

𝑉∞ is the free flow wind speed. The wake velocity after the actuator disk or rotor can be formulated 

as follows in terms of the induction factor and V∞: 

 V𝑤 = V∞[1 − 2𝑎]                                       (2.10)  
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2.5.2 Jensen Model 

The Jensen wake model is an analytical model based on momentum deficit theory. It was first 

derived by Jensen, N.O., (1983) and is widely used to this today due to its simplicity and 

robustness.  The model assumes a linear “top-hat” wake expansion and is based on terrain 

roughness or a wake decay value. The model also assumes an instant velocity deficit downstream 

of the rotor. The expansion of the wake can be formulated as follows: 

 𝐷𝑊𝑎𝑘𝑒 = 𝐷(1 + 2𝑘𝑥)                                       (2.11) 

 

Where 𝐷𝑊𝑎𝑘𝑒  is the wake diameter or growth of the wake and is dependent on, 𝐷 the diameter of 

the rotor, 𝑘 the wake decay constant and 𝑥 the downstream distance. Figure 2 below shows the 

expansion of the wake downstream of the rotor. 

 

Figure 2: Schematic of the Jensen wake expansion (Katic and Jensen., 1986) 

 

The wind speed deficit due to the wake can then be formulated as follows in Equation 2.12. The 

formulation is based on actuator disk momentum theory and wake expansion as mentioned 

previously. 
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𝑉𝑤𝑎𝑘𝑒 = 𝑉∞  [
2𝑎

(1 + 2𝑘𝑥)2
]  

 

               (2.12) 

 

Rewriting 𝑎 in terms of 𝐶𝑡 and the following formulation is found. 

 

𝑉𝑤𝑎𝑘𝑒 = 𝑉∞  [
1 − √1 − 𝐶𝑡
(1 + 2𝑘𝑥)2

] 

 

              (2.13) 

 

Where, 𝑉𝑤𝑎𝑘𝑒 is the wind speed deficit due to the predicted wake, 𝑉∞ is the average wind speed, 

𝐶𝑡 is the trust coefficient, 𝑘 is the wake decay constant, 𝑥 is a distance downstream of the turbine 

and is related to the diameter of the rotor (Jensen, N.O., 1986). 

2.5.3 Multiple Wakes & Partial Wake 

There are two common methods used for calculating multiple wakes and they are the linear 

superposition method and the square root of the sum of squares method.  

The formulas for both the linear superposition method and the square root of the sum of squares 

method are given below in Equation 2.14 and 2.15 respectively. 

 

1 −
𝑢

𝑢0
= ∑(1 −

𝑢𝑗

𝑢0
)

𝑛

𝑗=1

 
 

              (2.14) 
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(1 −
𝑢

𝑢0
)
2

= ∑(1 −
𝑢𝑗

𝑢0
)
2

𝑛

𝑗=1

 
               (2.15) 

   

Where 𝑢𝑗  is free wind speed including the wake the 𝑢0 is the free wind speed. Other methods 

include the geometric sum and the energy of balance which will not be covered in this paper. 

2.5.4 The Wake Decay Coefficient and Modified Park Model 

The main difference between the Jensen model and the Modified Park model is the wake decay 

constant which describes how fast the wind flow recovers downstream of the turbine. The park 

model developed by Katic and Jensen (1986), is used to calculate the wake loss of wind farms with 

multiple turbines and is based on the Jensen wake model. The model predicts a wake decay 

constant (𝑘𝑤) based on roughness and stability as well as turbulence and introduces a relationship 

between 𝑢∗𝑓𝑟𝑒𝑒  and 𝑢ℎ 𝑓𝑟𝑒𝑒. It can be expressed as follows according to (Peña, A., and Rathmann, 

O., 2014): 

 

𝑘𝑤 = 
𝑢∗𝑓𝑟𝑒𝑒

𝑢ℎ 𝑓𝑟𝑒𝑒
= 

k

[ln (
ℎ
𝑧0
) − φ𝑚 (

ℎ
𝐿
)]

 

 

              (2.16) 

 

Where 𝑢∗𝑓𝑟𝑒𝑒 is the upstream undisturbed velocity, 𝑢ℎ 𝑓𝑟𝑒𝑒 is the hub height wind velocity, k is 

the Karman constant taken as 0.4, ln (
ℎ

𝑧0
) is the logarithmic of turbine hub height divided by the 

roughness, φ𝑚is a correction factor for stability, (
ℎ

𝐿
) is included to account for the atmospheric 

stability using the MOL at a height. 
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Equation 2.16 predicts smaller values for 𝑘𝑤 when compared to values predicted by other software 

methods such as Wind Atlas Analysis and Application Program (WAsP), thereby underpredicting 

wake losses and this is especially true for areas of low roughness according to Peña, A., and Laan, 

M.P., (2016). Peña also comments that the use of equation 2.16 is only valid from the surface up 

to 10 percent of the atmospheric boundary layer. Furthermore, it was also found that Equation 2.16 

can be used to predict the wake decay constant in flat terrain between 40-60m for stable conditions 

and 100m for unstable conditions. 

Peña, (2014) found a “very good” correlation between measured power deficit data and the 

simulations run using the modified park model for the offshore wind farm Horns Rev. Simulation 

results using the park model were found to be closer to the actual measurements than using a 

recommend value for 𝑘𝑤. 

Modifying the WDC in the Jensen model allows the model to account for atmospheric stability 

and therefore TI. To modify the WDC to account for atmospheric stability in the Jensen model the 

user must have a higher value WDC for the unstable conditions compared to the stable conditions 

for offshore projects according to Alblas, L., (2014). 

2.5.5 Larsen Wake Model 

The Larsen model is derived from the turbulent layer equations and a similarity equation. Like the 

Jensen model it assumes a neutral atmospheric stability. It is formulated as follows (Larsen, C.G., 

1988): 

 

𝑉𝑊𝑎𝑘𝑒 = (
1

9
) (C𝑇 A𝑟x

−2)
1
3 {r

3
2 (3C1

2C𝑇 A𝑟 x)
−
1
2 − (

35

2π
)

3
10
(3C1

2)
−
1
5 }2 

 

 

           (2.17) 
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Where C𝑇 is the trust coefficient, A𝑟 is the rotor swept area, D is the diameter, C1 is a model 

parameter.  

C1 is computed as follows: 

𝐶1 =  (
𝐷

2
)

5
2
 (𝐶𝑇𝐴𝑟𝑥0)

−
5
6 

 𝑥0  =  
9.5𝐷

(2𝑅95/𝐷)3
 –  1 

𝑅95 = 0.5(𝑅𝑛𝑏 +𝑚𝑖𝑛(ℎ, 𝑅𝑛𝑏)) 

R𝑛𝑏 = max(1.08D, 1.08D + 21.7D(I𝑎 − 0.05)) 

 

Where I𝑎 is the ambient turbulence intensity at hub height (Larsen, C. G., 1988). 

2.5.6 Ishihara Wake model 

The Ishihara model examines the effect of turbulence on the expansion of a wake. The calculated 

wake is dependent on the atmospheric conditions, the turbulence created by the rotor and the 

distance between the WTGs. The model is formulated as follows (Ishihara, T., et al 2004): 

 

𝑉𝑤𝑎𝑘𝑒 =
𝐶𝑇

1
2

32
(
1.666

𝑘1
)
2

(
𝑥

𝐷
)
−𝑃

𝐸𝑋𝑃 (
−𝑟2

𝑏2
) 

 

 

                                (2.18) 
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{
  
 

  
 

𝑃 = 𝑘2(𝐼𝑎 + 𝐼𝑤)

𝐼𝑤 = 𝑘3(𝐶𝑇/𝑚𝑎𝑥(𝐼𝑎, 0.03)) (1 − 𝐸𝑋𝑃 (−4 (
𝑥

10𝐷
)
2

))

𝑏 =  k1 (
CT1/4

0.833
)  D(1−(p/2))xp/2

 

 

Where, 𝐶𝑇 is the thrust coefficient, 𝑘1, 𝑘2, 𝑘3  are constants, 𝐷 is the rotor diameter, x is the 

downstream distance, 𝐼𝑎 is ambient turbulent intensity at hub height. 

2.5.7 Turbulence Intensity 

Turbulence Intensity (TI) describes the turbulence in the atmosphere as a percentage. It can be 

defined as follows in Equation 2.19: 

 𝑇𝐼 =  
σ𝑢
𝑢

 
               (2.19) 

 

Where σ𝑢 is the standard deviation of the wind speed and 𝑢 is the average wind speed. 

An expression can then be made for TI in relation to roughness length and the atmospheric stability 

correction according to Peña, A., (2016). The formula is expressed below in Equation 2.20 and 

2.21: 

 
𝑇𝐼ℎ ≈

1

[ln (
𝑧
𝑧0
) − φ𝑚 (

𝑧
𝐿
)]

 

 

               (2.20) 
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 𝑘𝑤 ≈ 0.5 𝑇𝐼ℎ                (2.21) 

 

Where 𝑇𝐼ℎ is the TI at a measured height, 𝑧0 is the roughness, 𝑧 is the height above ground, φ𝑚is 

a correction factor for stability, L is the atmospheric stability using the MOL. Equation 2.20 and 

2.21 are for flat terrain within the surface layer. 

2.5.8 Computational Fluid Dynamics (CFD) 

When modeling the flow of a fluid in wind power projects the use of analytic models leads to an 

acceptable result when estimating power production. To get a better representation of the air flow 

in a site with complex terrain or to estimate a more accurate prediction for the wind flow in a 

windfarm the use of CFD modelling is required. A CFD model describes the flow of a fluid in a 

volume. The volume is divided into a mesh where at each point the simulation calculates the 

relevant parameters associated with the flow. There are three common CFD modelling methods, 

the Direct Numerical Simulations (DNS), Large Eddy Simulations (LES) and Reynolds Averaged 

Navier-Stokes (RANS). 

Direct Numerical Simulations (DNS) solve the Navier-Stokes (NS) equation without the use of 

assumptions for TI and hence use high computing power and are not practical for describing the 

flow of air in a wind farm or even for a single wind turbine. In this case, turbulence must be solved 

down to the microscale at any given time and no assumptions are made. Modeling turbulence in 

large wind power projects makes this method impractical with the present computing power. 

Large Eddy Simulations (LES) solves the Navier-Stokes (NS) equations for large eddies and for 

the small eddies the model uses a turbulence model which describes the turbulence flow with the 

use of the eddy viscosity term inside the NS equations. High computational power is needed but 

less than the requirements of DNS. LES is useful for describing areas of complex terrain where a 
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better understanding of the turbulence is required. For example, flow separation over a ridge or in 

the case for offshore wind farms a sector of the wind farm influences by coastal winds (Wallbank, 

T., 2008). 

The Reynolds Averaged Navier-Stokes (RANS) equations are used to solve the turbulent flow. 

The RANS equations make assumptions when solving the Navier-Stokes equations. The 

computational demand is less than LES and DNS, but turbulence isn’t represented as well as LES 

and DNS due to average values being used which means the flow isn’t truly represented. The 

turbulence model uses Boussinesq hypothesis which relates eddy viscosity to the Reynolds stresses 

term. 

2.5.9 Navier-Stokes Equation  

The Navier-Stokes equation describes the motion of a fluid using the conservation of energy, 

momentum and mass equations. For the case of wind power projects, we are interested in how the 

fluid (wind) interacts with the surroundings. The four equations are equivalent to Newtons second 

law of motion, F = ma, but instead the equations observe how forces in fluids interact. These 

equations are partial differential and describe how a set of variables change in time. The Navier-

Stokes equation is based on the Euler´s Equation. Below the Navier-Stokes Equation in vector 

notation can be found and is written in i and j notation in Equation 2.22 and simplified to tensor 

form in Equation 2.23. 

 

𝜕𝑢𝑖
𝜕𝑡
+
𝜕(�̅�𝑗�̅�𝑖)

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+  𝜇

𝑑2𝑢𝑖
𝑑𝑥𝑗𝑑𝑥𝑗

+ 𝑓𝑖 

 

              (2.22) 
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𝜌 (

𝜕𝑢

𝜕𝑡
+ (𝑢. 𝛻)𝑢)

⏟          
𝑃𝑎𝑟𝑡𝑖𝑐𝑎𝑙 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

= −𝛻𝑃⏟
𝑃 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡

+ 𝜇𝛻2𝑢⏟  
𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠𝑒𝑠

+ 𝑓⏟
𝑉𝑜𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

 

               (2.23) 

 

Where, u is the velocity vector of the fluid, 𝑃 is the pressure, 𝜌 is the density, 𝛻 represents a 

differential, 𝜇 is the kinematic viscosity, 𝑓𝑖 is the external body force and 𝛻2 is the Laplacian 

Operator. 

