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Nomenclature 

Abbreviation Description 

BECAS BEam Cross-section Analysis Software 

BEM Blade Element Momentum 

CG Center of Gravity 

DLL Dynamic Link Library 

DOF Degree of Freedom 

DTU Danmarks Tekniske Universitet 

HAWC2 Horizontal Axis Wind turbine simulation Code 2nd generation 

IEC International Electrotechnical Commission 

MoWiT Modelica for Wind Turbines 

MSL Mean Sea Level 

NREL National Renewable Energy Laboratory 

RFOIL Radial XFOIL 

RNA Rotor-Nacelle Assembly 

XFOIL Subsonic Airfoil Development System 

 

 

Symbol Unit Description 

𝐴  
  m² Cross-sectional area of the airfoil 

𝐶1/2  - Center of the local airfoil coordinate system 

𝐶a  - Aerodynamic drag coefficient for nacelle housing 

𝐶P,max  - Maximum power coefficient 

𝐶P  - Power coefficient 

𝐶Q  - Torque coefficient 

𝐶T  - Thrust coefficient 

𝐷R  m Rotor diameter (coned blades) 

𝐷RN  m Nominal rotor diameter (unconed blades) 

𝐸   N/m² Young’s modulus 

𝐺    N/m² Shear modulus 

𝐼   kg m2  Moment of inertia 

𝐼x  m4  Area moment of inertia about principal bending 𝑥ec-axis 

𝐼y  m4  Area moment of inertia about principal bending 𝑦ec-axis 

𝐾   m4/rad Torsional stiffness constant about the 𝑧ec-axis. For a circular section, it is 
identical to the polar moment of inertia 

𝑃   kW Generator electrical power including losses 

𝑃r  kW Generator rated electrical power including losses 

𝑄   kNm Generator torque 

𝑅H  m Hub radius 

𝑇   
  kN Rotor thrust force 

𝑇 r 
  kN Rated rotor thrust force at the rated wind speed 

𝑉   m/s Wind speed at the hub height 
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𝑉in  m/s Cut-in wind speed at the hub height, at which wind turbine starts to 

generate power 

𝑉out  m/s Cut-out wind speed at the hub height, at which wind turbine is shut 

down 

𝑉r  m/s Rated wind speed at the hub height, at which turbine reaches rated 

electrical power 

𝑉tip,r  m/s Rated blade tip speed 

𝑐   m Chord length, the distance between the leading and trailing edge 

𝑒pb,tip  m Pre-bend distance at the blade tip, measured along 𝑦b-axis 

𝑒pb  m Pre-bend distance along 𝑦b-axis, measured from the pitch 𝑧b-axis to the 
chord line. (This definition is correct, as long the blade pre-sweep is zero) 

𝑘x  - Shear factor in principal bending 𝑥ec-direction 

𝑘y  - Shear factor in principal bending 𝑦ec-direction 

𝑙B  m Blade length along the pitch 𝑧b-axis 

𝑙BC  m Arc length of the blade, measured along the blade centerline 

𝑚   kg/m Mass per unit length 

𝑚B  t Single blade mass 

𝑚RNA  t Mass of rotor-nacelle assembly 

𝑟    m Curved length distance from the center of the blade root coordinate 
system crossing the 𝐶1/2-centers of the local airfoil coordinate systems 

𝑟ix  m Radius of gyration w.r.t. rotation about principal bending 𝑥ec-axis 

𝑟iy  m Radius of gyration w.r.t. rotation about principal bending 𝑦ec-axis 

𝑡  m The largest distance between the suction side and the pressure side on a 
line perpendicular to the camber line 

𝑥   m Coordinate in the global coordinate system, the axis points downwind 

𝑥b  m Coordinate in the blade root coordinate system 

𝑥e  m Distance from the 𝐶1/2-center to the elastic center, measured along the 

𝑥c2-axis 

𝑥m  m Distance from the 𝐶1/2-center to the mass center, measured along the 

𝑥c2-axis 

𝑥mb   m Distance from the center of the blade root coordinate system to the 𝐶1/2-

center of the local airfoil coordinate system, measured along the 𝑥b-axis 

𝑥pa  % Distance from the airfoil leading edge to the pitch 𝑧b-axis, divided by the 
chord length, measured along the chord 𝑥c2-axis 

𝑥s  m Distance from the 𝐶1/2-center to the shear center, measured along the 

𝑥c2-axis 

𝑥t  m Coordinate in the tower top coordinate system, the axis points 
downwind 

𝑦   m Coordinate in the global coordinate system, the axis points to the side 

𝑦b  m Coordinate in the blade root coordinate system 

𝑦e  m Distance from the 𝐶1/2-center to the elastic center, measured along the 

𝑦c2-axis 

𝑦m  m Distance from the 𝐶1/2-center to the mass center, measured along the 

𝑦c2-axis 

𝑦mb   m Distance from the center of the blade root coordinate system to the 𝐶1/2-

center of the local airfoil coordinate system, measured along the 𝑦b-axis 

𝑦s  m Distance from the 𝐶1/2-center to the shear center, measured along the 
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𝑦c2-axis 

