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1. Introduction 

1.1 Motivation for Flow Analysis over the Spinner 

Wind velocity is the most influential property when determining the power of the wind. 

Therefore, knowing the wind’s velocity is crucial in operating a wind turbine. However, the 

classic concept of measuring wind velocities via cup anemometers or sonic anemometers 

bears some disadvantages: Since anemometers are traditionally installed behind the rotor 

blades they experience, and thus record a lot of turbulences. Therefore, the anemometers 

cannot measure wind speeds and directions precisely. The sonic iSpin technology, which will 

be explained and evaluated in this thesis, is a relatively new approach to measuring wind 

speeds and wind directions for a wind turbine while reducing the influence of the turbulences 

introduced by the blades. For this, the iSpin sensors are installed on the nose of the spinner in 

front of the blades, thus reducing the blades’ effect on the sensor's measurements. However, 

for each turbine type some calibration values, such as the k1 and the kα-value, have to be 

known to allow the sensors to measure the wind vector correctly. The k1-value is needed to 

map the measured values from the iSpin sensor to the actual wind speed, while the kα-value 

measures the flow angle. Both will further be explained in this thesis, while the k1-factor will 

also be determined during the thesis and further also be referred to as k-factor. To determine 

both kα- and k1-factor, initial measurements must be made. Usually this is done with the help 

of a measurement mast (met mast) which is positioned in front of a turbine or wind park and 

which records meteorological data.  

The calibration of the iSpin sensors and the determination of the kα-values is done during 

operation or while the turbine is stopped. Stopping the turbine for calibration, even though it 

could produce energy, will take time and will impact the energy production. Calibration 

during operation takes longer than calibration with a stopped turbine. Either way, time is 

invested and energy that could be generated is lost. Further, depending on the wind site, a met 

mast or Lidar, a system, which is used to measure wind speed with laser impulses, or a 

combination of both is required.  

With the help of the increasing possibilities available through computational fluid dynamics 

(CFD) and continuously increasing processing power, which allow the investigation of 

increasingly complex problems, the lengthy and costly process of stopping the turbine during 
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operation or the erection of met masts can be made redundant, when simulating the wind 

turbine to determine the calibration factor instead and in turn save costs. Further, the 

CFD-simulations can be adapted to each existing or planned turbine type as well as wind sites 

to give indications for unforeseen issues or improvements on the design, such as optimizing 

the geometry to reduce turbulences.  

1.2 Thesis Objective 

In the course of this thesis the airflow over the spinner of a wind turbine by General Electric 

(GE) will be simulated and discussed. Special focus is put on the wind velocities simulated at 

the spinner anemometers (iSpin sensors) and on their simulated behaviour compared to actual 

data recorded from a met mast. The simulations will be run with three different inlet velocities 

– 4 m/s, 12 m/s, 16 m/s - as well as three different wind profiles: a block profile with 

unchanging velocity in respect to height and two logarithmic wind profiles with changing 

velocities in respect to height, one of which will feature a horizontal inclination of 5 degrees. 

Table 1: Initial Simulation Conditions for Wind Turbine Geometry 

4 m/s  Block Profile Logarithmic Wind Profile  Logarithmic Wind Profile with Inclination 
12 m/s  Block Profile Logarithmic Wind Profile  Logarithmic Wind Profile with Inclination 
16 m/s Block Profile Logarithmic Wind Profile  Logarithmic Wind Profile with Inclination 

Since the original equipment manufacturers of wind turbines are usually unwilling to provide 

the computer assisted design (CAD) models of their turbine types, these models are not 

publicly available. Therefore, in the course of this thesis, the wind turbine’s geometry has to 

be recreated based on a point cloud generated, via photogrammetry from pictures taken by a 

drone. The drone pictures and point cloud (XYZ-data) were provided by the Hamburg-based 

firm Copterproject UG. The CAD model created for this thesis must include the spinner and 

the blade roots as they are subject to the flow analysis. The nacelle and tower are of less 

importance to the evaluation of the flow over the spinner but should be included in the 

geometry nevertheless. 

The CAD model should be close to the actual geometry of the wind turbine and will be used 

with the different wind profile cases listed in table 1, to show how the model behaves. To 

ensure comparability between the different simulations, a macroinstructions (macro) file must 

be prepared to provide the same simulation setup and post-processing results for each case. 

The different cases for inlet velocities and wind profiles allow the estimation of the k-factor. 
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The k-factor based on the simulations is compared to the k-factor available for the two GE-

turbines, which are installed at Offenbach an der Queich and Wonnegau. The k-factor is based 

on measurements from the met mast and was used for the turbine’s calibration. Further, the 

influences of the blades and of the spinner geometry on the k-factor are investigated by 

replacing the modelled rotor blades by a cylindrical shape.  

1.3 Wind Turbine and iSpin Sensor 

1.3.1 Description of Wind Turbine and Rotor Blades 

Two wind turbines have been recorded with a remote-controlled drone by Copterprojects, 

both of the turbine type General Electric GE 2.5-120 which will further be referred to only as 

‘wind turbine’ (WT). One WT is located at Offenbach an der Queich, the other one at 

Wonnegau. The simulations run for this thesis are based on the models generated with the 

help of the drone pictures and the point cloud, which is created from the drone’s recordings. 

While the XYZ-data provided by Copterproject only includes the turbine at Offenbach an der 

Queich, the pictures taken by the drone from Wonnegau are used in the creation of the 

nacelle, as the nacelle was only partly included in the XYZ-data. As both WTs are of the same 

build, the pictures from Wonnegau can be used as a reference to finish the geometry. The 

model created for this thesis is the WT shown in figures 1 and 2. 

  
Figure 1: Front View GE 2.5-120 Created in Auto Desk Fusion 360 [1] 
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The WT has a hub height of 139 m and a rotor diameter of 120 m with which it can generate a 

nominal power of 2.5 MW at 12.5 revolutions per minute (rpm). 

 

Figure 2: Side View GE 2.5-120 Nacelle and Hub Section Created in Auto Desk Fusion 360 [1] 

The WT’s cut-in wind speed is specified at 3 m/s, reaching its maximum power output at 

11 m/s and the cut-out wind speed at 25 m/s as can be seen in the power curve in figure 3. 

 

Figure 3: Power Curve GE 2.5-120 [2] 
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The rotor used on the WT is of the type LM 58.7 which is a blade manufactured by LM WIND 

POWER BLADES. The only data found on the LM 58.7 is the blade diameter of 120 m, as 

well as the bolt circle diameter, which is specified as 2300 mm as also shown in table 2. 

Table 2: LM 58.7 Blade Specifications [3] 

 

Specifications about the dimensions, types and the arrangement of the airfoils used in the LM 

58.7 are not publicly available. As the geometry for the LM 58.7 is unavailable and the blade 

roots are of cylindrical shape a substitute blade, described later in this thesis, with cylindrical 

blade roots replaces the LM 58.7 and is scaled down to fit the specifications. 

1.3.2 Description of iSpin Sensors 

The iSpin sensor is an anemometer which is installed at the spinner of a wind turbine with the 

aim of measuring “the virgin wind flow, almost undisturbed by the rotor and the 

nacelle“[4, p.2]. Further, it “uses sonic anemometry, which is a conventional and robust 

measurement principle, also under icing conditions” 

[5,6]. The iSpin sensors are based on standard sonic 

anemometry sensors. One pair of transducers form a 1D 

sensor. As the WT in question is a of a three-bladed 

design three 1D sensors are symmetrically mounted in 

plane to the rotation axis in a 120° angle towards each 

other [4, p.2] and with 180° to the opposing rotor blade 

as this will ensure that the flow can pass over them 

through the gap between the blades. The sensors 

measure wind speed by sequentially sending out ultra-

sonic pulses, which travel from transducer to transducer. 

The distance between the transducers is usually 10 to 

Figure 4: Anemometry-Time of Flight Theory [7] 



      

6 

20 centimetres [8]. The measuring process starts with the first transducer of sensor one, this is 

the sensor on the lee side, therefore, the iSpin sensors closer to the spinner. Transducer one 

sends a sonic pulse with the speed of sound c, to the second transducer of sensor one, which 

receives the pulse. As the incoming signal provokes an amplitude, transducer two needs a 

brief time to settle before sending a pulse itself. During this settlement phase, transducer one 

of sensor two sends its pulse to transducer two of sensor two. While the transducers from 

sensor one and two still settle, the third sensor’s transducer one sends its pulse. After the third 

sensor has send its first pulse, the second transducer of sensor one sends its sonic pulse back 

to transducer one of sensor one, followed by sensor two and three completing one 

measurement. The reciprocal travel time needed from one transducer to the other is measured, 

and their difference is used to determine the velocity as depicted in figure 4 and described by 

equations 1 and 2 [8, p. 4]. 

𝑡ଵ,ଶ =
ටమି௨

మ ±௨

మି௨మ
∗ 𝑑     (1) 

𝑢ௗ =
ଶ

ௗ
∗ (

ଵ

௧భ
−

ଵ

௧మ
)     (2) 

Therefore, even if the wind speed varies locally in between the transducers, only a single 

value is recorded. Further, only the velocity parallel to the sensor path is measured. Therefore, 

the iSpin sensors are installed parallel the rotational axis. The frequency for sonic 

anemometers is usually around 10 – 20 Hz, although higher frequencies are possible. The 

iSpin anemometer records its data with a 10 Hz frequency, therefore recording 10 values per 

second. As the turbine rotates with 12.5 rpm a single rotation of the WT takes 4.8 s, during 

which 48 measurements are recorded. The 10 Hz data is not averaged at the sensor, but as the 

met mast provides only 10 minute means the 10 Hz data is also averaged over a period of 

10 minutes. 

Measuring the airflow over the spinner forms the basic physical principle of spinner 

anemometry. Therefore, the iSpin sensors are mounted in fixed positions above the boundary 

layer over the spinner surface, allowing them to measure changes in the wind speed at each of 

the three sensors. If the wind direction changes, one of the three 1D sensors will experience 

an acceleration in wind speed whereas another will experience a deceleration. The wind 

direction can thus be determined by the relative difference, which is a function of the angle of 

attack (AoA). Another feature of the sensors is that, over time, each sensor will measure the 
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same average values and therefore each sensor can be calibrated against another. This is due 

to the rotation of the spinner anemometer [4, p.3]. 

An algorithm converts the iSpin measurements into horizontal wind speed, the turbine’s yaw 

misalignment and the inclination angle of the incoming flow. k1 and k2, two constants specific 

to the spinner, blade root design and mounting position, are being utilized by the algorithm 

[9, p.1]. k1 and kα need to be calibrated, to determine the constant k2. The constant kα is 

needed for the calibration of the flow angle measurement and it can be expressed by the ratio 

of k1 to k2. The ‘d’ in the indices marks the constants as default values, which are chosen 

either arbitrarily, or based on k-values from a similarly shaped spinner before starting the 

calibration. 