2.5.10 Reynolds Averaging Navier-Stokes Equations (RANS) for Turbulent Compressible Flow 

The RANS equations are used to describe turbulent air flow and give an approximate solution to 

the Navier-Stokes equations without the need for high computational power. Presently, solving the 

NS equations require long simulation time and extremely high computational power. Therefore, 

calculations for turbulence are simplified and not done explicitly. There are many methods used 

to model turbulent flow in wind farms such as the k-epsilon (k-𝜖) model and the k-omega (k-ω) 

model to name two. These methods also deal with the NS unknowns and allow for closures to the 

equations known as turbulent closures equations. The RANS Equations describe a three-

dimensional incompressible flow which considers pressure, viscosity, velocity, force and 

convection in an instantaneous period. Therefore, the RANS equations are time averaged NS 

equations. These modified equations are described by introducing the “Reynolds decomposition” 

into the NS equations. The Reynolds decomposition allows the flow variables to be divided into 

their average component and fluctuating component. The RANS equation is given below in 

equation 2.24 in i and j notation. The full derivation from Navier-Stokes to the Reynolds Averaging 

Navier-Stokes Equation can be found in Appendix A at the end of this report.  
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𝜕𝑢𝑖
𝜕𝑡
+
𝜕(�̅�𝑗�̅�𝑖)

𝜕𝑥𝑗
= +

𝜕

𝜕𝑥𝑗
[2 𝜇 �̅�𝑗𝑖 − 𝑢 �́� 𝑢´𝑖̅̅ ̅̅ ̅̅ ̅̅ ] −

1

𝜌

𝜕�̅�

𝜕𝑥𝑖
 

 

              (2.24) 

 

Where 𝑠𝑗𝑖 is the mean stress rate and is equal to 
1

2
(
𝜕�̅�𝑖

𝜕𝑥𝑗
+
𝜕�̅�𝑗

𝜕𝑥𝑖
) and for an incompressible flow 

𝜕�̅�𝑗

𝜕𝑥𝑖
= 0. 

The use of the Reynolds averaging process has led to new dependent variables. These are known 

as the Reynolds stresses. The Reynolds stress term must be modelled to close the above equation. 

The Reynolds Stress is denoted by 𝜏´𝑖𝑗 = −𝜌 𝑢 �́� 𝑢´𝑖̅̅ ̅̅ ̅̅ ̅̅  .  

A method used to model the Reynolds stress is to make a relationship between the mean velocity 

gradient and the Reynolds stress. The method used is the Boussinesq Hypothesis: 

 

𝜏´𝑖𝑗 =  −𝑢 �́� 𝑢´𝑖̅̅ ̅̅ ̅̅ ̅̅ =  𝜇𝑡 (
𝜕�̅�𝑖
𝜕𝑥𝑗

+
𝜕�̅�𝑗

𝜕𝑥𝑖
) −

2

3
(𝑘 + 𝜇𝑡

𝜕�̅�𝑘
𝜕𝑥𝑘

) 𝛿𝑖𝑗 

 

               (2.25) 

 

Where, k is the turbulent kinetic energy, 𝜇𝑡 eddy viscosity, δij is the Kronecker delta function. 

The advantage of the use of Boussinesq Hypothesis is the relatively low computational 

requirement for solving the eddy viscosity term. A disadvantage of the Boussinesq Hypothesis is 

an assumption it makes that eddy viscosity is isotropic (equal in all directions) which is not true, 

but it simplifies the calculation process. For the k-𝜖 model two transport equations are used, and 

eddy viscosity can be calculated as shown by the relationship in equation 2.26.  
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2.5.11 Eddy Viscosity Model (k-epsilon model) 

There are many methods to model turbulence flows. The model mentioned below is a semi-

empirical model and is called the k-𝜖 standard model. The model is robust, has a moderate accuracy 

and low computational demand. Other variations of this model are also available in WindSIM 

which build on the theory outlined in the standard k-𝜖 model and include “improvements”. These 

are known as the RNG k-𝜖 model and the realizable k-𝜖 model. For the case of this thesis the 

standard k-𝜖 model will be examined.  

As mentioned previously the k-𝜖 model is a two-equation model, which includes two transport 

equations that help to model turbulence. The first equation models the Turbulence Kinetic Energy 

(TKE) (k) and the second models the dissipation (𝜖) of the turbulence. Once these are modelled 

the eddy viscosity can be calculated as a function of the two variables k and 𝜖. The equation for 

eddy viscosity is as follows: 

 

𝜇𝑡 = 𝜌𝐶𝜇 
𝑘2

𝜖
 

 

               (2.26) 

 

Where 𝜇𝑡  is the eddy viscosity, 𝜖 is the dissipation rate, k is the KE and 𝐶𝜇  is a constant.  

The k transport equation is derived from the NS equations while the transport equation 𝜖 is modeled 

with many undetermined quantities and reasoning. The Partial Differential Equations (PDFs) for 

obtaining values for k and 𝜖 are as follows in Equations 2.27 and 2.28 (Fluent, U.G., 2003). 
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𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑘𝑢𝑖)

𝜕𝑥𝑖⏟  
𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝑘

 = 
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)
𝜕𝑘

𝜕𝑥𝑗
]

⏟          
𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛𝑘

+ 𝐺𝑘 + 𝐺𝑏⏟    
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑘

−

𝜌𝜖⏟
𝐷𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝑘

− 𝑌𝑀⏟
𝐷𝑖𝑙𝑎𝑡𝑎𝑡𝑖𝑜𝑛𝑘

 

 

               (2.27) 

 
𝜕(𝜌𝜖)

𝜕𝑡
+

𝜕(𝜌𝜖𝑢𝑖)

𝜕𝑥𝑖⏟  
𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝜖

 = 
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜖
)
𝜕𝜖

𝜕𝑥𝑗
]

⏟          
𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛𝜖

+

𝐶1
𝜖

𝑘
(𝐺𝑘 + 𝐶3𝐺𝑏)⏟          
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝜖

− 𝐶2𝜌
𝜖2

𝑘⏟  
𝐷𝑒𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛𝜖

 

 

 

               (2.28) 

Where 𝐺𝑘 and 𝐺𝑏 are the generation of TKE due to mean velocity gradient and buoyancy 

respectively and 𝑌𝑀 represents the fluctuating dilatation term, 𝐶1, 𝐶2, 𝐶3 are constants, 𝜎𝜖 𝑎𝑛𝑑 𝜎𝑘 

are turbulence Prandtl numbers for 𝑘 and 𝜖 (Fluent, 2003). It should be mentioned that the model 

assumes that viscosity on a molecular level is not accounted for and the flow is turbulent. Table 1 

below includes the model constants which are shown in Equation 2.27 and 2.28 respectively. 

 

𝑪𝟏 𝑪𝟐 𝑪𝟑 𝝈𝒌 𝝈 𝛜 

1.44 1.92 0.09 1 1.3 

 

Table 1: Model constants for transport equations 𝑘 and 𝜖 (Fluent, 2003) 
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An investigation carried out considering the turbulence scales of a wind turbine wake by Van de 

Laan. M.P., (2018) was performed by comparing simulation results for LES and RANS for several 

different k-𝜖 models including the standard/extended k-𝜖 models as well as three other k-𝜖 models 

by Van de Laan, Shih and Durkin. The findings for the standard model/extended models was an 

underprediction of the velocity deficit due to overprediction of the standard k-𝜖 model’s length 

scale when compared to LES. This is more evident in the lower TI cases. The author mentions that 

all RANS models give similar results to the LES but recommends the use of shih or Van de Laan 

k-𝜖 models due to their comparability with LES for a range of turbulence intensities. In a paper by 

Richmond, M., et al (2018), comparing the standard k-𝜖 model with met mast data, Richmond 

found that results are similar to the findings of Van de Laan, (2018) Kalvig, (2014), and Réthoré, 

(2009), where the k-𝜖 model under predicts the wake deficit.   

 

2.6 Conclusion of Literature Review 

The literature review has discussed the main concepts involved in this paper and displays an 

overview of the literature to date in the field of wakes analysis for offshore wind farms. Several 

wake models are explained include the Jensen, Modified Park, Larsen, Ishihara and Eddy 

Viscosity. The Eddy Viscosity Model uses the RANS which approximates the NS equations and 

allows the turbulent flow models to be solved with a lower computational time than that of DNS 

and LES. The k-𝜖 model is used to close the TI equations and calculate the Eddy Viscosity. The k-

𝜖 model has been chosen due to its ease of use and low computational time in addition to its use 

in WindSIM (software of use for the CFD modeling). The section ends with remarks from the 

literature commenting on the k-𝜖 model and how it under predicts wakes and that a fully functional 

wind farm wake model does not exist today. Nevertheless, the k-𝜖 model is robust and has a low 

computational demand when compared to DNS and LES. The next section is titled methodology 

and begins with an introduction to the wind farm at Block Island. 
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Chapter 3 Methodology  

 

3.1 Introduction to Methodology  

This section starts with a background to the case study and a project description. Following this, 

the wind farm layout and transmission configuration are examined. Next, the four software 

programs WAsP, WindPRO, Openwind and WindSIM are introduced. The chapter ends with a 

methodology framework which describes the main steps taken in this study.  

 

3.2 Background and Project Description 

Block Island Offshore wind farm is the first offshore wind farm in the USA. It is located 6.1 km 

south-east of Block Island (State of Rhode Island) and is located in the Atlantic Ocean. The project 

was developed by Deepwater Wind and construction began in 2015 and operation in mid-2016. 

The wind farm is made up of 5WTGs, 6MW Alstom Haliade 150 on a steel jacket foundation. The 

water depth is 20-30 meters. The turbines have a hub height of 106 meters and operating range of 

3-25 m/s. The turbines are spaced on average 0.8 km apart or just over five rotor diameters. The 

wind farm expects to generate approximately 125GWh of energy a year and provides a clean form 

of electricity to all inhabitants of Block Island. Figure 3 below shows Block Island wind farm. 
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Figure 3: Block Island wind farm (Deepwater Wind, 2018) 

 

3.3 Wind Farm Layout  

When designing a wind farm layout, several criteria are taken account of including- the wind 

resources, foundation costs, cable costs and the loss of power due to the wake effect. Regarding 

Block Island wind farm the above criteria were all examined, and an algorithm used to decide upon 

an optimal location for the turbines within the designated Renewable Energy Zone (O´Reilly. 

C.M., et al, 2013). A paper by O´Reilly finds an optimal layout for the windfarm shown in Figure 

4 below. The Figure also includes a graphic showing the calculated wake effect for the five WTGs 

in monetary values over the lifetime of the wind farm. 
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Figure 4: Optimized wind Farm layout generated by algorithm (O´Reilly et al 2013) 

 

Figure 5 shows a second layout which was later chosen by the developer (Deepwater Wind, 2010). 

O´Reilly explains that this layout (at the time) will most likely be chosen due to the “foundation 

boring hole locations”. However, analysis shows that the optimum layout (Figure 4) would 

increase the net revenue by 17 million USD over the lifetime of the project. This downside of the 

layout in Figure 5 is mainly due to the large wakes which will be experienced as the turbines are 

placed along the row in the predominant wind direction (south-west). Nevertheless, if the effect of 

a drop-in electricity prices in the future is considered (which is likely with higher competition 
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between different energy sources) the algorithm tends to favor the chosen layout by the developer. 

Therefore, it can be concluded that the choice of the layout is based on future foresight by the 

developer and the ease of construction. This in turn leads to a greater expected wake effect. 

 

Figure 5: Chosen wind Farm layout (O´Reilly et al 2013) 
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3.4 Transmission Configuration  

The turbines are interconnected using a 34.5kv cable in series. The 34.5kV Alternating Current 

(AC) submarine export cable runs from the turbine most easterly to a newly developed substation 

on the east of Block Island north of New Shoreham. At this point the wind farms electricity is 

stepped down to a useful voltage for distribution around the island. In times of high wind 

penetration excess energy is exported to the mainland as a 3-core, 34.5kv bi-directional AC 

submarine cable which will run approximately thirty-five kilometers to the State of Rhode Island, 

Narragansett. When reaching shore, the cable is converted back to standard onshore configurations 

and runs five kilometers inland where it connects to the national transmission line. Figure 6 below 

shows the cable routes decided upon by the developer, Deepwater Wind. Please note that this 

figure shows the preliminary analysis of the wind farm layout with an arrangement of eight turbine. 

Withstanding that, the same cable layout proposed here was used in construction of the wind farm 

(Deepwater Wind, 2010).  
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Figure 6: Block Island Wind Farm (BIWF) and Block Island Transmission System (BITS) developed by (Deepwater 

Wind, 2010). 
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3.5  Software WAsP, WindPRO, Openwind & WindSIM 

To evaluate a wind farm for AEP, data needs to be collected, analyzed and inputted into a software 

model. The following section will outline four software models used in this paper. 

3.5.1  WAsP   

Wind Atlas Analysis and Application Program (WAsP) is a linear simulation model developed by 

RISØ National Laboratories. WAsP was originally developed for flat terrain but its use in complex 

terrain is not uncommon. The model’s main use is in predicting the wind power production for a 

specific optimized site (Nilsson, P., et al, 2010) but can also be used for a range of applications in 

wind power development including micro siting of wind turbines, mapping of wind resource and 

wind data analysis. WAsP considers roughness, orography, obstacles and uses a linear atmospheric 

model when extrapolating the climatology data in the specific site. The WAsP software gives a 

better prediction for power production compared to the alternative Atlas method which uses only 

roughness classification to estimate power production in the software WindPRO. It is a standard 

application for calculating the wind resource today and is used in many software programs such 

as WindPRO and Openwind. 

In the literature several programs have been designed for optimization of wind power production. 