𝑦t  m Coordinate in the tower top coordinate system, the axis points to the side 

𝑧   m Coordinate in the global coordinate system, the axis points vertically 
upwards 

𝑧b  m Coordinate in the blade root coordinate system along the pitch axis 

𝑧mb   m Distance from the center of the blade root coordinate system to the 𝐶1/2-

center of the local airfoil coordinate system, measured along the pitch 𝑧b-
axis 

𝑧t  m Coordinate in the tower top coordinate system, the axis points vertically 
upwards 

𝛺   rpm Rotor and generator rotational speed 

𝛺min  rpm Minimum rotational speed when the generator is put online 

𝛺r  rpm Rated rotor and generator rotational speed 

𝜂tot  % Total (combined mechanical and electrical) turbine efficiency 

𝜃cone  ° Blade cone angle in the upwind direction, measured between the rotor 

plane and the pitch 𝑧b-axis 

𝜃p  ° Blade pitch angle around the pitch 𝑧b-axis, positive in the clockwise 

direction 

𝜃tilt  ° Shaft tilt angle upwards from the horizontal plane 

𝜃twist  ° Local aerodynamic twist angle between the plane created by 𝑥b- and 𝑧b-
axes of the blade root coordinate system, and the chord, positive in the 
upwind direction 

𝜃Z  ° Local structural twist angle between the 𝑥c2-axis and the main principal 
bending 𝑥ec-axis 

𝜆   - Blade tip speed ratio 

𝜆max  - Blade tip speed ratio at which 𝐶p reaches its maximum value 

𝜆r  - Blade rated tip speed ratio, calculated as: 𝑉tip,r/𝑉r 

𝜓r  W/m² Specific power per rotor-swept area 
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1   
Introduction 

Detailed wind turbine models for load simulations are essential for many research topics 

as they build the base for the verification and validation of most of the different 

disciplines in wind energy research. Turbine models, for example, the NREL 5-MW 

Offshore Baseline Turbine [1] or the DTU 10-MW Reference Wind Turbine [2], were 

developed in the last years and are used to contribute to wind turbine research especially 

in terms of further development of turbine design, controllers, and engineering methods 

on wind turbines. 

A new state-of-the-art 7.5 MW turbine model was designed within the Smart Blades 

project funded by the German Federal Ministry for Economic Affairs and Energy. This 

turbine model has a specific design focus on the rotor blades. 

This specification includes technical data to implement the numerical turbine model in a 

simulation environment and serves as a baseline for detailed component design and 

scientific research. 

This report is part of the large package, which consists of a number of files with detailed 

definitions of various wind turbine components and aeroelastic models. The entire 

package can be downloaded from the Fraunhofer GitLab repository:  

https://gitlab.cc-asp.fraunhofer.de/iwt/iwt-7.5-164  

The folder structure of the provided repository is shown in Figure 1-1. Multiple files are 

hyperlinked to this report with the relative path links. The relative hyperlinks in this 

report will only work if this report is opened from the following relative 

directory:  

..\IWT-7.5-164\1 Report 

The onshore version of the turbine model described in this report, as it was developed in 

the Smart Blades project, is also named “SB-ReferenceTurbine” elsewhere (which is an 

abbreviation for “Smart Blades Reference Turbine”). For referencing in publications, the 

citation rule indicated on the front page has to be applied. 

 

https://gitlab.cc-asp.fraunhofer.de/iwt/iwt-7.5-164
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Figure 1-1: Folder structure and folder content 
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2   
Coordinate systems 

Five coordinate systems are defined for the model – the global coordinate system, the 

tower top coordinate system, the blade root coordinate system, the local airfoil 

coordinate system, and the local airfoil elastic coordinate system, respectively. 

2.1  
Global coordinate system 

The global coordinate system is shown in Figure 2-1. It is a right hand Cartesian 

coordinate system. Its origin lays at the tower bottom where the horizontal plane crosses 

the tower centerline. The 𝑥-axis points downwind with respect to the main wind 

direction; the 𝑦-axis points to the side; the 𝑧-axis points vertically upwards. 

z
xy

Fz

Fx
Fy

Mz

My Mx

 

Figure 2-1: Global coordinate system – modified sketch from [3] 
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2.2  
Tower top coordinate system 

The tower top coordinate system is shown in Figure 2-2. Its origin is located at the point 

where the tower top horizontal plane crosses the vertical centerline of the tower. It is a 

right hand Cartesian coordinate system, where: 

 The 𝑥t-axis points downwind with respect to the main wind direction. 

 The 𝑦t-axis points to the side. 

 The 𝑧t-axis points vertically upwards. 

zt

xt
yt

Fzt

Fxt
Fyt

Mzt

Myt Mxt

 

Figure 2-2: Tower top coordinate system – modified sketch from [3] 

2.3  
Blade root coordinate system 

The blade root coordinate system is shown in Figure 2-3. It is a right hand Cartesian 

coordinate system, which: 

 Is located at the center of the blade root plane, with the distance, 𝑅hub, from 

the centerline of the main shaft. 