𝑘ఈ = 𝐹ఈ ∗ 𝑘ఈ,ௗ      (3) 

By relating the spinner anemometer’s yaw misalignment to the yaw position, when yawing 

the turbine in and out of the wind repeatedly, kα is determined. With Fα being the correction 

factor needed for correcting kα,d, to the calibrated kα-value.  

k1 is determined by the ratio of measured wind speed at the iSpin sensors to the wind speed 

measured at the met mast, times their respective inclination angle. 

𝑘ଵ = 𝐹ଵ ∗ 𝑘ଵ,ௗ =
௩ೄ∗ୡ୭ୱ(ఈೄ)

௩ಾಾ∗ୡ୭ୱ(ఈಾಾ)
   (4) 

For unknown spinner shapes the defaults k1,d and k2,d are both set to 1. Therefore, k1 will 

equal the correction factor F1. With k1 and kα having been determined, k2 can be defined as 

the product of both. 

𝑘ଶ = 𝑘ఈ ∗ 𝑘ଵ      (5) 

The general procedures for determining the k-factors is, as previously mentioned, either to 

stop the WT at good wind speeds of 6 m/s or more for at least a day, or to measure during 

operation for several weeks according to IEC61400-12-2 [10], as wind speeds exceeding 

15 m/s also need to be recorded. The met mast should be set at a distance of two to four times 

the rotor diameter to the WT, according to IEC61400-12-1 [11]. 
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2. Modelling of the Geometry and Simulation Setup 

2.1 Creating the Spinner Geometry 

The 3D model is based on a point cloud or XYZ-file, recorded by a remote-controlled drone 

taking pictures from the wind turbines at Offenbach an der Queich and Wonnegau. The 

pictures of Offenbach an der Queich are converted to a point cloud and provided as a XYZ-

data file. Figure 5 shows the spinner and blade roots of the WT as displayed by the point 

cloud in the so called “Lidarview” online tool. As can be seen on the lower left and right-hand 

side the software has problems to distinguish between the WT and its surroundings. 

 

Figure 5: Lidar View Display of Point Cloud Created from XYZ-Data [12] 

The XYZ-files are not compatible with ANSYS ICEM and must therefore be reformatted to a 

supported format. Different approaches are investigated in this thesis. First, the files are 

imported to AutoCAD and similar CAD programs to see whether they can be exported as 

formatted point data for ANSYS ICEM. This approach was without success. As a second 

attempt, the drone pictures are instead assessed in a MATLAB script, which can recognize 

edges in the drone pictures, if the pictures contrast is high enough. The MATLAB script 

converts the edges into dots, representing the spinner’s geometry. Since the translation of a 

three-dimensional object to a two-dimensional plane means a loss in spatial information 

[13, p.1] and further, the camera is influenced by the white reflective surfaces of the WT, the 

Rotor Blade

Spinner

Surrounding
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resulting pictures will be distorted to certain degree. Also, the position of the drone in respect 

to the WT is unknown, which makes it difficult to determine the dimensions of the WT’s 

geometries respectively.  

Figure 6 shows excerpts from the Edge Transformation MATLAB script. The whole script is 

available in the appendix.  

 

Figure 6: Excerpt from Developed MATLAB Picture Edge Transformation [14] 

After having imported the picture into MATLAB, the function “edges” identifies and saves 

the outline of the geometry in a matrix. Some of the points in the matrix are removed as they 

are not part of the geometry and were falsely added from the surroundings by the drone’s 

camera. An output file is written into a text file, which can be read into ANSYS ICEM. 

The results shown in figure 6 are rather crude and of insufficient quality due to the already 

mentioned problems from transforming a 3D object to a 2D Image. Further, this approach 

requires formatting of the pictures so that the contrast allows the program to identify the 

edges. Besides the formatting the dimensions from the points for the side view compared to 

the top view are still off. 
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Figure 7: Geometries Created from Picture Edge Transformation [15] 

Therefore, a second MATLAB script is written to improve the match between actual WT 

geometry and CAD geometry. This script allows the identification and extraction of the 

relevant data from the XYZ-file and thus allows for a more precise geometry in which the 

dimensions of the WT’s geometries fit each other. To be able to do this, the XYZ-file is 

opened in a text file which shows a single array of numbers with no clear structure.  

But the XYZ-file, as indicated by the circle in figure 8, shows a recurring pattern of six 

numbers. As the first three numbers show strong variations in magnitude they are suspected to 

represent the geometry.  

 

Figure 8: Excerpt from XYZ-Data as Provided by Copterprojects [12] 
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To extract the number group, assumedly representing the geometry, the groups of six elements 

are divided and sorted into a matrix. A first matrix containing all six elements is reduced to a 

three columned matrix, where each column represents either the x-, y- or z-axis. This matrix 

is stored as a sorted text file and imported to the MATLAB script shown in figure 9. Figure 9 

shows excerpts from the MATLAB Point Cloud Transformation script, which is also available 

in the Appendix. 

 

Figure 9: Excerpt from Developed MATLAB Script Point Cloud Transformation [14] 

As mentioned, the x-, y- and z-axes show a large variation in their magnitudes, which leads to 

problems in displaying the points, which in turn prevents handling of the points in ANSYS 

ICEM. To avoid the displaying error, the script is modified to subtract the mean of each 

column from each value, thus normalizing the values. The normalization allows the points to 

be displayed in and to be worked with properly in ANSYS ICEM.  

Since the drone recorded the turbine at an unspecified angle, a transformation is also 

conducted to turn the turbine, so that the rotational axis of the spinner correlates with the 

x-axis as shown in figure 10. As the angle remains unknown, only an approximation is 

possible.  
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Figure 10: Transformed and Normalized Point Cloud Figures Created from MATLAB Script [14] 

Further, the amount of points is reduced by a factor of 1,000 to improve computational speed 

as well as loading time. As the points are used as references for the geometry, reducing the 

number of points has no effect on the accuracy for the simulations, but simplifies the process 

of creating the geometry. In addition, residual points from the drone in front of the turbine 

which are not part of the turbine itself but from its surroundings, are removed. The resulting 

reduced matrix is plotted and written into a text file as formatted point data. 

This point cloud is used as a reference to construct the nacelle, hub, blade roots and spinner. 

Enhancing the density of the point cloud allows for modelling finer details such as the 

mounting brackets and the recess clearance in the front of the spinner. 

 

Figure 11: MATLAB Script Point Cloud with the Modelled Geometry [15] 
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Figure 11 shows the match of the formatted point cloud and the resulting geometry for the 

spinner. The geometry of the WT is constructed from the nacelle towards the spinner in order 

to provide straight lines which allow the geometry to be rotated onto the x-axis. The centre of 

the blades is located at the origin of the x, y and z coordinates, and the spinner faces in the 

negative x-direction on the y-z-plane. 

 
Figure 12: Front, Side and Top View of CAD Geometry Created from MATLAB Point Cloud [15] 

Picture one in figure 12 shows the spinner of the WT. As can be seen, the spinner’s surface is 

divided into multiple parts. This is required when a surface created in ANSYS ICEM is 

modified; as ANSYS ICEM tries to ensure the perfect fit for the surface, it creates ripples in 

the surface, as shown in figure 13. This can be prevented by dividing the surface. 

 

Figure 13: Surface Ripples in created Spinner Surface [15] 
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 When compared to the actual pictures taken by the drone, the shape of the spinner appears 

slightly distorted. This might be related to the mentioned distortion from creating a 3D image 

from multiple 2D images as well as from the reflection of the white surfaces. In general, an 

‘egg shape’ is to be expected when cutting parts off a parabolic shape. Further, the drone 

images are not shot with a direct angle, as can be seen in the first picture of figure 14. 

 

Figure 14: Front, Side and Top View Drone Pictures as Provided by Copterprojects [12] 

The first picture in figure 14 shows the frontal view, which also depicts the reflection of light 

from the white colour as well as the described ‘egg-shape’. 

Since the focus of this thesis lies on the spinner, the additional equipment on the nacelle as 

well as the finer contours of the nacelle have been neglected. Further, the bottom of the 

nacelle was not sufficiently recorded by the drone and therefore the shape had to be 

reconstructed based on the pictures provided from Copterprojects. However, as the nacelle 

has a negligible effect on the incoming flow, this general shape of the nacelle will suffice and 

the smaller structures on the nacelle can be neglected.  

2.2 Modelling of Wind Turbine Rotor Blades  

Due to the lack of further information regarding the LM 58.7 blade, an existing blade from a 

previous study project at the Hamburg University of Applied Sciences is used as a better 

substitute for the blade’s missing geometry information. The blades were constructed 

according to the Dutch Offshore Wind Energy Converter (DOWEC) project as described by 

H.J.Z Kooilmann et al. [16]. The blade was originally designed for a length of 64.5 m, 

consisting of six commonly used airfoils from the ‘Delft University’ and the ‘National 

Advisory Committee for Aeronautics’.  

Thus, the DOWEC blade is adapted to replace the LM 58.7 blade and fitted to the WT, which 

is achieved by scaling the blade geometry down by the ratio of the actual to the desired blade 
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length, of approximately 0.9302 in the XYZ-dimensions. This reduces the DOWEC blade 

with an initial radius of 64.5 m to a radius of 60 m.  

 
Figure 15: Reduction of created DOWEC Blade Length by a Factor of 0.9302 [15] 

As listed in table 2 the diameter of the LM 58.7 blade roots is 2.30 m. Therefore, the DOWEC 

blade has to be reduced further in the XY-dimension, as the blade roots diameter is 3.26 m. 

The reduction factor of 0.7064 scales the blade’s XY-dimension to fit the WT’s geometry. 

 
Figure 16: XY-Dimensional Reduction of Created DOWEC Blades by a Factor of 0.7064 [15] 
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The blade is created on the z-axis and tilted by 4 degree in negative x-direction with the 

y-axis being the axis of rotation. This forms a conical shape after the blade is copied and 

rotated twice by 120 degrees. After creating all three blades, the rotor is tilted 4 degrees 

backwards as can be seen in figure 2. The now tilted and scaled rotor fits the dimensions and 

the rotor axis required by the WT.  

2.3 iSpin Sensor Geometry 

Even though the size of the iSpin sensors is negligible compared to the WT’s geometry, the 

sensor positions are helpful during post-processing for positioning and retrieving the 

simulated velocities. Therefore, the iSpin sensors are also remodelled in ANSYS ICEM. The 

dimensions for their geometry are taken from a technical drawing which served as a basis, and 

which is provided in the appendix. Missing dimensions such as the rod’s and the sensor 

head’s diameter are added with the help of a calliper taken from a demonstration model. 

 

Figure 17: iSpin Geometry recreated from Technical Drawing and Calliper Measurements [15] 

Figure 17 shows the geometry of the iSpin sensor. The sensors bushing was not modelled, as 

the bushing is fitted in plane to the spinner’s surface to avoid displacements and maintaining 

the surfaces shape. 
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2.4 Meshing of the Geometry 

A good mesh is the basis for reliable results. Depending on the method, it divides the 

geometry or area of interest into a finite number of mesh cells at whose intersections nodes 

are generated. At each node the governing equations, specific to the simulation usually 

differential equations, are solved. The quality of the results depends directly on the quality of 

the mesh. The mesh is created onto the geometry. However, elements for complex or small 

geometries can sometimes be too large, and will therefore not fill gaps or create elements 

above the actual surface. The more the mesh and the geometry match, the better the results 

[17, s.23]. Therefore, investing time into finding a mesh that fits the geometry well and does 

not deviate much from the geometry itself is vital.  