In this paper three common software programs (WindPRO, Openwind and WindSIM) will be 

examined using several wake models introduced in section 2.5.  

3.5.2 WindPRO 

WindPRO is a software used in wind power project development and optimization. The software 

has been developed by the Danish software and consultation company EMD International A/S. 

The software´s aim is to give a comprehensive view of a specific site´s characteristics dependent 
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on the user’s needs. The software has many functions or modules which can be divided into the 

following categories (EMD International A/S, 2018): 

• Energy Modules 

• Load Modules 

• Environmental/Visual Modules 

• Electrical Modules 

• Economy Modules 

• Operation Modules 

In this study´s analysis, focus will be on the energy module as it includes the calculations for AEP 

and wakes. Wake models in WindPRO include the Jensen model and Modified Park model. A 

detailed explanation of these models can be found is section 2.5 of this report. 

3.5.2.1 WindPRO Calculation of AEP using WAsP 

As mentioned previously, the calculation for AEP in WindPRO is done with the use of the 

simulation software WAsP. The calculation is preformed inside the energy module and includes 

wake losses.  

In WindPRO elevation data describes the terrain height and can be calculated by two methods 

using either grid data or contour data. The WindPRO manual recommends the use of data covering 

an area of 20km and a resolution of 5m for contour lines. The area object is used to create 

roughness data. This is then exported to roughness lines which is the required format for the WAsP 

model. Obstacles are recommended to be included if they are within 1000m of a wind turbine 

(EMD International A/S, 2016). In the case of this study there are no obstacles within this area. 

The site data object is added and includes information about the elevation and roughness data of 

the wind farm domain. This Site data object is used to perform the PARK Calculation within WAsP 

(EMD International A/S, 2016). 
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In WindPRO the wind distribution is simulated using the Weibull parameters c and k at each point 

in the grid with the use of WAsP. WAsP takes account of the following; wind statistics, site data 

object (roughness and elevation), obstacles, turbine specifications (hub height, power curve etc.) 

and the air density. The output includes a calculation for AEP for each turbine at the hub height, 

production analysis, wind data analysis etc. (EMD International A/S, 2016).  

The PARK module is used to calculate the AEP for each turbine and the whole wind park. The 

model accounts for losses associated with specific wind turbine wakes and accounts for this in the 

AEP results. These wake losses are dependent on turbine positioning, terrain, wind speed and park 

layout (EMD International A/S, 2016). The PARK module uses WAsP to simulate the wind farm 

flow. Inputs include turbine data such as hub height, power curve and 𝑐𝑡 curve for the wake loss 

calculation. To calculate the combination effect of wakes the root sum square is used which is 

explained in section 2.5.3. With regards to the Wake Decay Constant (WDC), it is dependent on 

turbulence or can be manually inputted. The PARK calculation outputs include a value for AEP 

as well as AEP-10%, and a waked reduced wind speed which accounts for the wind farm wake 

(EMD International A/S, 2016). The AEP-10% is included to account for the overprediction of 

AEP when using WAsP. This overprediction is explained in more detail in the section comparing 

CFD models and WAsP which can be found in section 3.5.5. 

3.5.3 Openwind 

Openwind is a wind power development software established by AWS Truepower. Its aim is to 

help the user in the early stages of wind power projects in designing, optimizing and assessing 

wind power projects. The software is based around a Geographical Information System (GIS) 

layout which allows the program to be useful for many wind power projects of different sizes and 

terrain complexity (Truepower, 2017). 
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3.5.3.1 Openwind´s Calculation of AEP using WAsP 

Openwind uses a mass conservation wind flow model approach to solve the flow of the wind. The 

approach solves a wind resource grid. Nevertheless, this approach doesn’t contain enough 

information to describe wind speed distribution on its own and needs to be used with 

“MetMastLayers”. Alternatively, a WAsP file containing the wind resource grid with a probability 

and Weibull parameters k and c at each grid point can be used to calculate the energy yield of the 

wind farm.  

The energy capture model has been designed in a similar manner to other wind farm optimization 

software programs. There are two methods to calculate the energy capture- one based on a layout 

optimization and the other based on data inputs into the software using software such as WAsP. 

The optimizer method is based on a heuristic algorithm. An in-depth explanation is outside the 

scope of this work and in the case of Block Island this method is not needed and instead the second 

method is used. The energy capture model incorporates different wake models such as the Jensen, 

Modified Park and Eddy Viscosity. It can also incorporate other losses including turbine 

performance losses, electrical losses, availability losses, environmental and curtailments. 

Openwind´s layout is based around layers similar to a GIS system layout. The program uses a 

parent-child logic where the parent layer can use information within the child layer and constraints 

can be set up between the two layers. There are different layer options when using the program. 

These include met mast layers which include measurements such as wind speed and direction, site 

layers which include the WTGs layout, polygon layers representing specific site conditions such 

as boundaries- environmental areas. These can be used as constraints when optimizing the site. A 

detailed description of these layers can be found in the manual (Truepower, 2017). 
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3.5.4 WindSIM 

To run simulations in WindSIM three files are need. These include a terrain file (. gws), a 

climatology file containing the wind data (. wws) and a power curve file (. pws). WindPRO is used 

to model and create these files before they are imported to WindSIM. WindSIM only has the 

functionality to impose a constant roughness height and uses the log law.   

3.5.4.1 WindSIM Calculation of AEP using CFD 

WindSIM is a CFD model that calculates the flow field using the RANS equations. It was 

developed by the Norwegian company WindSIM AS. WindSIM has six modules: 

➢ Terrain Module: The terrain module uses height and roughness data to create a numerical 

model for the specific site. The data comes from an alternative software such as WindPRO 

since WindSIM doesn’t have the function to create a 2D height and roughness dataset. 

➢ Wind Fields Module: The Wind fields module simulates the wind flow by solving the 

RANS equations (k-𝜖 closure method) for the specific domain. This process is iterative and 

uses a guess check approach until convergence occurs. The simulation will converge when 

the convergence criteria are met. Simulating the wind flow is computationally demanding. 

The process is done for the following variables- pressure, the velocity components, 

turbulent kinetic energy and turbulent dissipation rate. First boundary and initial conditions 

are set. Nesting techniques can be used to refine certain areas that may be complex, or if 

the user wishes to calculate the wind flow in a selected area more accurately. Use of the 

nesting technique will increase the computational demand of the simulations.  

➢ Objects Module: The objects module function is to add the specific turbines and the 

climatology’s data to the site. 

➢ Results Module: The results module shows the results from the wind field simulations 

including wind speed, wind direction, turbulent kinetic energy, turbulence intensity, 



 
         University Uppsala University, Campus Gotland, Visby, Sweden                                                                                37  

           Author: Robbie Pratt   
 
 
 
________________________________________________________________________________________________________ 

_____________________________________________________________________________________ 

       

GE Proprietary Information 

Class II (Internal).   

UNCONTROLLED WHEN PRINTED OR TRANSMITTED ELECTRONICALLY 

© 2019 General Electric Company. All rights reserved. 

 

turbulence dissipation rate, turbulence frequency, pressure, inflow angle and wind shear 

exponent. 

➢ Wind Resources Module: The wind resource model creates a wind resource map based on 

the climatology data added.  

➢ Energy Module: The energy model calculates AEP based on the climatology data.  

Wake models in WindSIM include the Jensen model, Larsen model and Ishihara model. A detailed 

explanation of the Jensen, Larsen and Ishihara model can be found in section 2.5.  

3.5.5 Comparison of CFD & WAsP  

WindSIM and WAsP can both be used to model simple or complex terrain. Each method has its 

advantages and disadvantages. WAsP lacks fine details such as accounting for flow separation, 

reattachment and reverse flow, leading to large errors in AEP predictions. However, it has a fast-

computational speed.  

In a paper comparing the linear WAsP model with a CFD model looking at power production on 

Jeju Island, South Korea the findings for the paper showed that the CFD model made a better 

prediction rather than the linear model. The results were compared to actual power measurements 

from the Supervisory Control and Data Acquisition (SCADA) system. The WAsP error ranged 

from 7.2% to 11.6% depending on the domain size while the CFD model error ranged from 2.5% 

to 3.2%. AEP was seen to be affected by domain size in WindPRO but not in the CFD model (Ju, 

B., et al, 2016). In another paper evaluating a method to calculate AEP using WAsP in complex 

terrain the finds are similar to Ju´s paper: Shuang-lei concludes that WAsP is not able to simulate 

the flow in complex terrain which leads to an error when calculating the AEP (Shuang-lei, F., 

2009). Llombart, A., et al (2006) comments on why WAsP overestimates production. He mentions 

that WAsP uses the logarithmic law to define the wind shear profile and thus overestimates the 
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wind speed at hub height. This influences overall production and thus an overestimate is found 

with WAsP.  

Therefore, WindSIM use is recommended when dealing with complex terrain as it uses a 3D 

approach to model the wind flow and can model the wind flow at hub height more accurately than 

a linear model WAsP.  
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3.6 Methodology Framework 

 

Figure 7: Methodology Framework 

 



 
         University Uppsala University, Campus Gotland, Visby, Sweden                                                                                40  

           Author: Robbie Pratt   
 
 
 
________________________________________________________________________________________________________ 

_____________________________________________________________________________________ 

       

GE Proprietary Information 

Class II (Internal).   

UNCONTROLLED WHEN PRINTED OR TRANSMITTED ELECTRONICALLY 

© 2019 General Electric Company. All rights reserved. 

 

3.7 Conclusion to Methodology  

This section has introduced the wind farm Block Island, described the software programs WAsP, 

WindPRO, Openwind and WindSIM and compares the CFD model with the WAsP linear model. 

The chapter ends with a methodology framework outlining the main steps taken by the author. The 

following section Application of Methodology and Results describes the filtering and corrections 

made to the data sets as well as outlining the cases which are examined to aid in answering the 

research questions outlined at the start of this paper. The chapter is divided into sections- one 

describing the preprocessing of the data used in the analysis and the other comparing the software 

models with observed values. Results are given at the end of the chapter and later these results are 

discussed and compared in more detail in the Discussion and Analysis section. 
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Chapter 4 Application of Methodology & 

Results 

 

4.1 Introduction to Application of Methodology & Results 

This section begins with an introduction to the wind farm data at Block Island used in later analysis. 

Following on from this, the correction and filtering methods used are described and a method for 

verifying the data is explained. Next, cases are prepared for analysis comparing the observed wake 

effect with the selected wake models. After a preliminary analysis to identify the wake direction 

several programs are used to model the wake effect and include WindPRO, WindSIM and 

Openwind. These Programs calculate wakes using several wake models such as the Jensen, Larsen, 

Modified Park, Eddy Viscosity and Ishihara. An explanation of these wake models can be found 

in section 2.5. Lastly, a comparative between the observed and modelled waked results for each 

software program is graphically represented at the end of their specific sections (4.6.2, 4.6.4 & 

4.6.7). 

 
4.2 Wind Farm Data 

The wind farm data available at Block Island for the analysis are the Supervisory Control and Data 

Acquisition (SCADA) measurements at each wind turbine. The data is given in a 10-minute time 

stamp. No met mast data is available and instead the mesoscale VORTEX data is used as a 
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verification/comparison with the SCADA data. The lack of a second on site measurement such as 

a met mast leads to a degree of uncertainty which is discussed in detail in the sensitivity analysis. 

The wind turbine data of interest from the SCADA system are as follows: 

➢ Average Wind Speed 

➢ Average Active Power  

➢ Average Wind Direction (Nacelle yaw angle) 

 

The wind farm was commissioned in mid-2016 and the data prior to 2017 is believed to be 

incomplete with lots of downtime and erroneous data. Therefore, this period is omitted from the 

analysis. Starting in 2018 there is a reduction in the representation of alarms in the control system. 

The value is around 30 percent when compared to 2017. Therefore, even when all alarmed data 

represented in the SCADA system for 2018 is omitted, there is still a large amount of data included 

in the data set which is affected by alarms but not being represented in the SCADA system. 

Consequently, data from 2018 has also been omitted from the analysis. Therefore, the period of 

interest in this analysis is the calendar year- 2017. 

 

4.3 Data Pre-processing (Corrections & Filtering) 

There are several steps taken in correcting and filtering the data sets of interest once obtained from 

SCADA. These amendments to the data aid in attaining useful and accurate data and thus lead to 

reliable and valuable analysis. Step one includes applying corrections to the data and verifying the 

data with an external data source. Step two is the removal of any data in the time series where the 

turbine has been de-rated, de-graded or stopped. This is done by examining the turbines´ alarms 
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which affect the turbine performance at full capacity. When analyzing wakes, the researcher is 

only interested in data where the turbine is working at full capacity.  Therefore, these alarms are 

examined at a 10-minute time step and any performance interference signaled by the turbine alarm 

means a removal of that time stamp from the analysis. In theory after these values have been 

removed from the data set the turbine can be said to be running 100% of the time at full capacity. 

Step three includes additional filtering to remove erroneous data which are out of the range of what 

would be expected. These corrections and filtering methods are repeated for the five turbines. The 

following sections explain in more detail the reason for applying specific filtering and correction 

techniques for each of the three SCADA data sets. 