 Is tilted with the shaft tilt angle, 𝜃tilt. 

 Is coned with the rotor cone angle, 𝜃cone. 

 Pitches in the clockwise direction, around the pitch 𝑧b-axis, with the blade pitch 

angle, 𝜃p. This means that: 

o In case of 𝜃p =  0°, the 𝑥b-axis is parallel to the rotor plane and points 

towards the rotational direction; the 𝑦b-axis points downwind; the pitch 

𝑧b-axis points radially outwards. 

o In case of 𝜃p =  90°, the 𝑥b-axis points upwind; the 𝑦b-axis is parallel to 

the rotor plane and points towards the rotational direction; the pitch 

𝑧b-axis points radially outwards. 

 Rotates with the rotor. 
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Figure 2-3: Blade root coordinate system for pitch angle of 0° – modified sketch from [3] 

 

2.4  
Local airfoil coordinate systems 

The local airfoil coordinate systems are shown in Figure 2-4. 

The origin (marked with a black dot) of the local airfoil coordinate system, 𝐶1/2, is located 

in the middle of the chord. Its position with respect to the blade root coordinate system 

is defined with 𝑥mb-, 𝑦mb- and 𝑧mb-distances. The local airfoil coordinate system, 𝐶1/2, is 

a right hand Cartesian coordinate system where: 

 The 𝑥c2-axis points towards the leading edge of the airfoil. 

 The 𝑦c2-axis is perpendicular to the chord and points towards the suction side 

of the airfoil. 

 The 𝑧c2-axis is perpendicular to the airfoil cross-section and points along the 

blade curved centerline towards the blade tip. 

 The rotation of the local airfoil coordinate system, 𝐶1/2, around the pitch 𝑧b-axis 

is indicated by the local aerodynamic twist angle, 𝛩twist. The positive direction is 

indicated with an arrow pointing upwind, from the plane created by the 𝑥b- and 

𝑧b-axis of the blade root coordinate system, towards the chord. 

The local airfoil elastic coordinate system is centered at the elastic center (marked with a 

red dot). Its position with respect to the local airfoil coordinate system, 𝐶1/2, is defined 

with 𝑥e-, and 𝑦e-distances. It is a right hand Cartesian coordinate system where: 

 The local structural twist angle, 𝛩Z, between the chord line and the 𝑥ec-axis 

defines the orientation of the local airfoil elastic coordinate system axes. The 

positive direction of 𝛩Z is indicated with an arrow pointing towards the suction 

side of the airfoil. 

 The 𝑦ec-axis is perpendicular to the 𝑥ec-axis. 

 The 𝑧ec-axis is perpendicular to the cross-section plane of the airfoil and points 

towards the blade tip. 
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Figure 2-4: Local airfoil coordinate systems 

Definitions of various centers within the airfoil cross-section: 

 Elastic center: The point in the airfoil cross-section where an axial force (in the 

𝑧ec-direction) does not contribute to bending around the 𝑥ec- or 𝑦ec-axis but to 

pure axial strain. The elastic center is located at the intersection point of the 

principal bending axes 𝑥ec and 𝑦ec. In this document, the curve connecting the 

elastic centers of all cross sections is called the elastic axis.1 

 Shear center: The point in the airfoil cross-section where the application of a 

shear force results in pure bending without any beam twist (no torsion). 

 Mass center: The point where the center of mass of the airfoil cross-section is 

located. 

 Aerodynamic reference point: The point in the airfoil cross-section where the 

lift, drag, and pitching moment coefficients of the respective airfoil are defined.2 

For slender profiles, the aerodynamic reference point is usually set at 25% of 

the chord length as shown in Figure 2-4, but for thicker profiles, this is not 

always the case. 

 Threading point: In case of a blade without the pre-bend and the pre-sweep, 

the threading line coincides with the pitch axis. For the IWT-7.5-164, the 

threading line is curved with the pre-bend function with respect to the 𝑧b-pitch 

axis. 

 

 

 

1 Sometimes this curve is also called the neutral axis, while some authors define the elastic axis as the curve 

connecting all shear centers. However, this is not the sense to be used in this document. 
2 This point is often called the aerodynamic center of the profile, but as the reference point does not necessarily 

coincide with the aerodynamic center, this term is not used in this document. 
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2.5  
Blade centerline vs. blade pitch axis 

Figure 2-5 shows the straight blade pitch 𝑧b-axis and the curved centerline of the blade, 

passing through the 𝐶1/2-centers of the airfoils. The structural blade properties are 

defined at the distances measured along the curved centerline of the blade, whereas 

geometrical properties are provided at the distances measured along the blade pitch 𝑧b-

axis. 