Two main forms of meshes exist – the structured and unstructured mesh. While the structured 

mesh either consists of rectangular cells in two-dimensional space or hexahedrons in 

three-dimensional space, the unstructured mesh can consist of a mix of tetrahedrons or 

hexahedrons. More complex structures are also possible but seldom used. The unstructured 

mesh can be generated automatically with the functions for mesh generation provided by 

ANSYS ICEM. This requires more capacity and computational power than generating a 

structured mesh, but in turn renders a more flexible mesh for complex geometries and flow 

conditions and thus allows a better fit for these [17, s.24ff]. As the geometry for the WT’s 

spinner is rather complex the unstructured mesh is chosen over the structured mesh.  

ANSYS ICEM allows for refining the mesh on a global and on a local scale. Whereas the 

global settings influence the physics and the type of meshing for the entire mesh, the local 

settings only focus on the actual area of interest, allowing for a variation of mesh-sizes over 

the geometry, allowing to mesh parts with a more complex geometry with a smaller mesh 

size.  

For the WT, a volume meshing approach with the unstructured mesh type “Tetra/Mixed” is 

chosen for meshing the geometry. In volume meshing the interior volume of an object is 

meshed rather than just the surface. ANSYS ICEM identifies volumes by declaring them as a 

body, closed surfaces in these volumes will not be meshed, therefore distinguishing solid 

objects that are unaffected by flow. For the WT two bodies or volumes are selected, the 

surrounding and the airfoil.  



      

18 

The edge criterion splits elements, close to surfaces or between intersections which are greater 

than the selected value. This allows for a better capture of the geometry. The edge criterion of 

0.075 is selected, as it achieved the best result among tested criterion settings. The scale factor 

in the global mesh setting allows to reduce the number of nodes quickly by increasing the 

locally selected mesh refinements simultaneously. This in turn makes a quick check possible 

to verify that the chosen settings are adequate and produce a mesh with a good fit to the 

geometry or whether further refinements of the mesh are needed. If a generally good fit is 

found, the mesh can be refined further by using the function Curvature/Proximity Based 

Refinement. All mesh settings selected for the WT are listed in the appendix.  

As the spinner has a more complex geometry due to recesses on the spinner’s nose and 

openings on its base, the mesh for the spinner geometry is finer than the rest of the WT’s 

geometry. The local settings vary from 0.005 m at the iSpin sensors and 0.01 m at the spinner 

to 25 m at the walls of the surroundings. Since the spinner and blade roots are the object of 

interest, the finer mesh makes sense, as the tower is of less interest during this thesis, the 

mesh size is limited to 1 m. The nacelle’s surfaces were difficult to close, therefore a finer 

mesh size of 0.08 was selected.  

Although a finer mesh was available for the geometry, the mesh was scaled down to a coarser 

mesh, since the number of simulations and the amount of time required to run all simulations 

with the finer mesh exceeded the available capacities. However, the coarse mesh should 

already deliver a good approximation of the actual results: ANSYS ICEM provides a mesh 

quality check, which subjects the mesh elements to geometry checks amongst others on 

maximum angles, warpage, and skewness. This option allows to check the overall quality of 

the mesh. According to the ‘ANSYS ICEM CFD Tutorial’ by David Ryan [18, p.7], the mesh 

should have a mesh quality of above 0.35-0.4. If that is not the case, the mesh should be 

smoothed further to improve its quality. As the histograms in figure 18 of the spinner 

geometry and figure 19 of the surrounding geometry show, 99.8 % of the spinner and rotor 

blade geometry elements, and for the surrounding geometry even 99.9 % of the elements, are 

above 0.4. Therefore, the mesh quality appears to be acceptable. 
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Figure 18: Mesh Quality of Created Spinner and Rotor Blade Geometry [15] 

 

Figure 19: Mesh Quality of Created Surrounding Geometry [15] 
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2.5 Simulation Models and Boundary Conditions 

Since CFD simulations were introduced to engineering when capacities of computers and 

storage were still limited, simplifications were introduced to minimize the impact of the 

available resources. With the increase of computational capacities as well as storage space, 

more complex CFD simulations became more and more applicable. 

Nevertheless, some of the early implemented models are still used whenever computational 

efforts required for a simulation need to be reduced. These models represent different 

approaches to problems. 

One of these models is the ‘Frozen Rotor’ or ‘moving reference frame model’, which is one of 

three frame change / mixing models, the others being the ‘stage’ model, which is used for 

multi-staged machines, and the ‘transient’ model, which can replace both the frozen and the 

stage model. The reason against using the transient model in this study is the required 

simulation time and disk space [19, p.161], both of which are too high for the scope of the 

present thesis.  

The frozen rotor model is needed for general connections, allowing to connect regions with 

interfaces. Occurring for example, between a stationary and a rotating frame of reference, 

such as present with a WT. Here the nacelle and tower are part of a stationary frame, while the 

rotor blades are rotating. As the name suggests, the interfaces are kept in a fixed position 

throughout the calculation. Due to this, the frozen rotor model requires the least amount of 

computational effort amongst the frame change / mixing models. As the frozen rotor produces 

a steady state solution, the transient effects that would occur at the interfaces are not 

modelled. The same goes for the losses which incur through the flow mixing between 

stationary and rotating components these are also not modelled and thus introducing a small 

error. Additional modelling errors may occur, if the through flow speed is small relative to the 

rotor speed at the interface [19, p.161]. As this is not the case for the WT these can be 

ignored.  

The frozen rotor model can be seen as equivalent to a rotational simulation, with the 

difference that a ‘snapshot’ during the rotation is observed, at which the results of the model 

in the geometry defined position inside the moving reference frame, are provided [20]. 

Therefore, the rotor will not change its position in the frozen rotor model, while the flow is 
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simulated to move around the blade, thus creating a similar effect to a rotating rotor. This in 

turn has another drawback, as it only shows one rotor position and will not allow to see 

effects such as the blades moving over the tower which would only be possible for a transient 

run.  

Despite the listed drawbacks and with the incurring losses due to having a steady state run 

instead of a transient run, the frozen rotor model was selected for this thesis, since the focus 

lies on finding the k1-factor for the WT and the frozen rotor model allows for a good 

approximation of this.  

CFD allows to solve the governing equations that define fluid dynamics, such as Newton’s 

second law and the conservation of mass and energy, which are described by differential 

equations whose solutions depend on the chosen initial and boundary conditions. The 

boundary conditions for the simulation are based on the measurement data of the met mast. 

Temperature, air density and pressure are kept constant whereas the wind velocity is variable. 

To study their effects, three different flow profiles are implemented, as listed in table 1, 

chapter one. The influence of the terrain surrounding a wind site on the wind’s velocity is 

shown in figure 20.  

 
Figure 20: Logarithmic Wind Profile for Different Terrains [21, p. 3] 

Figure 20 describes the dependency of the logarithmic wind profile on the roughness length 

zo. The roughness length is a measure for the terrain roughness which influences the slope of 

the logarithmic wind profile. The theoretical logarithmic wind profile as described by 

equation 4 uses the roughness length z0 with the stability corrections Ψ and the 



      

22 

Monin-Obukhov length L* to calculate velocities at higher altitudes. 

𝑢(𝑦) = (
௨భ
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Neither the roughness length for the terrain surrounding the WT and the correction factor nor 

the Monin-Oberov length are known for the wind site studied in this thesis. The logarithmic 

wind profile’s slope and curvature are approximated well by the wind profile described by the 

empirical power law. For certain roughness’s and unstable conditions, the empirical power or 

Hellmann exponential law can describe the logarithmic wind profile. The empirical power 

law is also often used for wind energy applications due to its mathematical simplicity 

[22, p. 61]. The empirical power law will be referred to as logarithmic wind profile 

henceforth. The Hellmann exponent α must be determined from the available met mast data.  

𝑢(𝑦) = 𝑢ଵ ∗ (
௬

௬భ
)ఈ     (7) 

𝛼 =
୪୬ (

ೠ()

ೠభ
)

୪୬ (


భ
)

      (8) 

Based on the met mast data, the mean Hellmann exponent for the WT at Offenbach an der 

Queich is 0.197 with a standard deviation of ± 0.147. To exclude interferences from other WT 

in the wind park, only values for a wind corridor of 200 to 250 degree facing the direction of 

the met mast are considered. Further, negative values are not considered as that would imply a 

decrease in wind speed with increasing height. Therefore, the α-value is set to 0.2 for all 

simulations.  

The cut-in velocity is 3 m/s and the nominal power is reached at 11 m/s. Cut-off wind speed is 

reached at 25 m/s [2]. From experience with the k-factor calibration the range between the 

cut-in speed and the nominal wind speed are affected by rotor induction. Rotor induction 

describes the effect of non-linearity between the met mast data and the expected velocities 

measured by the iSpin sensors. Therefore, the inlet wind velocities 4, 12 or 16 m/s are entered 

as the initial value u0 and then split up into a three-dimensional wind vector denoted as vu, vv 

and vw representing the wind velocities in x, y and z direction. The angle φ defines the 

inclination of the logarithmic wind profile towards the wind turbine, which is set to 5 degrees 

as a larger malposition is unusual. For the block wind profile, the α-value is zero as well as 

the inclination angle φ. The following equations 7-10 define the initial conditions for the 

simulation.  
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𝑣 = 𝑢((
௬ା௬ℎ𝑢𝑏 ℎ𝑒𝑖𝑔ℎ𝑡

௬బ
))ఈ    (9) 

𝑣௨ = cos(𝜑) ∗ 𝑣   (10) 

𝑣௪ = sin(𝜑) ∗ 𝑣   (11) 

𝑣௩ = 0 𝑚
𝑠⁄      (12) 

Therefore, the wind velocity for the block profile over the whole air column is constant. For 

the logarithmic wind profile, the velocity increases with increasing height. The same applies 

to the ‘logarithmic wind profile with inclination angle’ with the exception that φ is set to 

5 degrees. The resulting formulas are shown in table 3. 