4.3.1 Wind Speed and Active Power 

The wind speed readings are taken from the nacelle mounted anemometer and a correction is 

applied to give the free flow wind speed. This is known as the Nacelle Transfer Function (NTF) 

and is a wind speed correction performed for nacelle mounted wind anemometers. The function 

calculates the relationship between the measured wind speed at the nacelle anemometer and the 

actual free-stream wind speed. The IEC 61400-12-2 standard uses the following relationship (IEC 

61400‐12‐2., 2013): 

 𝑈𝐹𝑟𝑒𝑒 = 𝑉𝑁𝑎𝑐𝑒𝑙𝑙𝑒 𝛽1 𝛽0 

 

                  (4.1) 

Where, 𝑈𝐹𝑟𝑒𝑒 is the free flow wind speed, 𝑉𝑁𝑎𝑐𝑒𝑙𝑙𝑒 is the calculated wind speed at the nacelle 

mounted anemometer, 𝛽1 is the slope and  𝛽0 is the offset. A density correction is also applied 

(based on temperature) to the data and both the NTF and density correction are based on values 

used by the Danish wind farm Østerild. This data is then compared with an external data set as 

there is no met mast on site. The data set of choice is the mesoscale VORTEX data. For active 
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power, it is believed that the data is accurate. Instead, in the following section a comparison is 

done between wind speed and power and any erroneous data is omitted. 

To validate values for power and wind speed a power curve is created for each turbine using the 

active power data and corrected wind speed data from the five turbines. Figure 8 below shows the 

relationship between wind speed and active power for WTG5 after the first correction and 

comparison. 

 

Figure 8: WTG5 Power Curve after correction applied to wind speed 

 

Next, the alarm data is filtered removing any data where the turbine was seen to be not preforming 

at full capacity as mentioned previously. This includes times when the turbine was stopped, de-

rated and under-rated. Visual Basic Application (VBA) code is used to calculate when these alarms 

are present, and any time step affected by these alarms is omitted from the data set. The code used 

can be found in Appendix B at the end of the thesis. Figure 8 below displays the results of removing 

the alarmed data. A quick inspection of the variation between Figure 8 to Figure 9 illustrations that 
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underperforming data has been removed as well as the removal of data near rated power at low 

wind speeds. 

 

Figure 9: WTG5 Power Curve after alarmed data removed 

 

The final step in the process is to remove power data under 50KW and wind speed measurements 

under 3 m/s. This data is of no use to later analysis. Once this is completed another filtering process 

is preformed to remove any data from the power curve which does not represent an accurate 

relationship between power and wind speed. Figure 10 below shows the final filtered data with 

respect to wind speed and power data for WTG5.  
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Figure 10: WTG5 Power Curve post filtering 

 

 

4.3.2 Direction (Nacelle Yaw Position) 

 

In the case of Block Island wind farm the nacelle yaw angle is used to calculate the wind direction. 

Normally the wind direction would be obtained from a wind vane mounted on the WTG or from a 

met mast. Regarding Block Island´s wind farm the wind vane measurements cannot be trusted and 

there is not met mast on site. Therefore, the only option for directional measurement is to use the 

yawed position of the turbine. Similarly, to the wind speed and power filtering in the previous 

section any data which leads to underperformance of the turbine is omitted due to inaccuracy of 

direction in these cases.  

Following this there are several corrections that need to be applied to the data. The first is to fix 

the miscalculation which results from using the nacelle direction. The nacelle yaw position of the 

turbine found in the SCADA data is based on cable windup values recorded by the turbine. The 
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cable wind up value is recorded to track the turbine cables from a reference point of zero degrees 

(Usually true north). A miscalculation is made when the cable wind up values are converted to 

nacelle position of the turbine. These errors are found around 350 degrees to 10 degrees. When the 

turbine drifts around 350 and 10 degrees the average is often seen as 180 and this is not the case. 

These errors have been corrected by comparing both the turbine windup values and the yaw angle 

measurements. In any case when comparing these values any discrepancy found between any time-

step should be one of the following 0°, +/-360° or +/-720° degrees. Any value deviating from these 

is incorrected. 

Following this a comparison is done with the turbines´ nacelle yaw angle and the mesoscale 

VORTEX directional data. The results show that in most cases large directional offsets need to be 

applied to the SCADA data. Figure 11 below shows a comparison between the nacelle direction 

of WTG1 and VORTEX data.  

 

Figure 11: Comparison of WTG1 Yaw angle and VORTEX data pre-offsets 
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The directional offset is believed to be due to an error at commissioning when turbines were not 

calibrated to true north. The turbines´ true north (or reference point in the case of Block Island) 

drifts over time. Recalibration is needed to keep the true north accurate and regarding Block Island 

recalibration has not been performed as it is not a necessity to the operation of the turbine. The 

turbines need only a reference point of zero degrees for tracking cable windup. Therefore, as 

performance of the turbine is not an issue, this correction can be overlooked and not always 

performed. Nevertheless, this is not believed to be a significant issue due to the age of the windfarm 

and any drift would be minimal in the six months to eighteen months of the turbines´ life.  

In the next step several offsets are applied to correct the data and once completed the data is 

compared to VORTEX. Figure 12 shows the result of applying offsets to the yaw angle. The data 

has been filtered to be within +/-30 degrees of the VORTEX data set. Any data outside of this 

range is removed. This analysis is performed for the five wind turbines.  

 

Figure 12: Comparison of WTG1 Yaw angle and VORTEX data post offsets with a range of +/-30 degrees 

 
 

 

https://www.degreesymbol.net/
https://www.degreesymbol.net/
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4.3.3 Merging Data Sets 

The final step is to merge the power and wind speed data with the wind turbines´ yaw direction. 

Data is omitted when it is not available to both data sets. Table 2 below shows the available data 

for analysis: 

WTGs Useful Data Points % of Total Data Set 

WTG1 15015 28.6 

WTG2 19192 37.5 

WTG3 18683 35.5 

WTG4 21921 41.7 

WTG5 18620 35.4 

Table 2: Useful data for analysis after data filtering and merging 

 

 

 

4.4 Preparation of Cases for Analysis  

The primary objective of this study is to compare different wind power simulation software 

programs and their respective wake models with the observed wake found at the wind farm Block 

Island. As mentioned previously in this chapter, the filtering of data has led to a significantly 

reduced data set. Therefore, data points are limited when analyzing small direction bins. This leads 

to a predicament faced when deciding upon what range of directional data to use. There are two 

options; one is to use a wide range of directional data giving a larger data set for analysis but on 

the other hand reducing accuracy of results. The second option is to examine a small directional 

range. The scientific credibility is increased but this leaves a reduced data set which can in turn 

lead to an uncertainty. The literature in most cases starts with a wide range when analyzing wakes. 

For example, in a paper examining the wind farm at Horns Rev, analysis is done with a directional 

width of +/-15 degrees along the row. Later the analysis is reduced to a wind directional width of 
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+/-2.5 degrees with 1 m/s intervals in wind speed. However, this study uses a dataset of 3 years 

and has a recovery rate of nearly 100 percent (Gaumond, M., et al 2014). For the case of Block 

Island 1 year of data is available with a recovery rate of less than 40 percent in most cases. 

Accordingly, this paper first examines a wide directional sector. By using this method, the user 

can examine if the wake is represented well and where exactly it lies. For Block Island the 

directional sector examined is between 200 and 280 degrees which includes both the predominant 

wind direction and the along the row direction. The analysis divides the 80-degree sector into 5-

degree increments. Several wind speed bins are examined included 7,8,9,10 and 11m/s. The same 

analysis is performed with Openwind using the three wake models (Jensen, Park and Eddy 

Viscosity). A comparison is made between the four results which can be seen below in Figures 13-

20. This same analysis is performed for the WindPRO and WindSIM wake models, but the exact 

results are not included in this document. Furthermore, the direct wake deficit is calculated using 

the different wake models and compared against the observed for the three chosen software 

programs Openwind, WindPRO and WindSIM.  

The wind farm layout at Block Island is not a straight array as shown in section 3.3. Instead WTGs 

5-2 could be said to be in an array with a deviation of 1-2 degrees between the turbines. On the 

other hand, WTG 1 is further displaced with a deviation of 5-7 degrees when compared with 

WTG2. Therefore, this analysis will be slightly different to a standard straight array wind farm as 

seen in many offshore wake studies including Horn Revs and Middelgrunden. Due to the alignment 

of the WTGs it is expected that the direct wake angle will change down the row. If the angle 

between WTG5 and WTG4 was used for the whole array, then WTGs 3,2 and particularly 1 would 

experience partial wake as some of the rotor will not be in the wake of the previous turbine when 

looking along the row. In the case of this study, the power deficit is calculated independently for 

each WTG with respect to WTG5 (reference turbine). Therefore, for this case one would expect 

an increase in power further down the row as less of the rotor is affected by the direct wake.  



 
         University Uppsala University, Campus Gotland, Visby, Sweden                                                                                51  

           Author: Robbie Pratt   
 
 
 
________________________________________________________________________________________________________ 

_____________________________________________________________________________________ 

       

GE Proprietary Information 

Class II (Internal).   

UNCONTROLLED WHEN PRINTED OR TRANSMITTED ELECTRONICALLY 

© 2019 General Electric Company. All rights reserved. 

 

4.5 Observed Wake Effect at Block Island 

The observed wake effect is calculated using the WTGs power, direction and wind speed data. The 

deficit between the WTGs power is plotted against the wind direction. This analysis is done for 

the wind speeds average of 7-11 m/s. Wind speeds above these values approach rated power and 

hence the wake is not well defined. Wind speeds below don’t represent the wake well and data is 

sporadic. WTG5 is used as a reference WTG and the wake is calculated from WTG5-WTG4, 

WTG5-WTG3, WTG5-WTG2 and WTG5-WTG1 independently. The results are shown below in 

Figures 13,15,17 and 19 for the wind speed 8m/s +/- 0.5 degrees similar to the paper by Barthelmie, 

R.J et al, (2010). In these Figures each box plot represents a wind bin direction of 5 degrees and 

the black line represents the joining of the mean between each box plot. For each box plot a 75th 

and 25th percentile is represented by the top and bottom of the box respectively. Furthermore, 

Figures 14,16,18 and 20 show the comparison between the observed wake and the three wake 

models at 8 m/s +/-0.5 degrees. The results for the observed wake direction can be found for the 

other wind speeds (7, 9,10 and 11m/s) in Appendix C at the end of this document. 

   

Figure 13 (to the left) shows the power variance from WTG5-WTG4 at 8 m/s over 80 degree and Figure 14 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 
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Figure 15 (to the left) shows the power variance from WTG5-WTG3 at 8 m/s over 80 degree and Figure 16 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 

 

  

Figure 17 (to the left) shows the power variance from WTG5-WTG2 at 8 m/s over 80 degree and Figure 18 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 
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Figure 19 (to the left) shows the power variance from WTG5-WTG1 at 8 m/s over 80 degree and Figure 20 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 

 

Figures 13-20 above depict the wake direction width. As can be seen the wake occurs over several 

5-degree sectors and the observed data under-predicts the wake when compared to the three wake 

models. The reason for this is most likely to do with the directional error in the yaw of the turbine. 

Some directional data is not represented in the correct wind direction bin. Furthermore, the Figures 

represent a change in the predominant wake direction and this is due to the layout of the wind 

farm. The predominant wake direction between WTG4 to WTG1 changes from ≈240 degrees to 

≈220 degrees. Later analysis looks at the direct wake within a sector of 5 degrees. This change in 

direct wake along the row will be accounted for in this analysis.  
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4.6 Comparative of Observed Wake and Wake Modeled Results 

4.6.1 Openwind Simulation Inputs 

Several prerequisites must be in place before the simulations are run. A turbine type and 

coordinates need to be inputted into the software. Inputs includes the chosen turbine power curve 

and thrust coefficient, air density, hub height etc. Furthermore, data from the site is inputted so 

that an “energy capture” can be performed. A map is included, and a wind map layer is run using 

the inputted climate data. The wind map layer includes the site data, a WDC value of 0.05, 

roughness length of 0.03, boundary layer of 200m and Turbulence Intensity (TI) values calculated 

from site data. Figure 21 below represents the sector-wise graphed values for TI used in Openwind. 

The output of the wind map layer is the calculation of wind speed, elevation and inflow angle 

layers for the specific site and WTGs. Finally, an energy capture is performed using the three wake 

models Eddy Viscosity (Ainslie, J.F., 1988), Modified Park and N.O. Jensen for specific wind 

speeds and directional steps.  

 

Figure 21: TI Values for different wind speeds at Block Island Wind Farm over twelve wind direction sectors. The x-

axis represents wind speed (m/s) and y-axis turbulence intensity (%) 
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The energy capture produces a report showing a detailed breakdown of the wake models´ 

calculation of power variance for the five WTGs. In this case a breakdown of the array energy is 

given for the five turbines, over the direction 200-280 degrees for a wind speed interval 7-11m/s. 

Figure 22 below shows the wind farm layout on Openwind with the added layers to the left-hand 

side. 