 

Figure 2-5: Blade centerline vs. blade pitch 𝒛𝐛-axis presented in blade root coordinate 
system 
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3   
Wind turbine model definition 

The goal was to design a large state-of-the-art upwind 3-bladed turbine with a relatively 

low rated power per swept area, a direct drive generator and a load-optimized control 

strategy and blade design. In order to facilitate comparability with industry turbines, the 

IWES Wind Turbine IWT-7.5-164 is designed according to the wind class IEC A1 [4]. 

Although sites with wind class A1 are rare, these conditions have been chosen to include 

the worst-case scenarios in terms of turbulence and extreme wind speeds. Table 3-1 

summarizes the main parameters of the IWT-7.5-164 turbine. 

Table 3-1: Summary of main turbine properties 

Variable Value Unit Description 

𝑃r  7542 kW Generator rated electrical power including losses 

𝐷RN  163.44 m Nominal rotor diameter (unconed blades) 

𝐷R  163.34 m Rotor diameter with coned blades 

𝑅H  2 m Hub radius 

𝑙BC  79.98 m Arc length of the blade, measured along the blade 

centerline. (In the blade definition, the last 2 cm are 

omitted, because the tip itself is a point without 

aerodynamic or structural features.) 

𝑙B  79.72 m Blade length along the pitch 𝑧b-axis 

𝑉in  3  m/s Cut-in wind speed 

𝑉r  11.7 m/s Rated wind speed 

𝑉out  25  m/s Cut-out wind speed 

𝑉tip,r  85.53  m/s Rated tip speed 

𝛺min  5  rpm The minimum rotational speed of the rotor when the 

generator is switched on 

𝛺r  10  rpm Rated rotational speed of the rotor 

𝜆r   7.31 - Rated tip speed ratio 

𝐶a  0.8 - Nacelle aerodynamic drag coefficient 

𝜃cone  2 ° Blade cone angle in the upwind direction, measured 

between the unconed rotor plane and the pitch 𝑧b-axis 

𝜃tilt  5 ° Shaft tilt angle upwards from the horizontal plane 

𝑚RNA  536.78  t Mass of rotor-nacelle assembly 

𝑚B  30.93 t Single blade mass 

𝜓r  360  W/m² Specific power per rotor swept area 

𝜂tot  95 % Total (combined mechanical and electrical) turbine 

efficiency 
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3.1  
Rotor-nacelle assembly 

Mass, centers of gravity (CG) and moments of inertia for different components of the 

rotor-nacelle assembly (RNA) are listed in Table 3-2, Table 3-3 and Table 3-4, respectively. 

Figure 3-1 shows the basic geometry of the RNA and positions of different CGs. 

Table 3-2: Mass breakdown of RNA components 

Component Mass [t] Description 

Nacelle 250.00 
Mass includes main bearings, main frame, nacelle 
housing, yaw drive, yaw bearing, internal systems 

Rotor 
Hub 104.00 

Mass includes hub casting, pitch bearings, pitch 
system, spinner 

3 Blades 92.78 - 

Generator 
Rotor 60.30 - 

Stator 29.70 - 

Total RNA 536.78 Summary of all masses 

 
Table 3-3: Centers of gravity for nacelle, generator, and hub in tower top coordinate 
system, as shown in Figure 3-1 

Component Coordinates of CG [m] Description 

Nacelle 

𝑥t = 1.5  Downwind from tower vertical axis 

𝑦t = 0 At tower vertical axis 

𝑧t = 3.05 Vertical from tower top plane 

Generator 

𝑥t = 0  At tower vertical axis 

𝑦t = 0 At tower vertical axis 

𝑧t = 4 - 6.2 sin(𝜃𝑡𝑖𝑙𝑡) ≈ 3.46 Vertical from tower top plane 

Hub 

𝑥t = - 6.2 cos(𝜃𝑡𝑖𝑙𝑡) ≈ - 6.18  Upwind from tower vertical axis 

𝑦t = 0 At tower vertical axis 

𝑧t = 4 Vertical from tower top plane 

 
Table 3-4: Moment of inertia of nacelle, hub, and generator 

Component I [kg m²] Description 

Nacelle 

2.48E+6 Rolling inertia (side-to-side) about nacelle CG 

7.19E+6 Yaw inertia about tower central 𝑧𝑡-axis at nacelle CG 

7.05E+6 Nodding inertia (fore-aft) about nacelle CG 

Generator 

Stator 

2.57E+5 About tilted shaft axis at generator CG 

1.51E+5 Perpendicular to rotating shaft axis at generator CG 

1.51E+5 Perpendicular to rotating shaft axis at generator CG 

Rotor 

5.22E+5 About tilted shaft axis at generator CG 

3.06E+5 Perpendicular to rotating shaft axis at generator CG 

3.06E+5 Perpendicular to rotating shaft axis at generator CG 

Hub 

3.74E+5 About tilted shaft axis at hub CG 

- Perpendicular to rotating shaft axis at hub CG 

- Perpendicular to rotating shaft axis at hub CG 
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Figure 3-1: Schematic sketch of RNA geometry and centers of gravity positions 

A supplementary information concerning the design of the nacelle housings and the 

spinner is presented in Appendix C. Note that this information is not crucial for the setup 

of the aeroelastic models of the IWT-7.5-164 turbine.  
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3.1.1  

Blade 

The blade model described in this section is based on a three-dimensional blade design. 