Table 3: Wind Profile Equation Table 

 Block Profile Logarithmic Wind Profile  Inclined Logarithmic Wind Profile 

vu= 1 ∗ 𝑢 
1 ∗ 𝑢((

𝑦 + 𝑦௨ ௧

𝑦

))ఈ cos (5°) ∗ 𝑢((
𝑦 + 𝑦௨ ௧

𝑦

))ఈ 

vv= 0 0 0 

vw= 0 ∗ 𝑢 
0 ∗ 𝑢((

𝑦 + 𝑦௨ ௧

𝑦

))ఈ sin (5°) ∗ 𝑢((
𝑦 + 𝑦௨ ௧

𝑦

))ఈ  

The boundary conditions, set in pre-processing for the simulation's inlet and outlet are set to a 

subsonic flow regime, as the velocities experienced in this thesis are below the speed of 

sound, further the turbulences are set to a medium value of 5 %, since it gives a good 

approximation when levels are unknown [23]. The sides' boundary conditions are set to 

symmetry, which defines the flow on both faces of the sides planes as mirrored, therefore 

extending the flow field to the sides without increasing computational effort. The top is 

defined as opening, which is a valid setting if no information about a boundary. As the bottom 

boundary represents the ground, it is set to 'wall', which is impermeable and therefore air 

cannot pass through, it is also defined as a 'no slip wall', which will set the flow close to the 

bottom boundary to zero velocity. Further, the initial conditions defined in pre-processing, and 

needed to start the simulation, are the gaseous environment, which is simulated as ideal gas 

with an air density ρ set to 1.2253 Kg*m-3, the air pressure, which is set to 1 atm the inlet, and 

the air temperature, which is set to 288 K. Further, the nominal design of the WT allows the 

rotor to rotate at 12.5 rpm as specified by the installation report of the WT, therefore 12.5 rpm 

is set as the rotational speed in pre-processing [24].  
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3. Simulation Strategies 

3.1 Conducted Simulations 

While the geometry for the GE-Spinner and for the turbine is created from the 

photogrammetry, a first simulation, to test the logarithmic wind profile with an adapted blade 

from the DOWEC study project is run, in which the blade and respectively the geometry are 

downscaled to fit the description for the GE 2.5-120 as described in chapter 2.2 “Wind 

Turbine Rotor Blades”.  

The first simulation is run to check plausibility of the general setup and as a reference as well 

as a test for the created wind profile. The nacelle’s and the spinner’s geometries were kept 

relatively simple, the nacelle was modelled as a simple cylindrical geometry and the spinner 

was modelled as half a sphere. 

The process of creating a mesh was described in chapter 2.3 “Meshing of the Geometry” and 

shows that generating a quality mesh with a high node count can be a lengthy process. 

Further, a fine mesh requires much more loading and computation time than a coarser mesh. 

Therefore, a coarse mesh with about 440 thousand nodes was chosen to allow for quick 

simulations with sufficient iterations, although suffering some losses in mesh quality.  

The number of iterations was defined to 4198, since the test simulation with the DOWEC 

turbine was stopped at that iteration count. Otherwise a step count of 4000 iterations is a 

sufficient number for coarse meshes.  

For each of the three wind velocities three simulations with the previously described wind 

profiles are conducted. As will be discussed further below, two additional simulations are 

introduced. One of which replaces the airfoils from the DOWEC rotor blades by cylindrical 

cross sections. This will show how the blade shape influences the k1-factor. The other 

simulation rotates the blade by 180 degrees. As the spinner should have rotational symmetry, 

the rotated geometry should deliver similar values to the original simulation.  
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3.3 Macroinstructions for Current and Future Cases 

Due to the high number of simulations conducted and to provide comparability between the 

simulations, all simulations are based on the same pre-file. Therefore, setting up a new 

simulation for a different wind profile includes only changing the value of the α-value or the 

inclination angle as well as changing the inlet velocity. 

The same is done for post-processing: the finished simulation’s result-file from the solver are 

imported into one macro file. The macro file will ensure that for each case the same report 

structure is generated to allow for quick comparability. As some of the contour plots show a 

scale e.g. for velocity and as some of the scales are defined by user input, these scales need to 

be updated by hand.  
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4. Evaluation of Experimental and Measured Data 

4.1 Met Mast Data 

The met data and the supervisory control and data acquisition (SCADA) data available for the 

WT at Offenbach an der Queich are combined in an excel file allowing to filter out unwanted 

parameters from both. The SCADA data is averaged over 10 minutes to match the iSpin data, 

which is also averaged over 10 minutes based on the 10 Hz data as described in chapter 1.3.2. 

Certain values must be excluded from the measurements, as the data includes data points, 

which are outside the wind speed interval of interest. Additionally, the data is filtered for 

blade angles bigger than 6 degrees, as this removes all values affected by rotor induction for 

this turbine type.  

In order to determine the described Hellmann-Exponent α for the logarithmic wind profile a 

wind corridor is used as a filter that removes all measured data for cases where the wind first 

passes the WT and then the met mast. Figure 21 shows the positioning of other wind turbines 

at Offenbach an der Queich. The circled markers show the WT being examined in this thesis 

in blue and its met mast in red. 

  

Figure 21: Position of Met Mast and Wind Turbines at Offenbach an der Queich from Installation Report 

[24] 



      

27 

As the wakes of the other turbines would corrupt the measurement of the examined WT and 

met mast for determining the α-value, a corridor of 50 degree is set as a filter. Figure 22 

shows the wind sectors for the WT at Offenbach an der Queich with sector 1 being 

unobstructed by other turbines. As the installation report defines the sector between 133.1 and 

316.4 degrees, the resulting 50 degree corridor, marked in red, coincides with the position of 

the met mast ruling out obstacles that might influence the unhindered development of the 

logarithmic wind profile. 

 

Figure 22: Wind Sectors for Wind Turbine at Offenbach an der Queich [24] 

As the wind speeds of interest range from 3 to 16 m/s, another filter for said range is 

implemented. Figure 23 shows the measured wind speeds from met mast and from the iSpin 

sensors plotted against each other. A regression line allows to display the slope. The slope of 

the regression line is the k-factor for the WT as described in chapter 1.3.2, as it is the ratio of 

wind speed at the met mast to the wind speed measured by the iSpin sensors. The k-factor for 

the WT is 0.553 for the valid met mast data selected. 
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Figure 23: Correlation of iSpin Wind Speed to Met Mast Wind Speed from Met Mast Data [25] 

4.1.1 Verification of the Wind Profile Exponent Alpha 

In the first attempt of creating a ‘logarithmic wind profile’ the exponent α was assumed at 0.2 

as it is a value that describes open country rather well. To verify the value for the wind site in 

question the met mast data is taken into consideration.  

The corridor described in chapter 4.1 “Met Mast Data”, is used to exclude influences on the 

met mast’s measurements. This ensures that only met mast data is used to recreate the 

α-value. The value was already described in chapter 2.4 “Simulation Models and Boundary 

Conditions” by equation five. Equation six is used to recreate the value from the measured 

data. Taking into account the corridor filter described previously, the removal of negative 

values and values above 1.0, 718 values remain.  

The average of the 718 values is, as also described previously, 0.197 with a standard deviation 

of ± 0.147. The distribution of the calculated α-values is depicted in figure 24. Therefore, the 

assumed value selected for the first simulation with the DOWEC simulation matches the 

actual value. According to the α-value the terrain in front of the WT is open country. 

Figure 24 shows the distribution of the single α-values. 
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Figure 24: Distribution of α-Values from Met Mast Data [25] 

4.2 Plausibility of the Experimental Data  

After the simulations have finished, the simulations result files are checked for their 

plausibility. To check the plausibility, certain aspects of the geometry, i.e. the flow over the 

airfoils, the power generation of the turbine, and the velocity in front of the spinner, are 

investigated.  

4.2.1 Power Generation of the Simulated Wind Turbine 

One aspect of proving the plausibility of a simulation is to check whether the model geometry 

behaves and operates as it should under the given initial and boundary conditions. Since the 

WT is supposed to generate power, and since the WT’s power curve is known, as displayed in 

figure 3 in chapter 1.3, the simulated power can be used to check if the WT operates as it 

should. The power curve shows that the WT can generate about 200 kW at 4 m/s and 2.5 MW 

at 12 m/s up to the cut-off wind speed of 25 m/s. The simulated WT generates roughly 200 

kW at 4 m/s but the power produced for 12 and 16 m/s is actually less . 

Although unlikely, the discrepancy between the simulated and expected power output of the 

WT for 4 m/s, could be linked to the rpm of 12.5 which have been set too high. For 4 m/s the 

WT should rotate with 7.5-8 rpm according to the SCADA data. However, this would not 

explain the discrepancy of the power generated at 12 m/s. As the blades are responsible for 

the power generation, the blades will be investigated further in chapter 4.2.2.  
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4.2.2 Angle of Attack and Pressure Coefficient over the Blade 

As the power output of the simulation does not match the nominal power of the WT, the setup 

of the DOWEC blade design has to be questioned as the design of the blade is the decisive 

factor for the power generation. Figure 25 shows the airfoil DU30 at a radius of 19 m. The 

blue trail visible on the tail of the airfoil shows a separation bubble. A separation bubble is an 

indication for an incorrectly chosen AoA and therefore an incorrect blade design.  

 

Figure 25: Separation Bubble at Airfoil DU30 from Simulation [26] 

This can also be observed for the negative pressure coefficient Cp as displayed in figure 26. 

The Cp is a dimensionless value that describes the pressure distribution over an airfoil in a 

flow [27]. The intersection, circled in figure 26, leads to the conclusion that the airflow is 

separated from the airfoil and therefore, the simulated WT is not performing as well as it 

could. Figure 27 shows the negative Cp of the same airfoil from the DOWEC study project 

and therefore in a functioning blade design. 

Seperation of Flow
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Figure 26: Pressure Coefficient Cp at Airfoil DU30 from Simulation [26] 

 

 
Figure 27: Pressure Coefficient Cp at Airfoil DU30 from the DOWEC 6 MW Study Project [26] 
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The separation of flow can be explained by the setup of the blade. The blade design was 

copied from the discussed DOWEC study project, in which the blade’s radius was set to 

64.5 m. Since the blade for the WT has a radius of 60 m, the AoA’s for the blade design are 

shifted in this geometry. Figure 28 shows the forces and flows experienced by an airfoil, with 

ȗ being the wind resulting from the rotation of the rotor. As ȗ is dependent on the radius, the 

relative velocity vr is shifted, thus changing the AoA. While the radius is decreased, the 

respective radii and AoAs should change as well for each airfoil. As this is not the case, it can 

be concluded that the blade design is faulty.  

 

Figure 28: Wind Vector and Resulting Forces on Airfoil [28] 

Another factor which influences the power generation is the mesh that was chosen. As the 

mesh used is rather coarse, the blade’s surface might show some irregularities, on which a 

part of the power is lost, as the blades are not part of the original WT’s design, this can be 

neglected. The sum of the ‘ill blade design’, which already was an approximation to the actual 

blade, and the coarse mesh results in the bad power output. Even though, the power 

generation with the scaled DOWEC blade does not match the actual turbine type, the 

incorrect power generation can be explained, and the simulation therefore still appears to be 

plausible. 
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4.2.3 Mass Flow Behaviour in Front of the Wind Turbine  

 Figure 29 and 30 show the position of the iSpin sensors from the YZ- and from the 

XY-plane. The sensor paths are displayed as thin red lines. These red line, inserted in CFD-

Post for post-processing, are called poly lines, which allow to extract values at these 

positions. The sensor numbering is shown in figure 29. Figure 31 shows the velocity over the 

surface that is swept by the sensors path. The displayed velocity is in stationary frame. 