 

 

Figure 22: Openwind layers and farm layout 
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4.6.2 Openwind Simulation Results Compared with Observed Results 

The results are presented below in Figures 23 to 27 and show a comparison between the observed 

wake and the three models at different wind speeds using Openwind. The results shown include 

average values of 7,8,9,10 and 11 m/s along the row +/-2.5 degrees. Values above and below these 

wind speeds did not represent the wake well and therefore were omitted from the results and 

analysis. 

   

Figure 23 (to the left) and Figure 24 (to the right) show the power variance along the row of WTGs at 6.5-7.5 and 

7.5-8.5m/s respectively 

  

 

Figure 25 (to the left) and Figure 26 (to the right) show the power variance along the row of WTGs at 8.5.9.5 and 

9.5-10.5m/s respectively 
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Figure 27: Power variance along the row of WTGs at 10.5-11.5 m/s 

 

 

The results presented in Figure 23 to Figure 27 above show the comparative between the observed, 

Jensen, Modified Park and Eddy Viscosity results along the row in the predominant wind direction 

with Openwind. The detailed results can be found in Appendix D. The results show overall that 

the observed output is more conservative with regards to calculated power loss than those of the 

models´. Looking at the observed data in each case a large reduction in power is seen between the 

first two WTGs in the row and a slight variance between 2nd to 4th WTG before an increase in 

power between the last two WTGs in the row. The same is true for the wake models except that 

they do not predict the increase in power between the last two WTGs. Overall the results are what 

would be expected and correspond well with finding from other offshore windfarms such as Horns 

Rev (Hansen, K.S., 2012). The increase in power between the last two WTGs was expected due to 

the alignment of the wind farm. This is not simulated by the wake models and is a limitation of the 

software.  

The Jensen and Modified Park wake model both show the same power deficit between the first 

two WTGs. Further down the row the Jensen model predicts a greater power deficit than the 

Modified Park. The Eddy Viscosity wake model predicts a large deficit between the first two 
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WTGs when compared to the Jensen and Modified Park, but the wake is seen to recover down the 

row, especially between the 2nd and 3rd WTG in the row.  

The observed data results include error bars which are one standard deviation from the mean. In 

most cases the standard deviation error bars are large, and this is believed to be due to direction 

misalignment. In some cases, directional values are entered in the wrong directional bins and may 

also account for the underestimate of the power deficit with respect to the wake models.  

Nevertheless, the difference between the observed results and the wake model results is significant 

and more analysis is needed to understand what is causing this inconsistency. In Chapter 5 a 

sensitivity analysis is performed on the WDC and TI values to see what affect altering these values 

has on the wake models results. The detailed results of this analysis can be found in Appendix E. 

In the next section a similar analysis is performed using the software- WindPRO. 

4.6.3  WindPRO Simulation Inputs 

The WindPRO software requires several inputs before a PARK calculation or any wake 

calculations can be performed. This first stage is defining the location of the wind farm using a 

coordinate system. Further to this the software gives the option to add background maps. An 

Online map is added giving a general view of the wind farm location. Next, the five Haliade 150 

WTGs are added to their specific locations with included power and thrust curves.  

Once the WTGs are added the next step is to model the terrain. This is done by calculating the 

height and roughness of the area. An area object is added to the map and a “roughness map based 

on closed lines” is chosen with online data. The area type chosen is offshore with a roughness of 

0.03. The data is exported to roughness lines and a line object is created. 
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The next step is to import data using the meteo object. The STATGEN module is used to run wind 

statistics. To do this a site data object is added and the option STATGEN for “wind statistics” is 

chosen. The STATGEN module uses the area object and line object created earlier.  

The final step is to run a PARK calculation. A second site data object is added but this time the 

option chosen is for WAsP calculation. The chosen PARK model is the “time varying based on 

measured data” and wind Statistics are added from STATGEN and previous area object and line 

object used. Three wake models are available in the “time varying based on measured data” PARK 

calculation as of 2018 and are the Jensen-Risoe, Park 2005 and Park2 2018 models. The WDC 

chosen is 0.05 to compare with results from Openwind. The WTGs are added along with meteo 

data from STATGEN. The PARK module is run using the three wake models. A detailed 

breakdown of the wake loss for each wind sector is given in a report for the three wake models 

over the five WTGs.  

Figure 28 below shows the farm layout with calculation window, module window and object layers 

as shown by the WindPRO 3.1 software. In the next section the results are presented showing the 

power variation along the row at different wind speeds as done with Openwind. 



 
         University Uppsala University, Campus Gotland, Visby, Sweden                                                                                60  

           Author: Robbie Pratt   
 
 
 
________________________________________________________________________________________________________ 

_____________________________________________________________________________________ 

       

GE Proprietary Information 

Class II (Internal).   

UNCONTROLLED WHEN PRINTED OR TRANSMITTED ELECTRONICALLY 

© 2019 General Electric Company. All rights reserved. 

 

 

Figure 28: WindPRO screenshot showing calculations window and wind farm layout with objects 

 

4.6.4  WindPRO Wake Model Results Compared with Observed Results 

The results are presented in Figures 29 to 33 below. The results show the comparison between the 

observed wake effect found at Block Island and the three wake models available in “time varying 

based on measured data” calculation in PARK. The analysis is the same as done previously with 

Openwind with a directional sector of +/-2.5 degrees along the row. The results are also split into 

five different wind speed ranges of 1 m/s as shown below.  
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Figure 29 (left) and Figure 30 (right) show the power variance along the row of WTGs at 6.5-7.5 and 7.5-8.5m/s 

respectively 

 

  

Figure 31 (left) and Figure 32 (right) show the power variance along the row of WTGs at 8.5-9.5 and 9.5-10.5m/s 

respectively 
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Figure 33: Power variance along the row of WTGs at 10.5-11.5m/s 

 

The overall modelled wake results are similar to those found in Openwind when compared with 

the observed data. The detailed results can be found in Appendix F. One again the wake models 

overpredict the power reduction when compared to the observed data. In all five of the cases above, 

the power reduction is identical for each of the three wake models when looking at the first two 

WTGs. The similar deficit between the first two WTGs is due to these models all being based on 

the original Jensen model. The Park models show a variation on the Jensen further down the row 

which is to be expected. Furthermore, concentrating on the power variation between the remaining 

WTGs in the row (2nd WTG to the 5th WTG), there is a clear deviation in power variation between 

the wake models and the observed, similar to the results attained from Openwind. The Jensen wake 

model overpredicts the wake from the 2nd WTG to the 4th WTG when compared to the Modified 

Park. A similar trend is seen between the observed data and the wake models at higher wind speeds. 

This is comparable to the result seen in Openwind.  

A decrease in power is seen for all wake models from the 1st WTG to the 3rd WTG in the row. For 

WTG 3 and WTG 4 equal power output is seen in the Jensen wake model and an increase is seen 

in the two Modified Park wake models. Between the last two WTGs in the row there is a substantial 

drop in power for the “Modified Park2 2018” model and a slight drop for the “Modified Park 
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2005” model. The Jensen model shows a slight increase in power in some cases between the last 

two WTGs but still does not compare well with the observed. This increase in power between the 

last two wind turbines was not seen in any of the Openwind wake models.  

Once again it should be mentioned that the observed data error bars are one standard deviation 

from the mean and show a large variance in most cases. This is believed to be due to a nacelle 

directional misalignment issue not corrected fully for all cases and has led to some power data 

being included in incorrect wind sector bins. This is more than likely linked to the underestimate 

of the power deficit with respect to the wake models in many cases.  

Overall the wake models in WindPRO don’t seems to represent the wake accurately when 

compared to the observed data. In Chapter 5 a sensitivity analysis is performed on the value to see 

what affect altering these values has on the wake models results. The detailed results of this 

analysis can be found in Appendix E. 

In the next section the same analysis is performed using the CFD software- WindSIM with two 

new wake models (Larsen and Ishihara) as well as the Jensen model once again.  

4.6.5 WindPRO to WindSIM file conversions 

As mentioned previously in section 3.5.4 to run simulations in WindSIM three files are needed. In 

this paper these files are taken from WindPRO. A problem arises as these three file types differ to 

those needed in WindSIM and therefore need to be exported and altered in such a way to be read 

by WindSIM. The first is a file including the terrain condition (height and roughness data). This 

file is exported from WindPRO in a (. map) format and converted to a (. gws) file in WindSIM. 

The WAsP 11 Map Editor is used to merge the height and roughness data from WindPRO into one 

file before being added to WindSIM in “tools” and “convert terrain model”. The second file is the 

climatology file which contains the wind data. This data can be found in the meteo object under 

frequency table. It is exported as a .tab file and later used as a (. wws) is WindSIM. Finally, the 
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turbines´ power curve is needed. The file type used by WindPRO is (. tab) and the file type needed 

in WindSIM is (. pws). Alternatively, WindSIM gives the option to add the power curve and thrust 

curve in the object module. 

4.6.6 WindSIM Inputs and Simulation Results 

WindSIM consists of six modules- terrain, wind fields, objects, results, wind resource and energy. 

In the following section the module inputs chosen for this study and simulation results are detailed.  

4.6.6.1 Terrain module 

To run the terrain module WindSIM requires data which describes the terrain of the wind farm 

area. It is not possible to calculate this data in WindSIM and instead an external program is needed. 

The terrain details can be split into two variables; height and roughness data. In this study, 

WindPRO is used to simulate the height and roughness data in the area surrounding the wind farm. 

The height and roughness data are then merged and exported from the WindPRO file (. map) and 

converted to a (. gws) file which WindSIM can read. The (. gws) file includes the coordinates and 

once the program is run the module generates a 3D map of the area based on this height and 

roughness data. The terrain model is simulated with an x-range (275600;289990) and y-range 

(4549900;4565290). The maximum number of cells chosen is 1,000,000 with 25 cells in the z 

direction and 200 cells in the x and y direction. The cells in the z direction are refined closer to the 

ground to get a better description of the wind flow where the WTG resides. Refinement was not 

chosen and is more useful for a wind farm which is in or near an area of complex or hilly terrain. 

A value of 0.5 was chosen for the smoothing radius to help the simulation to converge. The 

remainder of the chosen values can be found below in Figure 34. A detailed explanation of how 

WindSIM calculates the terrain using the RANS equations can be found in section 2.5.10. Figure 

35 below shows the resulting elevation map after the simulation is complete.  



 
         University Uppsala University, Campus Gotland, Visby, Sweden                                                                                65  

           Author: Robbie Pratt   
 
 
 
________________________________________________________________________________________________________ 

_____________________________________________________________________________________ 

       

GE Proprietary Information 

Class II (Internal).   

UNCONTROLLED WHEN PRINTED OR TRANSMITTED ELECTRONICALLY 

© 2019 General Electric Company. All rights reserved. 

 

 

Figure 34 (left) and Figure 35 (right) show the properties chosen for the terrain module and a 2D terrain model 

showing elevation respectively 

 

4.6.6.2 Wind Field module 

The second module is where the wind field is calculated. The number of sectors is selected and in 

this case the default 12 sectors is used. The k-epsilon turbulence model was chosen, convergence 

criteria of 0.005 and the number of iterations set to 500. A detailed explanation of the Reynolds 

Averaged Naiver-Stokes equation and the eddy viscosity k-epsilon closure model which model the 

flow can be found in sections 2.5.10 and 2.5.11 respectively. The 3D wind flow is calculated using 

these RANS equations which solves the wind flow parameters at every node in the mesh. 

Increasing the numbers of cells leads to longer computational time but increases accuracy. When 

the simulation is run the process for solving the wind flow is iterative and convergence for the four 

variables occurs once the convergence criteria are met. The four variables are pressure, the velocity 

components, turbulent kinetic energy and turbulent dissipation rate. Nesting is disregarded in this 
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study due to the non-complexity of the terrain. Several other parameters are chosen which aid in 

calculating the flow of the air over the terrain, all of which are default value, and the full list can 

be found in Figure 36 below.  

 

Figure 36: Properties chosen for the wind field module  

 

4.6.6.3 Objects module 

The objects module is where the wind turbines and the climatology data are added. The wind 

turbines are added using the file (. pws). The file includes details for hub height, rotor diameter 

etc. and can be manually changed in WindSIM if desired. The climatology is exported from 

WindPRO as (.tab) file and converted to (. wws) in WindSIM. A similar process is used as before 

with the terrain module but this time the climatology data is converted. Figure 37 below shows the 

park layout on a terrain map. The height is given in meters.  
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Figure 37: Terrain map showing height and park layout 

 

4.6.6.4 Results module 

The results module shows the results from the wind field simulation including wind speed, wind 

direction, turbulent kinetic energy, turbulence intensity, turbulence dissipation rate, turbulence 

frequency, pressure, inflow angle and wind shear exponent. 

4.6.6.5 Wind Resource module 

The wind resource module includes a wind resources map based on the climatology data. Here, 

wake models are selected. For this study the three wake models in WindSIM, Jensen, Larsen and 

Ishihara are compared with the observed data at Block Island. The wake models are based on either 
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roughness and height contours at the turbine location which is taken from the (. gws) file or ambient 

turbulence intensity at the same location which is taken from the wind database or inputted 

manually. The method used is dependent on the wake model selected. Finally, the wind resource 

map is run. This module requires the terrain, wind field and objects modules to be completed 

before this model can be run. Figure 38 below shows the wind resource map based on the 

climatology data. 