In this 3D blade design, the structure was designed according to GL guideline [5] based 

on selected design load cases from IEC [4]. For the fatigue analysis, the maximum strain 

approach [5] was applied. The stability of the spar cap region was design-driving, which 

resulted in a lightweight split spar cap concept rather than a continuous spar cap concept 

[6]. The 3D blade design was subsequently transformed into a beam model by calculating 

the stiffness and mass matrices of specific cross-sections. 

In this section, the structural, geometrical and aerodynamic designs of the blade in terms 

of the beam model are described. General blade properties are listed in Table 3-5. Pre-

bending in the flapwise direction is applied to increase the tower clearance. 

Table 3-5: General blade properties 

Variable Value Unit Description 

𝑙BC  79.98  m Arc length of the blade, measured along the blade centerline 

(Note, that in the blade definition, the last 2 cm are omitted, 

because the tip itself is a point without aerodynamic or 

structural features) 

𝑒pb,tip  - 4.5  m Blade pre-bend at the blade tip, measured along 𝑦b-axis 

𝜆r   7.31 - Rated tip speed ratio 

𝑚B  30.93 t Single blade mass 

 

3.1.1.1  

Structural properties 

The structural properties of the blade were derived from BECAS [7] at 84 discrete 

positions measured from the center of the blade root coordinate system along the curved 

centerline of the blade, as shown in Figure 2-5. 

The structural properties are plotted in Figure 3-2 to Figure 3-10. Their descriptions are 

provided in Table 3-6. They are defined with respect to the local airfoil coordinate system, 

which is centered at the half chord length 𝐶1/2 of each airfoil, as shown in Figure 2-4. 

The numerical values of the majority structural properties can be found in the Excel file, 

in the spreadsheet called “BECAS - structural data” under the following hyperlink (please 

refer to the Introduction section for more information on how to use the relative links): 

IWT-7.5-164 - Blade definition 

The Excel file automatically converts and interpolates structural properties from the 

BECAS coordinate system to the coordinate systems of three aeroelastic tools: Bladed, 

HAWC2, and the IWES in-house tool MoWiT (Modelica for Wind Turbines). The local 

airfoil coordinate systems of these tools are visualized in the respective Excel sheets. The 

../2%20Components/Blade/IWT-7.5-164%20-%20Blade%20definition.xlsx
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conversion and interpolation of data can be done for an arbitrary number of discrete 

positions. 

The full 6x6 stiffness and mass matrices are also available, for 𝐶1/2 and the threading1 

point as reference points, in BECAS_2D.out files. The files can be found under the 
following hyperlinks (please refer to the Introduction section for more information on 
how to use the relative links): 

 Stiffness and mass matrices w.r.t 𝐶1/2-centers (see Figure 2-4). 

 Stiffness and mass matrices w.r.t threading points (see Figure 2-4). 

Table 3-6: Description of structural variables 

Variable Unit Description 

𝑟    m Curved length distance from the center of the blade root coordinate 
system to 𝐶1/2-centers of the local airfoil coordinate systems, measured 

along the blade centerline, as shown in Figure 2-5 

𝑥e  m Distance from the 𝐶1/2-center to the elastic center, measured along the 

𝑥c2-axis, as shown in Figure 2-4 

𝑦e  m Distance from the 𝐶1/2-center to the elastic center, measured along the 

𝑦c2-axis, as shown in Figure 2-4 

𝑥m  m Distance from the 𝐶1/2-center to the mass center, measured along the 

𝑥c2-axis, as shown in Figure 2-4 

𝑦m  m Distance from the 𝐶1/2-center to the mass center, measured along the 

𝑦c2-axis, as shown in Figure 2-4 

𝑥s  m Distance from the 𝐶1/2-center to the shear center, measured along the 

𝑥c2-axis, as shown in Figure 2-4 

𝑦s  m Distance from the 𝐶1/2-center to the shear center, measured along the 

𝑦c2-axis, as shown in Figure 2-4 

𝑟ix  m Radius of gyration w.r.t. rotation about principal bending 𝑥ec-axis 

𝑟iy  m Radius of gyration w.r.t. rotation about principal bending 𝑦ec-axis 

𝐴   m2 Cross-sectional area of the airfoil 

𝐼x  m4 Area moment of inertia about principal bending 𝑥ec-axis 

𝐼y  m4 Area moment of inertia about principal bending 𝑦ec-axis 

𝐾  m4/rad Torsional stiffness constant about 𝑧ec-axis. For a circular section, it is 
identical to the polar moment of inertia 

𝑚  kg/m Mass per unit length 

𝑘x  - Shear factor in principal bending 𝑥ec-direction 

𝑘y  - Shear factor in principal bending 𝑦ec-direction 

𝜃Z  ° Local structural twist angle, measured between the 𝑥c2-axis and the main 
principal bending 𝑥ec-axis, as shown in Figure 2-4 

𝐺  N/m² Shear modulus 

𝐸  N/m² Young’s modulus 

 

 

1 In case of a blade without the pre-bend and the pre-sweep, the threading line coincides with the pitch axis. 

For the IWT-7.5-164, the threading line is curved with the pre-bend function with respect to the 𝑧b-pitch axis. 