 

Figure 31: Velocity in Stationary Frame at iSpin Position from Simulation [26] 

Figure 29: Position of the iSpin Sensors – View at 

YZ Plane from Simulation [26] 

Figure 30: Position of the iSpin Sensors seen from 

XY-Plane from Simulation [26] 
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Figure 32 shows the spinner of the WT and the distribution of the velocity in stationary frame 

u over its surface. As expected, the stagnation point of the incoming air flow is slightly 

beneath the spinner’s middle, since the spinner and the rotational axis are tilted back by 

four degrees. As the WT is rotating clockwise, the visible velocity distribution between the 

rotor blades show an increase against the rotational direction. Behind the rotor blade at the 

240 degree position, lower velocities can be seen while higher velocities are visible at the 

front of the blade in 120 degree position.  

 

Figure 32: Velocity over Spinner Surface in Stationary Frame u from Simulation [26] 

Unexpectedly, the velocities over the spinner’s surface are only at about 40 % of the initial 

velocity. As a small decrease in the wind velocity is to be expected, since the WT presents an 

obstacle in the winds path, the simulations therefore appear plausible, although the magnitude 

of the decrease needs to be investigated, which is done during chapter 5. 

As the velocity decreases and the energy in the wind must remain the same, the pressure 

should increase. This can be observed in figures 33 and 34. Especially on the blades in 120 

and 240 degree position.  
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Figure 33: Velocity in Stationary Frame u over Cylindrical Surface at Spinner from Simulation [26] 

 

Figure 34: Pressure over Cylindrical Surface at Spinner from Simulation [26] 
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5. Discussion 

5.1 Velocity Decrease and Air Flow Behaviour 

When reviewing the figures and data from post-processing as done in chapter 4.2 “Plausibility 

of the Experimental Data”, the simulations appears to be plausible concerning the air flow 

behaviour over the spinner’s surface as well as comparing how pressure and velocity develop 

with the flow. However, two results are particularly striking: the insufficient power generation 

and the decrease of velocity that can be observed in front of the spinner for each of the three 

wind profiles and the respective wind velocities. Although some decrease can be expected 

when observing an obstacle in a flow field, the magnitude of the decrease was unexpected and 

will be investigated further. 

5.1.1 Velocity Decrease 

To investigate the velocity’s decrease further and to observe whether it is located only in front 

of the spinner, the iSpin poly line of sensor one is elongated to capture the behaviour of the 

velocity from the inlet to the WT as shown in figure 35.  

 
Figure 35: Elongated Measuring Line for Horizontal Axis and 4 Degree Tilted Rotational Axis from 

Post-Processing [26] 
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The diagram displayed in figure 36 shows the decrease in velocity along the horizontal and 

the tilted elongated poly lines for the logarithmic wind profile. The decrease starts at roughly 

150 m before the spinner and decreases from 12 m to about 5.5 m/s.  

 

Figure 36: Velocity Decrease along Elongated iSpin Poly Line from Post-Processing for the Logarithmic 

Wind Profile 12 m/s [26] 

The velocity decrease of the block profile and the wind profile with inclination angle are 

similar to the logarithmic wind profile case in figure 36, as the difference is neglectable only 

the logarithmic wind profile was displayed in this thesis. Only the logarithmic wind profile 

with inclination angle varies slightly as it decreases to 5.8 m/s, instead of 5.5 m/s. Although 

the results for the velocity decrease across the three flow profiles are similar, the decrease 

behaviour changes when the inlet velocity is changed to 4 m/s and 16 m/s. Figures 37 and 38 

show the logarithmic wind profile for 4 and 16 m/s. 
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Figure 37: Velocity Decrease along Elongated iSpin Poly Line from Post-Processing for the Logarithmic 

Wind Profile 16 m/s [26] 

The velocity decrease for 16 m/s seems to rise slightly at 150 m distance to the WT before the 

velocity starts to decrease rapidly, 50 m in front of the turbine.  

The curve in figure 38 shows the velocity decrease for 4 m/s. The 4 m/s velocity slope for the 

three wind profile cases also differs from the slopes seen for 12 m/s and 16 m/s. The velocity 

starts to drop at 250 m with a more gradual slope as seen for 12 and 16 m/s. At 35 m it 

increases before dropping at around 10 m to its final value of 1.5 m/s just in front of the 

turbine. 
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Figure 38: Velocity Decrease along Elongated iSpin Poly Line from Post-Processing for the Logarithmic 

Wind Profile 4 m/s [26] 

Since the simulations for 4 m/s are, except for the inlet velocity, identical to the simulations 

with 12 and 16 m/s, the geometry and boundary conditions cannot be responsible for the 

behaviour. A possible explanation for the velocity decrease and the different slopes for the 

three velocity cases could be the power carried by the wind. As the air column in front of the 

turbine is moved with 4, 12 and 16 m/s, the wind has a different energy level. The wind power 

is proportional to the wind velocity to the power of three, therefore the 4 m/s case will 

experience a stronger influence of the wind turbine as an obstacle, than the cases with 12 and 

16 m/s. 

For further investigation into the velocity decrease, circular planes, or check disks, as shown 

in figure 39 are positioned in increasing distance from the WT to the inlet. These check disks 

will provide additional information on whether the decrease is localized for the elongated 

poly lines or whether the disks also show the decrease. Using the average over surface 

function from CFD-POST provides the mean velocity over each check disk. If the velocity 

decrease is only visible at the elongated poly line the mean should not change significantly. 
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Figure 39: Velocity Decrease Check Disks from Post Processing [26] 

 

Figure 40: Diagram of Velocity Drop Check Disks [25] 
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Figure 40 shows the resulting average velocities from the check disks positioned in front of 

the turbine. The analysis of the velocities with the help of the check disks shows a similar 

velocity decrease to the one which could be observed with the help of the elongated poly 

lines. The final velocities, observed with the check disks, is for all three wind profiles 2 m/s 

higher than the final values from the elongated poly lines. This can be explained with the 

diameter of the check disks. As they are of a greater diameter than the spinner, the areas 

between the blades are considered as well, therefore the flow encounters less resistance and 

the velocity is greater. Since the spinner is a constant obstacle, it slows the air flow 

continuously, resulting in the lower velocities measured by the elongated poly lines directly in 

front of the spinner. 

The magnitude of the decrease in velocity was surprising. As has been shown, the elongated 

poly lines delivered a slightly misleading result. When observing the same decrease with the 

check disk, the slope appears to be similar but the decrease in velocity is put into perspective, 

as flow between the rotor blades is considered as well. 

5.1.2 Air Flow Behaviour 

Figure 31 in chapter 4.3.3 “Mass Flow Behaviour in Front of the Wind Turbine” shows the 

velocity distribution over the swept area by the iSpin sensors. Interestingly, the velocity is 

very low in front of the rotor blade at the position of 120 degree. This could be due to the tilt 

of the rotational axis: acting as a shield for the upper half of the spinner, the nose might 

reduce the air flow in that direction. Another explanation for the lower wind speeds on the 

right side of the spinner’s nose might be a slight misalignment towards the incoming flow. 

The misalignment could be linked with the rotation during the creation of the WT’s geometry 

in MATLAB. As this was supposed to be an alignment rotation to match the x-axes of the 

turbine and the coordinated frame and due to the lack of the exact angle, which could not be 

determined, a small error in alignment may still be present.  

To investigate this theory, another simulation is run in which the rotor is rotated by 

180 degrees to check whether this effect is connected to the symmetry of the WT’s geometry 

or whether it is connected to the model itself. As figure 41 shows, the velocity distribution for 

the rotated WT looks very similar to the results seen in figure 31.  
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Figure 41: Velocity in Stationary Frame at iSpin Position from Simulation with Rotated Blade [25] 

If compared directly, we see that a similar low wind speed effect occurs just above the 

spinner’s nose. The left spinner in figure 42 is the rotated spinner from figure 41 while the 

right spinner is the original one from the logarithmic wind profile run at 12 m/s.  

 

Figure 42: Rotated and Original Spinner Comparison of the Sensor Path Surface [26] 
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The area of low velocities seems less pronounced for the rotated WT in figure 42, But when 

comparing the rotated WT in figure 41 to the regular WT in figure 42 on the right, the effect 

looks similar. Therefore, it can be assumed that the WT’s geometry is symmetrical, and the 

low wind speed effect is an issue connected to the WT itself.  

The diagram in figure 43 shows the velocity against the angle of rotation with a poly line 

located in the sensor path’s middle. Against the expectation that three peaks in velocity of 

similar heights could be observed, the velocity curve has one very prominent peak. A smaller 

peak can be seen at a distance of 120 degree from the high peak. Surprisingly, when 

progressing another 120 degree to 265 degree, a dip in the velocity is observed. A similar 

velocity curve is observed when plotting the velocity over rotational angle for the simulation 

with the rotated geometry. Unfortunately, the poly line for the rotated geometry does not 

begin at the same starting point as the poly line of the regular WT does. Nor does it progress 

in the same direction. To display both velocity curves for the regular and the rotated geometry, 

and to simplify comparability, the data was plotted in reverse. A small offset of about 

25 degrees remains, which is caused by the different starting points of the poly lines. As the 

poly line is generated by CFD-Post at a user specified position, the direction and starting point 

cannot be changed. 

 

Figure 43: Velocity in Stationary Frame u over Rotation Angle from Simulation [25] 
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In addition to the reverse poly line, CFD-Post recorded less samples for the poly line in the 

rotated geometry compared to the regular geometry’s poly line, which can also not be 

adjusted. As the algorithm behind CFD-Post’s sampling is unknown and cannot be adjusted, 

there might be some higher values that have not been captured.  