 

Figure 38: Map showing the mean wind speed at hub height with the five WTGs and Climatology data 

 

4.6.6.6 Energy Module 

The energy model calculates AEP and wake loss based on the climatology data. Therefore, this 

module can be run after the objects module and it is not reliant on the results and wind resource 
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modules. The wake calculation is dependent on the chosen wake model. For the Jensen wake 

model, the WDC is calculated based on the roughness and height contours in the terrain module. 

With regards to the Larsen and Ishihara wake models the default option to calculate the TI value 

is from the “wind database”. The module is run for the three wake models (Jensen, Larsen and 

Ishihara). Figure 39 below shows a breakdown of the chosen properties for the Jensen model 

(Wake Model 1).  

 

Figure 39: Example of chosen properties in the Energy Module 

 

 

The exported data is analyzed in a similar way to that of the WindPRO and Openwind data sets. 

The following section presents the waked results from the three models. Once again, these wake 

models are compared to the observed data at Block Island. 
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4.6.7 WindSIM Wake Model Results Compared with Observed Results 

 

The results are presented in Figures 40 to 44 below and show a comparison between the observed 

wake and the three models at different wind speeds using WindSIM. The results show the 

comparison between the normalized power variation of the observed and modelled result along the 

row (+/-2.5 degrees). A table detailing the results can be found in Appendix H. 

 

 

Figure 40 (left) and Figure 41 (right) show the power variance along the row of WTGs at 6.5-7.5 and 7.5-8.5m/s 

respectively 

 

   

Figure 42 (left) and Figure 43 (right) show the power variance along the row of WTGs at 8.5-9.5 and 9.5-10.5m/s 

respectively 
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Figure 44: Power variance along the row of WTGs at 10.5-11.5m/s  

 

Overall the WindSIM simulation results do not show a good comparison with the observed results. 

Of the three models simulated the Larsen model seems to be the most similar in terms of power 

variance when compared to the observed data in most of the cases. For the five wind speed cases 

the Larsen model compares best between the first two WTGs but still overpredicts the power 

deficit. Further down the row between the 3rd WTG and the 5th the power continues to drop slightly 

for the Larsen wake model. This is similar to what is experienced by the observed data where a 

decrease in power is seen between the 2nd and 4th WTG in most cases. Nevertheless, the increase 

in power seen in the observed results between the 4th and 5th WTG in the row is not simulated by 

the Larsen wake model. 

The Ishihara wake model shows a large deficit between the first two WTGs. Nearly an 80% deficit 

in each case. A paper examining kinematic wake models in WindSIM comments that the Ishihara 

wake model “overestimates the peak power deficit in all cases” (Seim, F., 2015). This is a deficit 

not seen by any other wake model tested. Therefore, this is believed to be an overestimate. The 

Ishihara wake model shows an increase in power in the next two WTGs in the row but then sees a 

substantial drop between the last two WTGs in the row.  
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The Jensen wake model shows similar results to the Jensen models run in WindPRO and 

Openwind. The models overpredicts the wake between the first two WTGs similar to results found 

by Seim et al. The models predict the power continuing to drop along the row before a slight 

increase in power between the last two WTGs in the row. 

 

4.7 Conclusion to Application of Methodology & Results 

This chapter starts with the wind farm´s SCADA data. The data of interest is the wind direction 

(nacelle orientation), active power and wind speed. The steps taken to process the data for analysis 

are shown. Following this, the cases for the analysis of wakes are prepared. First the observed data 

is examined. Next, Openwind wake models are compared against the observed data over a 

directional band of 80 degrees. Following this the direct wake along the line is examined for the 

three software programs Openwind, WindPRO and WindSIM. Each program compares three 

selected wake models against the observed. This is represented in each of the sections 4.6.2, 4.6.4 

and 4.6.7 in five graphs showing the power variation along the row of WTGs. These results are 

followed by a short discussion comparing the wake models and observed data. The following 

chapter “Discussion and Analysis” includes a more in-depth explanation and analysis of the results 

as well as data limitations and a sensitivity analysis.  
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Chapter 5 Discussion & Analysis 

 

5.1 Introduction to Discussion & Analysis 

The results are presented in sections 4.6.2, 4.6.4 and 4.6.7 of the previous chapter. This chapter 

discusses these results, which compare the observed wake at Block Island with the wake models´ 

results. The latter part of this chapter includes a section commenting on the factors limiting the 

analysis as well as a sensitivity analysis.  

 

5.2 Discussion of Observed and Modelled Results  

The most noticeable trend when examining the results is the large decrease in power between the 

first two WTGs in the row and a marginal variance in power, in comparison, between the remaining 

WTGs. This is represented in both the observed data and the wake models and compares well with 

the literature. Moreover, when examining the variance between the last two WTGs in the row the 

observed wake shows an increase in power for each of the five wind speed bins analyzed. In all 

but two case the wake models do not show this increase in power between the last two WTGs. The 

Jensen model run in WindPRO and WindSIM shows a slight increase in power between the last 

two wind turbine generators. Nevertheless, these model´s only predicts a slight increase in power 

whereas the observed wake shows a larger increase. Several factors could be causing this increase 

in power between the two WTGs in question. In a paper by Méchali et al examining the wake 
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effect at the wind farm Horns Rev, a similar result showing an increase in power between the last 

two WTGs in the row was found. The paper comments on several possible explanations for this 

result (Méchali, M., 2006). 

The first possibility is the effect of the land fetch causing the wind conditions to be altered resulting 

in an increase in turbulence and wind shear down the row. In the case of Block Island, there is a 

land spit ≈17km in the West-South-West (WSW) bearing from the wind farm. Nevertheless, the 

land isn´t thought to influence the along-the-row directional analysis of the predominant South 

West (SW) wind. Therefore, it is thought that the fetch shouldn´t be affected by this area of land.   

The paper by Méchali et al also mentions the possibility for this increase in power between the last 

two WTGs being due to a change in the wind climate or more precisely wind direction down the 

row of the wind farm array. In the case of Block Island, the observed wake direction has been 

altered between each WTG due to the layout of the wind farm. For instance, the wake has been 

calculated from the first WTG in the row (reference WTG) to each turbine individually. Thus, it 

is believed that this is not a factor affecting the WTGs´ power output.  

The final factor mentioned by the Méchali paper is the effect of atmospheric stability and how this 

changes with wind direction. This may be a factor affecting the observed results. Later in this 

chapter a sensitivity analysis is done to see what effect altering the WDC and TI values has on the 

model results and if results correspond better with the observed results. The WDC and TI 

parameters are based on atmospheric stability and terrain roughness and thus a change in these 

values can significantly alter the wake models´ results.  

Nevertheless, taking all these factors into account, it is thought that the most likely explanation for 

the observed power increase between the last two WTGs is due to the alignment of the WTGs and 

an increase in the free wind speed between the last WTGs in the row. As mentioned previously the 

wind farm is not a straight array and instead the WTGs are slightly arced towards the island. The 

alignment is not consistent for the whole wind farm. A deviation of 1 to 2 degrees is seen between 
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the first 4 WTGs and a deviation of 4 to 5 degrees is seen between the last two WTGs. This 

positioning of the WTGs leads to WTGs further down the row experience more free wind speed 

on the rotor and less wake.  Moreover, it is true that an increase in power on a smaller scale should 

be seen between the 2nd to 3rd WTG and 3rd to 4th WTG due to the alignment of the WTGs but this 

is not seen in many of the observed results. Nevertheless, it is thought that the issue with the 

directional misalignment has affected these results. The observed power increase over the last two 

WTGs seems to be the most likely cause by the WTGs alignment but the other possibilities 

mentioned previously should not be ruled out as this increase in power could be caused by a 

combination of several variables.  

The observed results also show that the waked results in most cases are more conservative than 

those seen by all the models examined. As mentioned previously this is likely to be caused by 

incorrect classification of wind directional bins and the inclusion of data in the wrong direction 

bin which causes a larger average power value than the expected. The large error bars are likely 

due to this problem too. Therefore, the observed wake values in this paper should not be trusted 

fully and not used for future scientific investigations and research.  

A comparison of results between the three software programs shows that none of the wake models 

examined relate well to the observed data when examining the power deficit between the first two 

WTGs. With regards to the power deficit between the first two WTGs, the Larsen model in 

WindSIM has the best comparison to the observed results but overpredict the wake (by ≈6-17% 

depending on the wind speed bin) when compared to the observed results. When looking further 

down the row between the 2nd WTG in the row to the 4th WTG the Park models in 

WindPRO/Openwind show the best comparison but there is still a significant variance compared 

to the observed data (≈2-14% depending on wind speed bin). Examining the power variation 

between the last two WTGs in the row the observed data shows an increase in power of ≈8% over 

the different wind speed bins. An increase in power is seen by the Jensen wake model in WindPRO 
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and WindSIM as well as the Larsen model is WindSIM. In all cases the increase is marginal 

compared to the observed (≈1%).  

The following section examines the limitations faced in this thesis and includes a sensitivity 

analysis for the wake models in Openwind and WindPRO. 

 

5.3 Data/Software Limitations & Sensitivity Analysis 

5.3.1 Data Limitations 

The greatest limitation faced in this study is the reliability of the data set. The accuracy of wind 

data is of high importance to reliable and accurate calculation of wake loss and power production. 

Without an accurate measurement procedure, calculations become distant from reality and produce 

misleading results for wakes and AEP. The main objective of the study is to compare the observed 

wake results with several wake models. Therefore, the observed data results need to be accurate to 

make useful comparison between the observed data and the wake models. The calculation and 

accuracy of wakes can be said to be largely related to the data set and the wake model used. 

According to VanLuvanee, D.R., et al (2006) accurate data measurement is of primary importance 

to accurate calculation of wakes and the input parameters for the wake models is of subsequent 

importance. Both have an associated uncertainty but with regards to the data set this uncertainty 

can be largely reduced with an accurate measurement procedure.  

Looking more closely at the data set at Block Island there are several limiting factors which lead 

to a degree of uncertainty. One limitation includes the period of data or period of useful data 

available for the analysis. One year of data is used in the analysis which is reduced to 30-40 percent 

(dependent on the WTG) once underrated data, missing data and erroneous data is removed. The 

de-rated data is unavoidable but missing and erroneous data can be reduced with recalibration, 
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replacement of faulty sensors and the comparison of data sets to validate data. When looking at a 

period of 1 year of data, large periods of missing data can lead to a limitation in the analysis. 

Seasonal variations in the climate can be missed and the results are skewed from reality. In Block 

Island there were several large periods of time (two to five weeks) where data were missing and 

there were no sensors to compare data with. Mesoscale data sets were used instead to validate data. 

The lack of sensors is believed to be due to the cost limitation associated with installing a met mast 

and backup sensors. On the large scheme of things sensor costs may seem insignificant compared 

to the cost of the WTGs and with the LCoE and competition to bring down costs these small 

specifics can be overlooked. With regards to Block Island the wind farm is small with five WTGs 

and a met mast would have been a relatively significant cost. With larger wind farms its becomes 

more financially feasible to have a met mast or several which will lead to collection of more 

accurate data.  

The utmost limiting factor in the study which leads to the largest uncertainty of the results is the 

wind direction measurement. The three turbine-mounted wind vanes showed incorrect readings 

and could not be trusted. The only viable option was to use the nacelle position with respect to 

north. Two problems are faced in this study when using the nacelle position for wind direction. 

One is known as the static yaw error which is the inaccuracy of the nacelle direction with respect 

to the reference north. This static yaw error is a misalignment of the WTG with the true north 

direction and usually occurs over time or can happen due to misalignment at commissioning.  In a 

study by Jeong, M., et al. (2013) the inaccuracy of the nacelle yaw position to the referenced wind 

direction was believed to be around 10 degrees for wind speeds below 20m/s. With regards to 

Block Island wind farm this is believed to be much larger due to the misalignment of the WTGs 

with respect to true north at commissioning. Offsets are applied in many cases but did not always 

represent a good match with the compared VORTEX data. For these cases, different offsets are 

applied only if they showed a good match with the VORTEX data over a lengthy period. After 

these offsets are applied the whole data set is compared with the VORTEX data and data within 
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+/-30 degrees are kept. An increase in accuracy would have decreased the data set substantially 

and a decision was made to use this level of uncertainty for the wind direction. Furthermore, 

nacelle wind directional measurements are believed to have an associated inaccuracy due to the 

slow adjustment of the WTG to the prevailing wind direction. This is believed to be as large as +/-

10 degrees. Overall there is a large uncertainty in wind directional measurements. A detailed 

account of the data preprocessing of wind speed, active power and wind direction can be found at 

the beginning of Chapter 4.  

5.3.2 Software Limitations 

A software limitation is found when running WAsP 11 in WindPRO 3.1 and WindPRO 3.2. It was 

first decided to examine the Jensen, Modified Park and Eddy Viscosity wake models in WindPRO 

to compare with Openwind but when using the “time varying based on measured data” PARK 

calculation in WindPRO it was not possible to run the simulation for the Eddy Viscosity model. 

Instead the “Jensen”, “Modified Park 2005” and “Modified Park2 2018” are the only wake models 

available. Nonetheless, the objective of this study is to compare different wake models with the 

observed data and therefore this is not a substantial limitation. 