../2%20Components/Blade/Structural%20properties/C12%20local%20airfoil%20coordinate%20system
../2%20Components/Blade/Structural%20properties/Threading%20point%20local%20coordinate%20system
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Figure 3-2: 𝒙𝐦, 𝒚𝐦 distances to mass center; 𝒙𝐬, 𝒚𝐬  distances to shear center; 𝒙𝐞, 𝒚𝐞  
distances to elastic center – all in local airfoil coordinate system 

 

Figure 3-3: Radius of gyration 𝒓𝐢𝐱 and 𝒓𝐢𝐲 with respect to rotations about principal 

bending 𝒙𝐞𝐜- and 𝒚𝐞𝐜-axis 

 
 

Figure 3-4: Cross-sectional area 𝑨 of airfoil 
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Figure 3-5: Area moments of inertia 𝑰𝐱 and 𝑰𝐲 about principal bending 𝒙𝐞𝐜- and 𝒚𝐞𝐜-axis 

 

Figure 3-6: Torsional stiffness constant 𝑲 about 𝒛𝐞𝐜-axis 

 

Figure 3-7: Mass distribution per unit length 
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Figure 3-8: Shear factors 𝒌𝐱 and 𝒌𝐲 in principal bending 𝒙𝐞𝐜- and 𝒚𝐞𝐜-axis 

 

Figure 3-9: Local structural twist angle 𝜽𝐙 between 𝒙𝐜𝟐-axis and main principal bending 
𝒙𝐞𝐜-axis 

 

Figure 3-10: Shear modulus 𝑮 and Young's modulus 𝑬 
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3.1.1.2  

Geometrical properties 

The geometrical properties of the blade were modeled with a spline-based, in-house 

aerodynamic tool. The tool generates a continuous geometry model, based on turbine 

parameters, the baseline airfoils (shape and polars) and the blade length. From this 

model, 75 discrete positions, measured from the center of the blade root coordinate 

system along the blade pitch 𝑧b-axis, were derived, as shown in Figure 2-5. 

The blade geometry is specified in terms of the blade centerline coordinates, the chord 

length, twist angle, relative thickness, alignment position, and pre-bend distributions. 

The description of the blade geometrical properties is listed in Table 3-7. The distribution 

of these properties along the blade pitch 𝑧b-axis is plotted in Figure 3-11 to Figure 3-13. 

Table 3-7: Description of blade geometrical properties 

Variable Unit Description 

𝑥mb   m Distance from the center of the blade root coordinate system to 
the 𝐶1/2-center of the local airfoil coordinate system, measured 

along the 𝑥b-axis, as shown in Figure 2-4 

𝑦mb   m Distance from the center of the blade root coordinate system to 
the 𝐶1/2-center of the local airfoil coordinate system, measured 

along the 𝑦b-axis, as shown in Figure 2-4 

𝑧mb   m Distance from the center of the blade root coordinate system to 
the 𝐶1/2-center of the local airfoil coordinate system, measured 

along the pitch 𝑧b-axis 

𝑐  m Chord length, distance between the leading and trailing edges, as 
shown in Figure 2-4 

𝑒pb  m Pre-bending from the pitch 𝑧b-axis to the chord line, measured 
along the 𝑦b-axis, as shown in Figure 2-4. This definition is correct, 
as long the pre-sweep is zero 

𝜃twist  ° Local aerodynamic twist angle between the plane, created by 𝑥b- 
and 𝑧b-axis of the blade root coordinate system, and the chord, 
positive in the upwind direction, as shown in Figure 2-4 

𝑡/𝑐 % Blade thickness ratio, defined as the largest distance between the 
suction side and the pressure side of the airfoil on a line 
perpendicular to the camber line, to the chord length 

𝑥pa  % Distance from the airfoil leading edge to the pitch 𝑧b-axis, divided 
by the chord length, measured along the 𝑥c2-axis, as shown in 
Figure 2-4 

 

The numerical values of all geometrical properties can be found in the Excel file, in the 

spreadsheet called “Geometry” under the following link (please refer to the Introduction 

section for more information on how to use the relative links): 

IWT-7.5-164 - Blade definition 

The Excel file also automatically converts and interpolates geometrical properties to the 

coordinate systems of three aeroelastic tools: Bladed, HAWC2, and MoWiT. The local 

airfoil coordinate systems of these tools are visualized in the respective Excel sheets. 