Table 4: 10 Hz Data from iSpin Measurements at Wonnegau [25] 

 

  

iSpin 1 iSpin 2  iSpin 3 Time [s] Angle [°] 
10.13 11.19 8.45 0.10 7.31 
10.40 10.09 7.97 0.20 14.65 
10.83 9.45 8.20 0.30 22.14 
11.43 9.70 8.39 0.40 29.67 
11.19 10.35 9.84 0.50 37.28 
10.65 8.93 10.12 0.60 44.81 
10.21 8.50 9.62 0.70 52.43 

9.95 9.11 10.4 0.80 60.03 
10.42 8.99 10.87 0.90 67.64 
10.52 9.36 10.94 1.00 75.18 
10.38 9.25 11.05 1.10 82.67 
10.66 9.57 11.39 1.20 90.19 
10.24 10.09 11.06 1.30 97.55 

9.94 10.28 10.65 1.40 104.83 
9.98 10.44 10.86 1.50 111.88 
9.84 10.50 10.78 1.60 118.91 
9.49 9.95 10.66 1.70 125.82 
9.32 10.26 10.81 1.80 132.72 
9.05 10.35 11.00 1.90 139.64 
8.51 10.36 10.69 2.00 146.62 
8.40 10.46 10.32 2.10 153.67 
8.30 10.26 10.40 2.20 160.66 
8.73 10.78 10.21 2.30 167.73 
8.78 10.68 9.46 2.40 174.84 
8.84 10.61 9.49 2.50 182.20 
8.80 11.06 9.47 2.60 189.73 
9.04 11.03 9.35 2.70 197.49 
9.58 11.04 9.34 2.80 205.40 

10.31 11.00 9.34 2.90 213.36 
10.20 10.89 9.38 3.00 221.32 
10.50 10.73 9.20 3.10 229.28 
10.42 10.79 9.06 3.20 237.31 
10.43 10.63 8.97 3.30 245.33 
10.83 10.41 9.25 3.40 253.32 
10.51 9.99 9.38 3.50 261.17 
10.55 9.98 9.28 3.60 269.04 
10.69 9.99 9.58 3.70 276.76 
11.13 9.36 9.14 3.80 284.43 
11.41 10.46 10.37 3.90 291.98 
10.80 10.35 10.26 4.00 299.56 
10.86 9.17 10.15 4.10 307.10 
10.84 8.78 10.10 4.20 314.65 
10.74 8.51 9.96 4.30 322.19 
10.83 8.51 10.11 4.40 329.69 
10.65 8.30 10.70 4.50 337.19 
10.84 7.75 10.75 4.60 344.61 
10.53 7.57 10.57 4.70 352.13 
10.75 7.41 11.13 4.80 359.64 
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As an addition to the rotated geometry and to the diagram “Velocity in Stationary Frame u 

over Rotation Angle”, the 10 Hz data from the iSpin sensors, as listed in table 4, are also 

plotted against the angle of rotation to see if a comparable behaviour can be observed. Since 

the 10 Hz data was not yet observed, and only 10 minute averages have been used, the 

behaviour of the iSpin measurement during rotation is of interest. As already mentioned in 

chapter 1.3.2 “Description of the iSpin Sensors”, during one rotation 48 measurements are 

taken per sensor. As the count chart for figure two was between 114 and 125, the cumulated 

measurements of three sensors should provide a sample rate equivalent to the chart count 

from post-processing. 

 

Figure 44: 10 Hz Velocity Measurement for Individual iSpin Sensors over Rotation Angle at 

Wonnegau [25] 

The curves displayed in figure 44 represent the individual iSpin sensors’ velocity 

measurements over the rotation angle. The angles are respective to each sensors path and do 

not have the 120 degrees offset, which the sensors usually have towards each other. Figure 44 

supports the simulation and the results presented in figure 43, as it visualizes the difference in 

velocity experienced during one rotation. Although it does not show the prominent peak of the 

simulation, a strong dip in the velocity is present.  
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Figure 45: 10 Minute Average Velocity Measurement for Individual iSpin Sensors at Wonnegau [25] 

The curves presented in figure 45 show the 10 minute velocity averages from the individual 

sensors indicating that each sensor in fact measures the same value as the others over time as 

explained during the description of the iSpin sensors in chapter 1.3.2. 
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Figure 46: Average iSpin Velocity Measurement over Rotation Angle at Wonnegau [25] 

The diagram in Figure 46 visualizes the average of the three sensors over the rotation angle. 

The curve shows a similar behaviour to the one observed in figure 44 and the 43 for the 

individual sensors, showing one slightly higher peak and one large dip in the measured 

velocity. Therefore, the iSpin sensors appear to measure similar values over one rotation, as 

the simulated sensors. 
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5.2 Test and Reference Simulation with the WT from the 

DOWEC Study Project 

A test and reference simulation for the logarithmic wind profile was run with the rotor blade’s 

geometry down scaled from the DOWEC study project and adjusted to the WT’s dimensions. 

It was a first attempt on implementing the logarithmic wind profile on the inlet velocity. As 

the study project yielded good results, in simulating a matching turbine power output to the 

nominal output, the results of the test run may be used as a reference for the turbines 

behaviour.  

For simplicity the geometry of the DOWEC study project is kept very simple and the 

rotational axis is not tilted backwards as for the GE WT. Further, the DOWEC WT rotates 

faster than the GE WT and experiences a higher velocity at hub height as the rotational axis is 

at a height of 157.4 m. The spinner is shaped as half a sphere and no recesses or openings are 

present. Therefore, the airflow over the spinner should be almost symmetrical except for the 

tower influence. The uniform flow distribution over the spinner and the stagnation point are 

pictured in figure 47.  

 

Figure 47: Velocity over Spinner Surface in Stationary Frame u from Simulation for the DOWEC WT [25] 
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Sensor 2
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Figure 48: Velocity Decrease along Elongated iSpin 

Poly Line from Post Processing for Wind Profile 

12 m/s DOWEC WT [26] 

Figure 49: Velocity in Stationary Frame u over 

Angle from Simulation for the DOWEC WT [26] 

The decrease of velocity as visualized in figure 48 shows the same behaviour as for the GE 

WT. Although at first glance the very low value at the spinner surprises. The low value results 

from the check disk nearest to the spinner. Since the DOWEC spinner is larger, the check disk 

is partly engulfed by the geometry, therefore the average mass flow over the disk is lower.  

Figure 49 visualises the velocity over the sensor path swept by the iSpin sensors. As expected 

the velocity over the iSpin sensor path shows a symmetrical pattern, where the iSpin sensor at 

position one experiences the highest velocity. This is due to the influence of the tower and the 

blade below iSpin Sensor one, which form a broad obstacle. The additional airflow is directed 

past sensor one and thus increases the measured velocity. As some of the airflow was 

displaced by the tower towards sensor one, the velocity experienced by sensor two is the 

lowest. Sensor three experiences uninterrupted flow and its value lies in between sensor one 

and two.  

The k-factor for the test turbine experiences some influence of the large nacelle, which was 

not fitted to the smaller spinner and to the smaller blades.  

The power generation for the DOWEC WT is around 800 kW. Although the nominal power 

for the adapted DOWEC geometry is unknown, it is safe to assume that with a fitting blade 

design the power output would be greater. The difference to the GE WT can be explained by 

the higher velocity, the more refined mesh and the fact that the rotor blades are not conical. 

Therefore, the blades sweep a slightly larger area and can generate more energy.  
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As the reference geometry shows similar velocity behaviour in front of the spinner and over 

the sensor path, plotted against the rotational angle to the WT geometry’s behaviour discussed 

in chapter 5.1.2, the spinner nose does appear to shield some of  the wind, causing the area of 

low wind speed.  

5.3 Logarithmic Wind Profile 

Figure 50: Wind Profile Inlet Vector from 

Simulation [26] 

Figure 51: Logarithmic Wind Profile at Inlet from 

Simulation [26] 

Figure 50 shows the inlet vectors across the xz-plane. As the inclination angle is set to zero, 

the vectors are in plane with the x-axis and are in a direct flow towards the WT. When the air 

flow hits the WT, parts of the flow are deflected, sped up or slowed down. The deflection and 

velocity change is visible through the vectors as they vary in length and direction. Figure 51 

shows the velocity increase with height, due to the implemented logarithmic wind profile. As 

the mesh near the edges is slightly rougher, some ripples occur in the layer of 0 to 9 m/s 

which dissolve with increasing height. The distortion from the ripples and their effect on the 

simulation can be considered as relatively low, as fewer ripples appear in the centre of the 

wind profile. Therefore, the effects of the distortions are neglected in this thesis. 

5.3.1 k-Factor for Logarithmic Wind Profile  

As the k-factors are created from 10 minute average values based on the 10 Hz measurements, 

one data point in the met mast data considers 125 rotations. The values from the simulation 

provide a similar result. The steady state simulation provides a snap shot of the rotor position 
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during operation and the forces and stresses it experiences. Therefore, taking single values 

across the sensor’s path will not yield proper results. Further, as the velocities over the iSpin 

sensor path surface vary, the positioning of the sensors would influence the result’s outcome. 

Therefore, it is necessary to form an average of the measured velocities in stationary frame u 

over the sensor path surface, which is usually done in CFD-Post with the function Ave for 

average. The average function gives the arithmetic mean. As the Average function is 

dependent on the mesh, a result which is independent of the mesh is preferred. Due to 

possible inconsistencies in the mesh, the function massFlowAve is chosen, which is not 

biased to areas of nodal density [29]. 

For finer meshes the actual average between the transducers is important, therefore a spatial 

average should be formed using equation (2):  

𝑢ௗതതത(𝑥) =
ଵ

௫ଶି௫ଵ
∗ ቀ

ଵ

௧భ
−

ଵ

௧మ
ቁ ∗ 0.5 ∫ 𝑥 𝑑𝑥

௫మ

௫భ
    (13) 

to determine the average velocity along the sensor path in post-processing. 

As anemometers only measure the velocity parallel to the sensor path, which in this case is 

the rotational axis, the incoming flow in x-direction for the WT’s geometry coordinate frame, 

or velocity in stationary frame u for the velocities in the simulation, needs to be adapted to the 

four degree tilt. To adapt the velocity in stationary frame u to the rotational axis, the flow 

component is divided by the cosine of 4 degrees, resulting in the air flow component parallel 

to the rotational axis.  

Table 5 shows the measured values at the iSpin sensor position in stationary frame, for the 

sensor path’s surface in stationary frame and for the sensor path in stationary frame in the 

direction u.  

Table 5: k-Factors for Logarithmic Wind Profile [25] 

Logarithmic Wind Profile 

 

Velocity in  
Stationary 
Frame u  

Velocity Parallel 
 to Sensor Path k-factor 

Velocity in 
Stationary 
Frame  k-factor 

Velocity  
at Inlet 

4 m/s 1.812 1.817 0.454 2.580 0.644 4.007 
12 m/s 5.074 5.086 0.423 6.516 0.542 12.020 
16 m/s 6.875 6.892 0.430 8.845 0.552 16.027 
Mean 

 
0.436 

 
0.579 

 Standard Deviation 
 

± 0.013 
 

± 0.046 
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Additionally, table 5 shows the velocity in stationary frame across the sensor path surface and 

its corresponding k-factor. When the post-processing was started, the k-factor was estimated 

with the velocity in stationary frame. The k-factor from the velocity in stationary frame 

matches the actual k-factor from the met mast data, see chapter 4.1 “Met Mast Data” of 0.532 

perfectly. To investigate the unexpectedly good approximation despite the compromises on 

mesh fineness and on the fit of the blade, the previously mentioned additional simulation with 

cylindrical blades is initiated. This will help to appraise the influence of the blade’s geometry 

on the k-factor. 

Since, according to ultrasonic anemometry, the iSpin measurement only considers the velocity 

in plane to the sensor path, the transformed velocity in stationary frame u must be considered 

instead of the velocity in stationary frame, therefore the k-factor described above is neglected. 

The k-factor, according to the iSpin measurement, is therefore 0.436 ± 0.013 for the 

logarithmic wind profile. The k-factor for the logarithmic wind profile differs by a factor of 

18.05 % from the k-factor estimated from the met mast data. Interestingly, the k-factor for 

4 m/s is noticeably higher than the k-factors for the higher velocities. This might be connected 

to the fact that 4 m/s is the only velocity investigated in this thesis, which experiences rotor 

induction for this type of WT.  