5.3.3 N.O. Jensen Model sensitivity to the Wake Decay Constant  

The Wake Decay Constant (WDC) is a measure of the expansion and dissipation of a wake behind 

a WTGs rotor. For the Jensen and Modified Park wake models, the WDC is the only adjustable 

parameter and thus needs to be investigated further. A paper by VanLuvanee, D.R., et al (2006) 

comments on the need for an understanding of the site conditions to choose a correct WDC and 

the role roughness and atmospheric stability variables play on the chosen value. Therefore, the 

chosen WDC value is site specific. Alblas L., et al (2014) comments on the prediction of a WDC 

value being based on half the value of the site´s TI value. With regards to Block Island the average 

TI value has been calculated at just under 10%. Therefore, this would represent a value of 0.05 for 
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the WDC according to Alblas. A WDC value of 0.04 is recommended for offshore wind farms 

according to (Nielsen, K., 2010) but according to Sørensen, T., et al (2008) this value was found 

to be higher for the Horns Rev offshore wind farm.  

Furthermore, Sørensen, T., et al comment on the Horns Rev wind farm showing a maximum power 

variation between a WDC of 0.04 and 0.075 of 37 percent. This represents a significant difference 

to the resulting wake effect. A similar analysis is performed for Block Island looking at several 

WDC values (0.04-0.07) for the three wake models used in WindPRO (N.O. Jensen [Riso/EMD], 

N.O. Jensen [EMD: 2005] and N.O. Jensen [Riso/EMD] Park 2 2018). The results can be found in 

Figure 45. Table 3 below represents the percentage variation between the WDCs over the five 

wind speeds. 

 

Figure 45: Wake Decay Constant sensitivity analysis at Block Island 
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WDC % drop 7 m/s % drop 8 m/s % drop 9 m/s % drop 10 m/s % drop 11 m/s 

0.07 100 100 100 100 100 

0.06 91 92 92 93 95 

0.05 82 82 83 85 89 

0.04 70 71 72 76 81 

Table 3: Wake Decay Constant sensitivity analysis for the N.O. Jensen [Riso/EMD] model showing the power 

percentage variation between the different WDCs over the five wind speed bins 

 

The results are given for the N.O. Jensen (Riso/EMD) wake model. The same percentage variation 

between WDCs was found for the other two models used in WindPRO (N.O. Jensen [EMD: 2005] 

and N.O. Jensen [Riso/EMD] Park 2 2018). The maximum variation found between a WDC of 

0.04 and 0.07 is 30 percent at Block Island. This corresponds well with the results found by 

Sørensen et al where a 37 percent reduction was seen between a wake decay constant of 0.04 and 

0.075 at Horns Rev. Therefore, it can be concluded that the Wake Decay Constant (WDC) has a 

significant influence on the resulting calculation of the wake effect for the chosen model.  

With regards to the Block Island analysis a WDC value of 0.06 and 0.07 show a much better fit to 

the observed data than the found value of 0.05. In Appendix E detailed results are given showing 

how different WDC (0.04,0.05,0.06 and 0.07) values compare with the observed data over the five 

wind speed bins using results from WindPRO. Furthermore, these results are to show the effect of 

changing the WDC on power variation. Amending the WDC to fit the observed data is not 

recommended. The chosen WDC has been calculated based on TI values calculated from the wind 

speed and wind speed standard deviation. A more favorable option is to get a better understanding 

of the atmospheric stability and see if this alter the predicted TI and hence the WDC. Moreover, it 

is believed that the directional offset is the main cause for the underprediction of the wake and 

matching this error with a higher WDC value would potentially lead to an incorrect conclusion.  
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5.3.4 Eddy Viscosity Wake model sensitivity to Turbulence 

As mentioned previously in section 2.5.7 of this study, Turbulence Intensity (TI) is related to 

roughness length and atmospheric stability. TI affects the wind speed and hence the power 

production. Therefore, to calculate TI, the standard deviation of the wind speed is divided by the 

wind speed. In this paper TI values are calculated for 12 sectors as seen in Figure 21 above in 

Section 4.6.1. The Eddy Viscosity wake model uses TI as an input in Openwind to predict the 

wake effect and a detailed account of how the turbulence flow is modelled in Openwind can be 

found above in section 2.5.11.  

The following analysis is performed to examine the effect of altering the TI value inputted into the 

Eddy Viscosity wake model in Openwind. Several average TI values are examined to see what 

affect this has on the power deficit seen between the first two WTGs. The average values examined 

are 14%,12%, 10% and 8% and the results are presented in Figure 46 below. Table 4 represents 

the percentage variation between the TIs over the five wind speeds. 

 

Figure 46: Turbulence Intensity sensitivity analysis Block Island 
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TI (%) % drop 7 m/s % drop 8 m/s % drop 9 m/s % drop 10 m/s % drop 11 m/s 

14 100 100 100 100 100 

12 94 94 95 95 96 

10 88 89 89 90 91 

8 82 82 83 84 86 

 

Table 4: Turbulence Intensity sensitivity analysis for the Eddy Viscosity wake model showing the power percentage 

variation between the different TI values over the five wind speed bins 

 

 

The results show what was expected. There is a substantial change in the maximum power 

variation between different TI values. Using a value for TI 14% as compared to 8% can lead to a 

change in the maximum wake deficit of around 18% between the first two WTGs in the row for 

the case of Block Island. This is substantial and therefore an accurate calculation of TI is important. 

The detailed results of the sensitivity analysis can be found in Appendix E. 

 

5.4 Conclusion to Discussion and Analysis 

This section discusses and analyses the results presented in the previous chapter. The results are 

compared with other literature studies and an explanation of what is likely causing the power 

variance along the row is explained. Next the limitations of the study are described, most notably 

the data limitations, specifically those involving wind direction. Finally, a sensitivity analysis is 

performed on the modeling parameter- WDC and TI. The next chapter concludes the study and 

includes a section titled Future Work and Recommendations. 

 

 



 
         University Uppsala University, Campus Gotland, Visby, Sweden                                                                                83  

           Author: Robbie Pratt   
 
 
 
________________________________________________________________________________________________________ 

_____________________________________________________________________________________ 

       

GE Proprietary Information 

Class II (Internal).   

UNCONTROLLED WHEN PRINTED OR TRANSMITTED ELECTRONICALLY 

© 2019 General Electric Company. All rights reserved. 

 

 

Chapter 6 Conclusion 

 

6.1 Conclusion 

This study has set out to compare the observed wake effect found at Block Island wind farm with 

several wake models. The offshore wake analysis literature is heavily weighted towards wind farm 

efficiency and AEP calculations. In contrast, this study examines several wake models from three 

different software models (WindPRO, Openwind & WindSIM) and displays how the observed 

results from Block Island compare with the selected models.  

The observed wake results at Block Island show a similar trend to previous papers examining the 

wake effect along-the-row, i.e. a large power deficit between the first two WTGs in the row 

followed by a slight variation in power between the 2nd and 4th WTGs. The observed results differ 

from other studies when examining the power variance between the last two WTGs in the row. 

Here an increase in power is found between the 4th and 5th WTGs (≈5-11% depending on the wind 

speed bin). This result is believed to be due to the layout of the wind farm and the increase in 

power is due to the 5th WTG experiencing a greater free wind speed total in relation to the 4th 

WTG.  

Overall the modeled results from the three software programs don’t relate well to the observed 

data when examining the power deficit found between the first two WTGs. The Larsen model from 

WindSIM represents the best comparison to the observed data however there is still an 

overestimate of the power deficit by ≈6-17% over the five wind speed bins in seen. The Modified 

Park models in WindPRO and Openwind show the best comparison with the observed wake 
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between the 2nd WTG and the 4th WTG. An overestimate of the power deficit by ≈2-14% is found 

when compared to the observed data. Finally, comparing the last two WTGs an increase in power 

is seen by the observed data. This increase in power is only marginally seen by the Jensen wake 

model in WindPRO and WindSIM and the Larsen model in WindSIM. An increase of ≈1 percent 

is found compared to the ≈8% increase seen by the observed data. 

The study concludes with a sensitivity analysis examining the effect of altering the WDC and TI 

values on the power variance. The results show that a value of 0.04 to 0.07 for the WDC leads to 

a maximum power differential of 30% and a TI value of 8% to 14% leads to a maximum power 

differential of 18%. The results also show that a larger WDC and TI value leads to a better 

comparison of the wake models with respect to the observed data at Block Island. However, 

altering these parameters to try and align with the observed data is not recommended due to 

uncertainty of the observed results. 

 

6.2 Future Work and Recommendations 

As is evident in section 4, data gathering was problematical. This impaired the accuracy of the 

observed results and thus limited the usefulness of the wake models examined. Future turbine 

installations, as an imperative, will need to include sensors capable of producing data suitable for 

comparison with existing wake models.  

The absence of the required temperature data from the wind farm made it infeasible to complete a 

detailed analysis on the atmospheric stability. It is recommended that future studies incorporate 

such analysis to get a better understanding of the local climate. This will give a more complete 

picture of wake performance at Block Island as the largest unknown when calculating the wake 
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effect is how the wake interacts with the Atmospheric Boundary Layer (ABL), according to 

Hansen (2012).  

This study´s findings, taking the preceding paragraphs into account, should be extended to future 

offshore wind farms within GE´s remit. This includes upscaling to larger wind farms such as 

Murker and larger wind turbines such as the Haliade X. This could be done by developing a model 

or set of models which will calculate wind farm wakes in an accurate and efficient manner. This 

model or set of models should predict wakes in a variety of wind farms across a range of turbines, 

climates and regions throughout the world.  
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Chapter 8 Appendices 

 

Appendix A: Derivation of the Reynolds Averaging Navier Stokes (RANS) 

To derive RANS, one needs to begin with the Navier Stokes equations. First a few prerequisites 

should be understood. To solve these equations an average turbulent flow must be derived. This is 

done using average values for 𝑢, 𝑣, 𝑤 and 𝑝. Each of these components have an average value and 

a fluctuating value (e.g. 𝑢 = �̅�(average) + 𝑢´(fluctuating) and can be further broken down into 

their directional components. For example, in the case of 𝑢: 

𝑢(𝑥, 𝑦, 𝑧, 𝑡) = �̅�(𝑥, 𝑦, 𝑧) + 𝑢´(𝑥, 𝑦, 𝑧, 𝑡) 

Density(𝜌) and Temperature(𝑇) are kept at constant values for the case of RANS. 

Below is the Navier-Stokes equation in its time dependent form: 

𝜌 [
𝜕𝑢

𝜕𝑡
+
𝜕

𝜕𝑥
(𝑢2) +

𝜕

𝜕𝑦
(𝑢𝑣) +

𝜕

𝜕𝑧
(𝑢𝑤)] = −

𝜕𝑝

𝜕𝑥
+ 𝜇 [

𝜕2𝑢

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
+
𝜕2𝑢

𝜕𝑧2
] 

The first term on the left-hand side is the time dependency term and takes account of the 

unsteady turbulent flow seen in air flow.  

𝜕𝑢

𝜕𝑡
=
𝜕�̅�

𝜕𝑡
+
𝜕𝑢´

𝜕𝑡
=
𝜕𝑢´

𝜕𝑡
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The term 
𝜕𝑢

𝜕𝑡
 is not dependent on time and is hence dropped. The term 

𝜕𝑢´

𝜕𝑡
doesn’t have a time 

dependency and is hence not included in the RANS equation. Therefore, this term is not included. 

The next term in the NS equations: 

𝜕

𝜕𝑥
(𝑢2)=

𝜕

𝜕𝑥
[(�̅� + 𝑢´)2]=

𝜕

𝜕𝑥
(�̅�2 + 2�̅�𝑢´ + 𝑢´2) 

The time average of this quantity is shown below. The time average of 𝑢´ is zero so that is 

dropped. 