../2%20Components/Blade/IWT-7.5-164%20-%20Blade%20definition.xlsx#'Geometry'!A1


Fraunhofer IWES  IWES Wind Turbine IWT-7.5-164 Rev 4    26 | 50 

 

 

 

Wind turbine model definition 

 

 

Figure 3-11: Chord length 𝒄 and pre-bend 𝒆𝐩𝐛 

 

Figure 3-12: Local aerodynamic twist angle 𝜽𝐭𝐰𝐢𝐬𝐭 

 

Figure 3-13: Relative thickness 𝒕/𝒄 and 𝒙𝐩𝐚-distance 
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3.1.1.3  

Aerodynamic properties 

The aerodynamic design of the blade relies on two different families of airfoils: 

 For the inner part of the blade, where the relative thickness exceeds the 35% 

threshold, three baseline airfoils developed at Fraunhofer IWES are considered 

[8], [9]. 

 For the outer part of the blade, where the relative thickness is equal or below 

the 35% threshold, four baseline airfoils developed at the TU Delft are 

considered [10], [11]. 

The relative thicknesses of the baseline airfoils and their spanwise locations are given in 

Table 3-8. The discretization of the entire blade geometry is achieved by generation of 

the so-called “blended” airfoil shapes, which are obtained by the linear interpolation of 

the two neighbor baseline airfoils, weighted by the relative spanwise distance. 

The lift, drag and pitching moment aerodynamic coefficients for the baseline, as well as 

the blended airfoil shapes, are available in the Aerodynamic properties folder (please 

refer to the Introduction section for more information on how to use the relative links). 

These quantities are computed in RFOIL, a viscid-inviscid-interactive panel code coupled 

with integral boundary-layer equation [12], then corrected for the rotational effects and 

extrapolated for the angles of attack from -180° to 180°. 

The operating conditions, for which the results have been obtained, are described in the 

following spreadsheet (please refer to the Introduction section for more information on 

how to use the relative links): 

Polars 

A detailed discussion of the procedure behind the generation of the aerodynamic data 

is available in Appendix A. 

Table 3-8: Relative thickness and position along pitch 𝒛𝐦𝐛-axis of baseline airfoils 

Airfoil Name 
𝒕/𝒄 

 
𝒛𝐦𝐛 

 
- m 

Circle 1.00 0.00 

IWES-A1 600-180 0.60 10.33 

IWES-A1 500-100 0.50 13.76 

IWES-A1 400-050 0.40 24.25 

DU 00-W2-350 0.35 34.80 

DU 91-W2-250 0.25 58.60 

DU 08-W-210-6.5 0.21 70.47 

DU 08-W-180-6.5 0.18 79.98 

  

../2%20Components/Blade/Aerodynamic%20properties
../2%20Components/Blade/Aerodynamic%20properties/2018-07-03%20Operating%20Conditions.xlsx#'README'!A1


Fraunhofer IWES  IWES Wind Turbine IWT-7.5-164 Rev 4    28 | 50 

 

 

 

Wind turbine model definition 

 

3.1.2  

Performance coefficients 

The aerodynamic coefficients for power, thrust and torque are presented in Figure 3-14 

to Figure 3-16. The curves were generated with the turbine models implemented in 

Bladed V4.9 (see Section 5.1), with the following settings: 

 Steady-state simulations with BEM theory. 

 Fully-flexibly turbine simulated with 7 blade modes and 9 support structure 

modes. 

 The Prandtl tip loss correction activated. 

 Aerodynamics skew wake correction model switched off. 

 Aerodynamics dynamic stall model switched off. Steady lift, drag and moment 

coefficient curves were used instead. 

 Aerodynamics dynamic wake model set to equilibrium wake. 

 

Figure 3-14: Power coefficient 𝑪𝐏 as a function of tip speed ratio 𝝀 

 

Figure 3-15: Thrust coefficient 𝑪𝐓 as a function of tip speed ratio 𝝀 
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Figure 3-16: Torque coefficient 𝑪𝐐 as a function of tip speed ratio 𝝀 

 

 

Figure 3-17: Power and thrust coefficients as a function of wind speed 𝑽 

 

Figure 3-18: Tip speed ratio 𝝀 as a function of wind speed 𝑽 
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3.1.3  

Steady-state performance 

The steady state performance calculation was performed with turbine models 

implemented in Bladed V4.9 (see Section 5.1) with the following settings: 

 Steady-state simulations with BEM theory. 

 Uniform wind speed changing from 𝑉in to 𝑉out. 

 The entire turbine was set as rigid. 

 The Prandtl tip loss correction activated. 

 The aerodynamics skew wake correction model and the dynamic stall model 

were switched off. 

 The aerodynamics dynamic wake model was set to equilibrium wake. 

The power, thrust and the pitch angle curves are shown in Figure 3-19, Figure 3-20, and 

Figure 3-21, respectively. Figure 3-22 shows the torque-speed-curve. 