5.4 Block Profile  

Figure 52: Block Profile Inlet Vector with 

Inclination Angle φ=0° from Simulation [26] 

Figure 53: Block Profile at Inlet from Simulation 

[26] 
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Similar to what could be witnessed when examining the logarithmic wind profile, the block 

profile, visualized in figure 52, shows wind vectors perpendicular to the rotor area. Figure 53 

on the other hand shows the xz-plane the distribution of the inlet velocity in respect to height 

for the block profile. As the velocity of the block profile does not vary with increasing height 

only, a single velocity value is plotted, represented in blue in figure 52. 

Having the same velocity over the area swept by the WT could influence the velocity 

measured at the spinner for the block profile, as some influences of the higher velocities 

experienced below the rotational axis might occur compared to the lower velocities 

experienced with the logarithmic wind profile. Although the difference in velocity between 

block and logarithmic wind profile is only around 1.4 m/s from the tip of the blades at its 

lowest point, 79 m, to the hub at 139 m, it might still be enough to change the resulting k-

factor. 

5.4.1 k-Factor for Block Profile  

Table 6: k-Factors for Block Profile [25] 

Block Profile  

 

Velocity in  
Stationary 
Frame u  

Velocity Parallel 
 to Sensor Path k-factor 

Velocity in 
 Stationary Frame  k-factor 

Velocity  
at Inlet 

4 m/s 1.831 1.836 0.459 2.641 0.660 4.000 
12 m/s 5.039 5.051 0.421 6.485 0.540 12.000 
16 m/s 6.763 6.780 0.424 8.720 0.545 16.000 
Mean 

 
0.435 

 
0.582 

 Standard Deviation 
 

± 0.017 
 

± 0,055 
 

The resulting k-factor for the block wind profile, as listed in table 6, is slightly smaller than 

the k-factor for the logarithmic wind profile, therefore it can be concluded that the uniform 

velocity distribution, which is experienced in the block profile, does not seem to have a strong 

influence on the k-factor. This can be explained, by the fact that the WT in the logarithmic 

wind profile experiences higher velocities above the hub height, thus cancelling most of the 

effect of higher velocities below hub height with a uniform velocity distribution.  
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5.5 Logarithmic Wind Profile with 5 Degree Inclination 

Figure 54: Wind Profile Inlet Vector with 

Inclination Angle φ=5° from Simulation [25] 

Figure 55: Logarithmic Wind Profile with 

Inclination Angle at Inlet from Simulation [25] 

Figure 54 shows the inlet vectors on the xz-plane with a 5 degree inclination. The 5 degree 

inclination does not visibly influence the velocity distribution in respect to height when 

comparing the logarithmic wind profile with inclination in figure 55 to figure 51 which shows 

the logarithmic wind profile without inclination angle. While investigating the power 

generation of the geometry for the different wind profiles and velocities, the blades worked 

better in the inclined air flow, compared to a direct flow. This might also influence the k-

factor estimation.  

Further, some differences compared to the logarithmic wind profile are to be expected, as the 

w- or z-component of the wind increase, thus decreasing the u- or x-component. Therefore, a 

slight decrease in the measurements is to be expected as the iSpin sensors measure only the 

wind in stationary frame u. 
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5.5.1 k-Factor for Logarithmic Wind Profile with 5 Degree 

Inclination  

Table 7: k-Factors for Logarithmic Wind Profile with 5 Degree Inclination Angle [25] 

 

Logarithmic Wind Profile with 5 Degree Inclination Angle  

 

Velocity in  
Stationary Frame 
u  

Velocity Parallel 
 to Sensor Path k-factor 

Velocity in 
 Stationary Frame  

k-
factor 

Velocity  
at Inlet 

4 m/s 1.871 1.875 0.470 2.810 0.704 3.991 
12 m/s 5.040 5.052 0.422 6.498 0.543 11.974 
16 m/s 6.725 6.741 0.422 8.619 0.540 15.966 
Mean 

 
0.438 

 
0.596 

 
Standard Deviation 

 
± 0.022 

 

± 
0.077 

 
Table 7 displays the measured velocities and the respectively calculated k-factors for the 

logarithmic wind profile with inclination angle. The measured difference in velocities 

compared to the logarithmic wind profile without inclination is less significant than expected. 

Also, the k-factor is slightly higher compared to the logarithmic profile but still varies from 

the met mast k-factor by 17,67 %. Due to the lower inlet velocity, the higher k-factor can be 

explained, as it is formed by the ratio of the two velocities. 
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5.6 Influence of Blades and Spinner on the k-Factor 

As the k-factors for the velocity in stationary frame have yielded good results despite the 

compromises made on mesh fineness and on the blades, the question arose in how far the 

design of the rotor blade influences the k-factor, or whether the spinner geometry is more 

influential.  

As the rotor blade geometry changes, the old mesh needs to be replaced by a new one. To 

maintain comparability between the simulations with the DOWEC blades and the cylinder, 

the node count for the mesh should be close to the initial node count.  

 

Figure 56: Iso View of the WT with Cylindrical Blades [26] 

Figure 56 shows the resulting cylindrical blades, implemented in the WT’s geometry. For the 

initial conditions, the logarithmic wind profile without inclination and an inlet velocity of 

12 m/s was selected, as the average k-factor for the logarithmic wind profile is almost 

identical to the average k-factor for all cases. The inlet velocity was selected, as it is in 

between 4 and 16 m/s. No further changes were made.  
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Table 8: Influence of Blade Shape on the k-Factor [25] 

Logarithmic Wind Profile 12 [m/s] 
Cylinder 5.301 m/s 5.314 m/s 0.442 6.794 m/s 0.565 12.021 
DOWEC 5.074 m/s 5.086 m/s 0.423 6.516 m/s 0.542 12.020 
Difference 

 
4.479% 

 
4.263% 

 
The influence of the blade shape on the k-factor is analysed in table 8. The difference on the 

k-factor between the DOWEC and the cylindrical blade in this case is 4.479 %. Therefore, the 

influence of the blade appears less significant than the shape of the spinner and the blade 

roots. The influence of spinner and blade roots is also mentioned in the paper by G. Demurtas 

‘New method to calibrate a spinner anemometer’, which states that the k-factor is most 

influenced by the spinner shape and the blade roots [9, p.1]. 

5.7 k-Factor Estimate for all Cases 

Table 9: k-Factor Estimation of all Wind Profiles [25] 

k-Factor over all Wind Profiles  

 
k-Factor Mean [-] Standard Deviation [-] 

Logarithmic Wind Profile 0.436 ± 0.013 
Block Profile  0.435 ± 0.017 
Logarithmic Wind Profile with Inclination Angle of 5°  0.438 ± 0.022 
      
  0.436 ±0.018 

The simulations conducted for this thesis allow to estimate the k-factor for the WT type 

investigated. When observing the estimated k-factor for the three wind profiles with a wind 

velocity of 12 m/s, the k-factor does not vary much and remains around 0.422. The k-factors 

estimated for the three wind profiles with 16 m/s as inlet velocity, vary slightly more, from 

0.422 to 0.430. But for 4 m/s the estimated k-factor’s variation is even more pronounced, as 

they vary from 0.454 to 0.470. This might also be connected to the unexpected slope 

discussed in chapter 5.1.1. 

Table 9 lists the k-factors from the previous chapters and their average. The average k-factor 

formed over all of the previously discussed wind profiles and velocities, is 0.436 ± 0.018, this 

is 18.05 % below the k-factor from the met mast data estimation of 0.532. 
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Figure 57: k-Factor from Met Mast Data and k-Factor Estimate from Simulations [25] 

 Figure 57 shows the met mast data and the corresponding linear regression line as well as the 

estimated k-factors from the simulation with the corresponding linear regression line. The 

values simulated for the velocity in stationary frame are also plotted, and they seem to have a 

slight offset to the k-factor of the met mast.  
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6. Conclusion 

The iSpin anemometer is a relatively new method of determining wind velocity, direction and 

temperature. Since the iSpin sensors are installed on the spinner, unlike conventional 

anemometers, which are installed behind the rotor blades, the air flow they experience is 

undisturbed by the rotor blades. When the iSpin sensors are installed they need to be 

calibrated to accommodate to the wind turbine’s geometry; this will ensure that their velocity 

measurements are correct. For the calibration of the sensors the calibration factors k1 and kα 

must be determined. The calibration is usually realized during operation or while the turbine 

is at a standstill. A meteorological measurement tower provides the actual wind speed and 

direction at three to four rotor diameters distance, in front of the wind turbine. The erection of 

the measurement tower and the usual calibration process are expensive and take time. To 

reduce costs, simulating the geometry in a flow field with computational fluid dynamics is 

investigated as an alternative for determining the k1-factor.  

During this thesis, the geometry for a GE 2.5 -120 wind turbine was reconstructed from a 

point cloud. This point cloud was generated via photogrammetry from pictures of a wind 

turbine taken by a drone. The point cloud is formatted with a MATLAB script, allowing 

ANSYS ICEM to import the formatted point cloud to generate the wind turbine’s geometry. 

As the drone did not record the rotor blades, a substitute blade was incorporated, which stems 

from a study project, investigating a blade from the DOWEC project was scaled down from 

129 m in diameter to fit the wind turbine dimension specifications of 120 m in diameter. The 

GE wind turbine geometry was used as a basis for a series of simulations. The simulations 

include three different wind profiles: a block profile with a constant velocity over height and 

two logarithmic wind profiles whose velocity increase with height. One of the logarithmic 

wind profiles has a horizonzal inclination angle of 5 degrees, the other logarithmic wind 

profile flows directly towards the turbine. Each of the wind profiles was simulated for three 

inlet velocities: 4, 12 and 16 m/s, to observe the simulated model’s behaviour compared to the 

actual turbine under similar conditions. The logarithmic wind profile with 12 m/s was tested 

on a reference turbine geometry from the DOWEC study project, as the simulations yielded 

results close to the design and the geometry, besides the blades, was kept simple. Two 

additional simulations with logarithmic wind profiles were conducted: in one the rotor is 

rotated to verify whether the spinner’s geometry is rotationally symmetric; in the other the 
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blades were replaced by cylinders to assess the blades’ influence on the k1-factor.  

To ensure that the simulations carried out are plausible, the general flow over the spinner was 

observed. The flow over the spinner appeared to develop as expected, although the velocities 

measured at the iSpin sensors appeared smaller than expected. Further, the simulated power 

output of the turbine was compared to the nominal power of the GE 2.5-120. This deviated 

strongly from the expected values, as of the 2.5 MW nominal power only up to 200 kW were 

simulated. The reason for this was found in the down scaled rotor blade, as the blade design 

and the positioning of the airfoils depend on the radius. Since the radius and the resulting 

airfoil angles did not match, the blade was not able to generate as much power as intended. 