=
𝜕

𝜕𝑥
(�̅�2 + 𝑢´2̅̅ ̅̅ ) 

The next term in the NS equation is: 

𝜕

𝜕𝑦
(𝑢𝑣) =

𝜕

𝜕𝑦
[(�̅� +  𝑢´)𝑥 (�̅� + 𝑣´)] = 

𝜕

𝜕𝑦
(�̅� �̅�+ �̅�𝑣´ +  �̅�𝑢´ + 𝑢´𝑣´) 

𝜕

𝜕𝑦
(𝑢𝑣)

̅̅ ̅̅ ̅̅ ̅̅ ̅
=

𝜕

𝜕𝑦
[(�̅� +  𝑢´)𝑥 (�̅� + 𝑣´)]

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
 = 

𝜕

𝜕𝑦
(�̅� �̅�+ 𝑢´𝑣´ ̅̅ ̅̅ ̅̅ ) 

 

The next term in the NS equation is formulated in the same way: 

𝜕

𝜕𝑧
(𝑢𝑤)

̅̅ ̅̅ ̅̅ ̅̅ ̅̅
=

𝜕

𝜕𝑧
[(�̅� +  𝑢´)𝑥 (�̅� + 𝑤´)]

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅
 = 

𝜕

𝜕𝑧
(�̅� �̅�+ 𝑢´𝑤´ ̅̅ ̅̅ ̅̅ ) 

The righthand of the formula: 

=−
𝜕𝑝

𝜕𝑥
+ 𝜇 [

𝜕2𝑢

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
+
𝜕2𝑢

𝜕𝑧2
] 
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Time average applied: 

−
𝜕�̅�

𝜕𝑥
+ 𝜇 [

𝜕2�̅�

𝜕𝑥2
+
𝜕2�̅�

𝜕𝑦2
+
𝜕2�̅�

𝜕𝑧2
] 

Therefore, the RANS formula can be written: 

𝜌 [
𝜕

𝜕𝑥
(�̅�2 + 𝑢´2̅̅ ̅̅ )

𝜕

𝜕𝑦
(�̅� �̅� + 𝑢´𝑣´ ̅̅ ̅̅ ̅̅ ) +

𝜕

𝜕𝑧
(�̅� �̅�+ 𝑢´𝑤´ ̅̅ ̅̅ ̅̅ )] = −

𝜕�̅�

𝜕𝑥
+ 𝜇 [

𝜕2�̅�

𝜕𝑥2
+
𝜕2�̅�

𝜕𝑦2
+
𝜕2�̅�

𝜕𝑧2
] 

Rewritten as: 

𝜌 [
𝜕

𝜕𝑥
(�̅�2)

𝜕

𝜕𝑦
(�̅� �̅�) +

𝜕

𝜕𝑧
(�̅� �̅�)]

= −
𝜕�̅�

𝜕𝑥
+ [

𝜕

𝜕𝑥
(𝜇
𝜕�̅�

𝜕𝑥
− 𝜌𝑢´2̅̅ ̅̅ ) +

𝜕

𝜕𝑦
(𝜇
𝜕�̅�

𝜕𝑦
− 𝜌𝑢´𝑣´ ̅̅ ̅̅ ̅̅ ) +

𝜕

𝜕𝑥
(𝜇
𝜕�̅�

𝜕𝑧
− 𝜌𝑢´𝑤´ ̅̅ ̅̅ ̅̅ )] 

Re written using Einstein notation (i, j and k) and the Cartesian coordinate system. 

𝜌 [
𝜕𝑢𝑖
𝜕𝑡

+
𝜕(�̅�𝑗�̅�𝑖)

𝜕𝑥𝑗
] = −

𝜕�̅�

𝜕𝑥𝑖
+
𝜕

𝜕𝑥𝑗
[𝜇 (

𝜕�̅�𝑖
𝜕𝑥𝑗
) − 𝜌𝑢 �́�𝑢´𝑖̅̅ ̅̅ ̅̅ ̅] 

Or: 

𝜌 [
𝜕𝑢𝑖
𝜕𝑡

+
𝜕(�̅�𝑗�̅�𝑖)

𝜕𝑥𝑗
] = +

𝜕

𝜕𝑥𝑗
[2 𝜇 �̅�𝑗𝑖 − 𝜌 𝑢 �́� 𝑢´𝑖̅̅ ̅̅ ̅̅ ̅̅ ] −

𝜕�̅�

𝜕𝑥𝑖
 

Where 𝑠𝑗𝑖 is the mean stress rate and is equal to 
1

2
= (

𝜕𝑢𝑖

𝜕𝑥𝑗
+
𝜕𝑢𝑗

𝜕𝑥𝑖
) and for an incompressible flow 

𝜕�̅�𝑗

𝜕𝑥𝑖
= 0. 
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Appendix B: Visual basic for Application (VBA) Code 

Any data which shows the turbine de-rated, de-graded or stopped is removed from the time series. 

This is performed by looking at the alarms and using Visual Basic for Applications (VBA) in excel 

to find when the turbine was not running at full performance and remove these time steps. The 

code is as follows and was performed for each turbine. The code is altered depending on the WTG. 

For example, c = 34273 in this case. This value is alerted for each turbine depending on number 

of data values. Please note other code was used in the filtering of the data after removing the 

alarms. IF statements were used to omit data outside a specific range. This analysis has not been 

included here. 

 

Figure 47: VBA Code (filtering process) 
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Appendix C:  Power change between WTGs at wind speed 7,9,10,11m/s and 

comparison with Openwind results (Jensen, Eddy Viscosity and Modified Park) 

 Result WTG 5-4 

 

 

Figure 48 (to the left) shows the power variance from WTG5-WTG4 at 7 m/s over 80 degree and Figure 49 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 

 

 

Figure 50 (to the left) shows the power variance from WTG5-WTG4 at 9 m/s over 80 degree and Figure 51 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 
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Figure 52 (to the left) shows the power variance from WTG5-WTG4 at 10 m/s over 80 degree and Figure 53 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 

 

 

Figure 54 (to the left) shows the power variance from WTG5-WTG4 at 11 m/s over 80 degree and Figure 55 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 
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Result WTG5-3 

 

 

Figure 56 (to the left) shows the power variance from WTG5-WTG3 at 7 m/s over 100 degree and Figure 57 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 

 

 

Figure 58 (to the left) shows the power variance from WTG5-WTG3 at 9 m/s over 80 degree and Figure 59 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 
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Figure 60 (to the left) shows the power variance from WTG5-WTG3 at 10 m/s over 80 degree and Figure 61 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 

 

 

Figure 62 (to the left) shows the power variance from WTG5-WTG3 at 11 m/s over 80 degree and Figure 63 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 
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Result WTG 5-2 

 

 

Figure 64 (to the left) shows the power variance from WTG5-WTG2 at 7 m/s over 85 degree and Figure 65 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 

 

 

Figure 66 (to the left) shows the power variance from WTG5-WTG2 at 9 m/s over 100 degree and Figure 67 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 
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Figure 68 (to the left) shows the power variance from WTG5-WTG2 at 10 m/s over 80 degree and Figure 69 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 

 

 

Figure 70 (to the left) shows the power variance from WTG5-WTG2 at 11 m/s over 80 degree and Figure 71 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 
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Result WTG5-1 

 

 

Figure 72 (to the left) shows the power variance from WTG5-WTG1 at 7 m/s over 100 degree and Figure 73 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 

 

 

Figure 74 (to the left) shows the power variance from WTG5-WTG1 at 9 m/s over 100 degree and Figure 75 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 
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Figure 76 (to the left) shows the power variance from WTG5-WTG1 at 10 m/s over 80 degree and Figure 77 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 

 

 

Figure 78 (to the left) shows the power variance from WTG5-WTG1 at 11 m/s over 100 degree and Figure 79 (to the 

right) shows the comparison of the observed wake with three wake models (Jensen, Eddy Viscosity and Modified 

Park) from Openwind using the same wind speed and directional range 
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Appendix D: Detailed Openwind Results for Average Turbulence Intensity and 

0.05 Wake Decay Constant 

Result TI average and 0.05 WDC  

 

 

Table 5: Presents the TI average and 0.05 WDC results from the Openwind simulations- average power variation 

for the three wake models and observed data along the row +/-2.5 degrees for the five wind speed bins. The 

standard deviation is also included for the observed data 
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Appendix E: Sensitivity Results for Wake Decay Constants 0.04, 0.05, 0.06, 0.07 

and Turbulence Intensity 8, 10, 12 and 14 (Openwind) 

Result WDC 0.07 for Jensen and Park Model and TI 14 for Eddy viscosity  

 

  

Figure 80 (left) & Figure 81(right) show the power variance along the row of WTGs at 6.5-7.5 and 7.5-8.5m/s 

respectively 

 

 

 

Figure 82 (left) & Figure 83 (right) show the power variance along the row of WTGs at 8.5-9.5 and 9.5.10.5m/s 

respectively 
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Figure 84: Power variance long the row of WTGs at 10.5-11.5m/s 

 

 

Table 6: Presents the TI 14 and 0.07 WDC sensitivity results from the Openwind simulations- average power 

variation for the three wake models and observed data along the row +/-2.5 degrees for the five wind speed bins. 

The standard deviation is also included for the observed data 
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Result WDC 0.06 for Jensen and Park Model and TI 12 for Eddy viscosity  

 

 

Figure 85 (left) & Figure 86 (right) show the power variance along the row of WTGs at 6.5-7.5 and 7.5-8.5m/s 

respectively 

 

 

Figure 87 (left) & Figure 88 (right) show the power variance along the row of WTGs at 8.5-9.5 and 9.5-10.5m/s 

respectively 
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Figure 89: Power variance long the row of WTGs at 10.5-11.5m/s 

 

 

Table 7: Presents the TI 12 and 0.06 WDC sensitivity results from the Openwind simulations- average power 

variation for the three wake models and observed data along the row +/-2.5 degrees for the five wind speed bins. 

The standard deviation is also included for the observed data 
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Result WDC 0.05 for Jensen and Park Model and TI 10 for Eddy viscosity  

 

  

Figure 90 (left) & Figure 91 (right) show the power variance along the row of WTGs at 6.5-7.5 and 7.5-8.5m/s 

respectively 

 

 

Figure 92 (left) & Figure 93 (right) show the power variance along the row of WTGs at 8.5-9.5 and 9.5-10.5m/s 

respectively 
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Figure 94: Power variance long the row of WTGs at 10.5-11.5m/s 

 

 

 

Table 8: Presents the TI 10 and 0.05 WDC sensitivity results from the Openwind simulations- average power 

variation for the three wake models and observed data along the row +/-2.5 degrees for the five wind speed bins. 

The standard deviation is also included for the observed data 
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Result WDC 0.04 for Jensen and Park Model and TI 8 for Eddy viscosity  

 

  

Figure 95 (left) & Figure 96 (right) show the power variance along the row of WTGs at 6.5-7.5 and 7.5-8.5m/s 

respectively 

 

 

Figure 97 (left) & Figure 98 (right) show the power variance along the row of WTGs at 8.5-9.5 and 9.5-10.5m/s 

respectively 
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 Figure 99: Power variance long the row of WTGs at 10.5-11.5m/s 

 

 

Table 9: Presents the TI 8 and 0.04 WDC sensitivity results from the Openwind simulations- average power 

variation for the three wake models and observed data along the row +/-2.5 degrees for the five wind speed bins. 

The standard deviation is also included for the observed data 

 

 

 



 
         University Uppsala, Campus Gotland, Visby, Sweden                                                                                xxii  

           Author: Robbie Pratt   
 
 
 
________________________________________________________________________________________________________ 

_____________________________________________________________________________________ 

       

GE Proprietary Information 

Class II (Internal).   

UNCONTROLLED WHEN PRINTED OR TRANSMITTED ELECTRONICALLY 

© 2019 General Electric Company. All rights reserved. 

 

Appendix F: Detailed WindPRO Results for a 0.05 Wake Decay Constant 

Result WDC 0.05 

 

 

Table 10: Presents the 0.05 WDC results from the WindPRO simulations- average power variation for the three 

wake models and observed data along the row +/-2.5 degrees for the five wind speed bins. The standard deviation is 

also included for the observed data 
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Appendix G: Sensitivity Results for Wake Decay Constants 0.07, 0.06, 0.04 

WindPRO 

Result WDC 0.07  

 

  

Figure 100 (left) & Figure 101 (right) show the power variance along the row of WTGs at 6.5-7.5 and 7.5-8.5m/s 

respectively 

 

  

Figure 102 (left) & Figure 103 (right) show the power variance along the row of WTGs at 8.5-9.5 and 9.5-10.5m/s 

respectively 
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Figure 104: Power variance long the row of WTGs at 10.5-11.5m/s 

 

 

Table 11: Presents the 0.07 WDC sensitivity results from the WindPRO simulations- average power variation for 

the three wake models and observed data along the row +/-2.5 degrees for the five wind speed bins. The standard 

deviation is also included for the observed data 
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Result WDC 0.06 

 

  

Figure 105 (left) & Figure 106 (right) show the power variance along the row of WTGs at 6.5-7.5 and 7.5-8.5m/s 

respectively 

 

  

Figure 107 (left) & Figure 108 (right) show the power variance along the row of WTGs at 8.5-9.5 and 9.5-10.5m/s 

respectively 
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Figure 109: Power variance long the row of WTGs at 10.5-11.5m/s 

 

 

Table 12: Presents the 0.06 WDC sensitivity results from the WindPRO simulations- average power variation for 

the three wake models and observed data along the row +/-2.5 degrees for the five wind speed bins. The standard 

deviation is also included for the observed data 
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Result WDC 0.04 

 

  

Figure 110 (left) & Figure 111 (right) show the power variance along the row of WTGs at 6.5-7.5 and 7.5-8.5m/s 

respectively 

 

 

  

Figure 112 (left) & Figure 113 (right) show the power variance along the row of WTGs at 8.5-9.5 and 9.5-10.5m/s 

respectively 
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Figure 114: Power variance long the row of WTGs at 10.5-11.5m/s 

 

 

Table 13: Presents the 0.04 WDC sensitivity results from the WindPRO simulations- average power variation for 

the three wake models and observed data along the row +/-2.5 degrees for the five wind speed bins. The standard 

deviation is also included for the observed data 
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Appendix H: WindSIM detailed Results 
 

 

Table 14: Presents the detailed results from the WindSIM simulations (WDC and TI values calculated by the 

software)- average power variation for the three wake models and observed data along the row +/-2.5 degrees for 

the five wind speed bins. The standard deviation is also included for the observed data 
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