The low velocities in front of the spinner were investigated and their decrease from inlet to 

spinner was plotted. As the met mast data shows a similar decrease when compared, the 

general decrease is valid. The resulting curves differ in their development depending on their 

inlet velocity, whereby only the decrease in velocity for 4 m/s is unexpected. Further, an 

unexpected area of low wind speed was located over the iSpin’s sensor path, which was 

investigated by checking the spinner’s geometry for symmetry by rotating the blade and 

spinner. The simulation with the rotated blade showed a similar effect to the original 

simulation and therefore the low wind speed was concluded to be connected to the model’s 

tilted rotational axis. When comparing the simulated velocities over the iSpin sensor path to 

the 10 Hz measurement against the rotational angle, it can be observed that both show 

significant variations in velocity over one rotation, this further verified the connection 

between the actual turbine and the simulation. 

The ratio of simulated velocity to inlet velocity determines the k1-factor. The k1-factor for the 

GE 2.5-120 was 0.532. The average k1-factor for the velocities of the logarithmic wind profile 

was 0.436 ± 0.013. The block profile simulations produced a factor of 0.435 ± 0.015 and the 

logarithmic wind profile with inclination angle a factor of 0.438 ± 0.022. Therefore, the 

average k1-factor over all cases and velocities was calculated at 0.436 ± 0.018.  

The influence of the rotor blades was found to be small when compared to the influence of the 

spinner and blade root geometry. The k1-factor simulated for the turbine geometry with the 

DOWEC blades at 12 m/s was 0.423 while the k1-factor for the cylindrical blade was 0.442. 

The difference being relatively low with 4.49 % showed, that the blade design is less 

important than the spinners. 
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The difference between the simulated k1-factor and the actually measured one may seem high 

and may seem to speak against the validity of using computational fluid dynamics for 

simulations replacing the conventional method via met mast. However, as discussed, some 

compromises were made in the creation of the geometry and during simulations. The 

influence of those trade-offs need to be investigated further in order to approach the point at 

which computational fluid dynamics becomes a viable and more economic option for 

evaluation the k-factors. The present thesis has presented a vital starting point in that 

direction. 
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7. Outlook 

Although the k-factor estimated in this thesis varies significantly from the actual k-factor for 

the wind turbine and the process can still be improved, the results still show that the k-factor 

estimation for new turbine types can be done using CFD. However, in order to incorporate 

CFD into the calibration process, some adjustments need to be considered. 

As the geometry creation via photogrammetry was a very lengthy process, it is advisable for 

other wind turbine types to find a quicker, more precise way of capturing and modelling their 

geometry. The method of photogrammetry used in this thesis might be a powerful tool under 

laboratory conditions, but if used for reflective surfaces on objects outdoors, other techniques 

should be preferred, as translating a 3D object to a 2D image with a normal camera will result 

in loss of depth perception. Other methods such as laser scanning should be considered, since 

they provide a higher resolution and can capture the geometry more completely and more 

precisely. Further, getting the correct format for the data is also crucial, as time must be 

invested to translate and adapt the data to fit the requirements of the CFD program.  

One of the biggest limitations during this thesis may have been the use of the steady state 

model instead of a transient model, since some flow interdependencies cannot be simulated 

between the geometry's interfaces with a steady state model. Therefore, a transient run in 

which the geometry rotates should be conducted. This will allow visualizing the flow 

transitions between the steady and rotating interfaces better. Further a transient model would 

have made rotationally symmetry checks redundant and would have allowed following the 

iSpin sensor's measurements individually comparing each sensor to it's corresponding 10 Hz 

sensor.  

The wrong blade design was another drawback during this thesis, even though the influence 

of the blades’ shape on the k-factor is small, a simulation with a blade design that fits the 

required radius and specifications for the turbine type could improve the accuracy of the 

results. As the blade’s influence should then be the same as in the actual turbine, it would 

allow to determine the influences of the blade’s pitch angle on the k-factor, which was not 

considered during this thesis. Further, a finer mesh should be used, as the mesh used in this 

thesis was very coarse. Mesh refinement should be investigated to eliminate possible 

interfering notches in the mesh.  
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Also, the simulated turbine in this thesis operated at 12.5 rpm for all wind velocities. For 

velocities between 3-6 m/s, the GE 2.5-120 should operate with 7.5 rpm. This would exclude 

the rotational velocity as a possible cause for errors, as the SCADA data and the simulation 

settings would be more in sync.  

When comparing the actual k1-factor with the simulated k1-factor for the velocity in stationary 

frame, including all wind components, the very exact fit surprises. Therefore, another setup 

for the experiment could be thought of where the rotational axis is in plane with the x-axis of 

the coordinate frame, tilting the rest of the geometry. This should validate the velocities 

translated for the rotational axis. 

Further, the effect of the openings in the spinner’s surface have been neglected so far as well. 

Since the spinner’s geometry has the biggest effect on the k-factor changing its geometry 

would also give more insights into the k-factors that can be expected for a spinner shape, 

which in turn can be used during calibration as a default value.  

As this thesis only considered the k1-factor, a set of simulations for the kα-value could be 

devised in which the turbine is yawed in and out of the incoming airflow several times. With 

the k1- and kα-factors estimated, the k2-factor could also be determined faster, further 

reducing the time needed for the calibration. 

As previously stated, this thesis has presented a vital starting point in incorporating CFD 

in the k-factor calibration for spinner anemometers. And as CFD is also an iterative 

process, each iteration will bring new insights to improve the process, and therefore the 

results.  
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9. Appendix 

9.1 MATLAB script for the Edge Transformation 

%% Edge Definition  
 
bild=rgb2gray(imread('F:\WP Offenbach a.d. Queich_GE2.5-120\Photography\DSC09238.JPG')); 
edges = edge(bild, 'canny', 0.2); 
 
bild = rgb2gray(imread('F:\WP Offenbach a.d. Queich_GE2.5-120\Photography\DSC09022bb.JPG')); 
edgesfront = edge(bild, 'canny', 0.2); 
 
edgesfront2=edgesfront(1:end,475:2650); % cutting of the unnecessary part 
figure(1); 
imagesc(edgesfront2); 
 
edges2=edges(700:3000,1000:5000); % cutting of the unnecessary part 
figure(2); 
imagesc(edges2); 
 
 
%% Reconfiguration of matrix 
 
j=1; 
 
while j<=4001  
i=1;  
 while i<=2301 
  
 if edges2(i,j)==1 
 edges2trans(i,j)=i; %transformation of matrix edges to y-values 
 end  
 i=i+1; 
 end 
  
 j=j+1; 
end 
 
j=1; 
while j<=2176  
i=1;  
 while i<=2201 
  
 if edgesfront2(i,j)==1 
 edgesfront2trans(i,j)=i; %transformation of matrix edges to y-values 
 end  
 i=i+1; 
 end 
  
 j=j+1; 
end 
 
 
%% sorting of matrix into xy-coordinates 
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j=1;k=0;x=[];y=[];z=[];t=0; % index for sorting loop 
while j<=4001  
 i=1;  
 
 while i<=2301 
 
  
 if edges2trans(i,j)>1 
 
 x=[x;edges2trans(i,j)]; 
 y=[y;k]; 
 z=[z;t]; 
 end  
 i=i+1;  
  
 end 
 j=j+1; 
 k=k+1;  
  
end 
 
Res=[x,y,z]; 
 
dlmwrite('PNTS_EdgeTransform_Top.out',Res, ' ') % writing to ascii 
 
j=1;k=0;x2=[];y2=[];z2=[];t=0; % index for sorting loop 
while j<=2176  
 i=1;  
 
 while i<=2201 
 
  
 if edgesfront2trans(i,j)>1 
 
 x2=[x2;edgesfront2trans(i,j)]; 
 y2=[y2;k]; 
 z2=[z2;t]; 
 end  
 i=i+1;  
  
 end 
 j=j+1; 
 k=k+1;  
  
end 
 
Res2=[x2,y2,z2]; 
dlmwrite('PNTS_EdgeTransform_Front.out',Res2, ' ') % writing to asci 
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9.2 MATLAB script for the Point Cloud Transformation 

%% Point Cloud Transformation 
 
%% Input of XYZ-Files 
 
XYZ=dlmread('romowind_w2_sorted.txt'); 
 
%% seperation of coordinates 
 
xyz1=XYZ(1:end,4:end); 
 
xyz2=XYZ(1:end,1:3); 
 
%% 
close all; 
format long; 
 
n=length(XYZ(1:end,1)); 
i=1; 
x1=[]; 
y1=[]; 
z1=[]; 
 
while n>=i 
  
  x1=[x1,xyz2(i,1)]; 
  y1=[y1,xyz2(i,2)]; 
  z1=[z1,xyz2(i,3)]; 
  
 i=i+10; %reducing number of points by 10 
end 
 
%Reducing number of points by 100 
x=(x1)/100; 
y=(y1)/100; 
z=(z1)/100; 
 
figure(1) 

subplot(1,3,1) 
plot3(x,y,z,'.'); 

 
%Coordinate Transformation 
xt=(x*cos(40))+(y*sin(40)); 
yt=(-x*sin(40))+(y*cos(40)); 
zt=z; 
 
figure(1) 

subplot(1,3,2) 
plot3(xt,yt,zt,'.'); 

 
t=length(xt); 
j=1; 
 
xx=[]; 
yx=[]; 
zx=[]; 
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x_mean=mean(xt); 
y_mean=mean(yt); 
z_mean=mean(zt); 
 
while t>=j 
 %removing points from plot not associated to Turbine, needs to be 
 %adjusted for other point clouds 
  

if xt(1,j)>=3.8054159e+04 && xt(1,j)<=3.8054185e+04 && yt(1,j)>=-3.99966e+04 && yt(1,j)<=-
3.999645e+04 && zt(1,j)<=4.7500 

 
  xx=[xx,x_mean-xt(1,j)]; 

   yx=[yx,y_mean-yt(1,j)]; 
   zx=[zx,z_mean-zt(1,j)]; 
  
   end  
 j=j+1; 
end 
 
subplot(1,2,3) 
plot3(xx,yx,zx,'.'); 
 
 
 %% Writing .out-file / .txt-file 
 
fid=fopen('ReducedPointcloud.txt','wt'); 
fprintf(fid, '%f %f %f \n\r', [x;y;z]); 
fclose(fid); 
 
fid2=fopen('PointCloudCoordinateTransdormation.txt','wt'); 
fprintf(fid2, '%4.8f %4.8f %4.8f \n\r', [xt;yt;zt]); 
fclose(fid2); 
 
fid3=fopen('FormattedPointCloud.txt','wt'); 
fprintf(fid3, '%4.10d %4.10s %4.10s \n\r', [xx;yx;zx]); 
fclose(fid3); 
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9.3 Ansys ICEM Global Mesh Setup 
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9.4 Global Mesh Parameters 

 

The displayed settings are for a finer mesh. The mesh used for the thesis can be achieved by 

setting the global element scale factor to  
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9.5 iSpin Dimensions for the Technical Drawing 
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