 

Figure 3-19: Power curve including losses 

 

Figure 3-20: Thrust force 𝑻 as a function of wind speed 𝑽 
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Figure 3-21: Pitch angle 𝜽𝐏 as a function of wind speed 𝑽 

 

Figure 3-22: Generator torque 𝑸 as a function of rotor speed 𝜴 
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3.2  
Onshore and offshore support structures 

The IWT-7.5-164 turbine model is available with onshore and offshore monopile support 

structures. Their basic properties are presented in Table 3-9. 

The onshore support structure consists of the concrete bottom part and the steel tower. 

This approach was also successfully used for the Multibrid M5000 prototype [13]. 

The offshore support structures are made of steel. They consist of the pile, transition 

piece, and the tower. They were designed by Ramboll within the SeaLOWT and TANDEM 

projects. 

Table 3-9: Basic properties of monopile support structures 

Property Onshore Offshore 

SeaLOWT 

Offshore 

TANDEM 

Mass 1467.4 t 1605.1 t 1589.4 t 

Hub height 120 m 102.5 m above 

MSL 

111.6 above MSL 

Total height of the support structure 116 m 133.5 m  169.6 

Mean sea level - 35 m 30 m 

Pile penetration depth into the 

seabed 

- 32 m 32 m 

Foundation model rigid 6 DOFs stiffness 

matrix, which  

represents the 

part of the pile 

below seabed and 

the soil 

6 DOFs stiffness 

matrix, which  

represents the 

part of the pile 

below seabed and 

the soil 

First eigenfrequency including the 

influence of prescribed foundation 

model, and mass and inertia of the 

rigid RNA 

0.254 Hz 0.216 Hz 0.226 Hz 

Material concrete/steel steel steel 

Design concept soft-stiff soft-stiff soft-stiff 

 

Detailed structural and geometrical properties are available in the following Excel files 

(please refer to the Introduction section for more information on how to use the relative 

links): 

 Onshore monopile support structure 

 Offshore monopile support structure – SeaLOWT 

 Offshore monopile support structure – TANDEM  

../2%20Components/Support%20structures/Onshore%20monopile%20support%20structure.xlsx#'Rev info'!A1
../2%20Components/Support%20structures/Offshore%20monopile%20support%20structure%20-%20SeaLOWT%20Final%20design.xlsx#'Rev info'!A1
../2%20Components/Support%20structures/Offshore%20monopile%20support%20structure%20-%20TANDEM.xlsx#'Rev info'!A1
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3.3  
Eigenfrequencies and Campbell diagram 

Possible resonant vibrations of the turbine resulting from interaction with the spinning 

rotor are identified in the Campbell diagram, where the coupled system eigenfrequencies 

are plotted versus the rotational speed of the rotor. The inclined lines are multiples of 1P 

(rotor full revolution) and 3P (the tower passage of the blades) frequencies. The 

resonance may occur when the inclined lines intersect with the turbine eigenfrequencies. 

These frequencies usually do not have an ideal horizontal trend. They can vary depending 

on the rotor rotational speed and the associated centrifugal stiffening effect. They are 

also influenced by backward and forward whirling modes of the rotor and by the 

aerodynamic loads. The Campbell diagrams for the IWT-7.5-164 turbine model with 

onshore and offshore support structures are shown in Figure 3-23, Figure 3-24 (for the 

SeaLOWT monopile) and Figure 3-25 (for the TANDEM monopile). All three diagrams 

were derived from Bladed V4.9 models as presented in Section 5.1. 

It should be noted that: 

 The multiple blade coordinate transform [14] was used to ensure that the 

conversion from the rotating coordinate system of the blades and hub, to the 

stationary coordinate system of the tower, is done in the correct way. This 

procedure is required for the correct interpretation of the dynamic interaction 

between the rotation part (rotor) and the non-rotation part (support structure 

and nacelle). 

 In case of a typical “soft-stiff” design approach for the bottom-fixed structures, 

the 1st fore-aft and side-to-side eigenfrequencies of the turbine should be 

located between the 1P and 3P frequencies of the permissible rotational speed 

of the rotor in order to avoid the excitation of these dominant modes. 

 The 1P and 3P frequencies and the eigenfrequencies of the turbine should not 

be within ±5% of each other. In addition, the calculation uncertainties should 

be considered by including a safety margin of ±5% [15]. This leads to a total 

safety margin of 10%. The margin of more than 10% was achieved for the 

offshore support structures as shown in Figure 3-24 and Figure 3-25. In case of 

the onshore support structure, the 3P-excitation crosses the 1st eigenmode of 

the structure at the minimum rotational speed of 5 rpm (marked with red circle 

in Figure 3-23). However, the time domain simulations for the region around 5 

rpm showed that the aerodynamic and structural damping will damp out 

possible excitations. 
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Figure 3-23: Campbell diagram for IWT-7.5-164 with onshore support structure for its 
entire operating region between cut-in and cut-out wind speeds 

 

Figure 3-24: Campbell diagram for IWT-7.5-164 with SeaLOWT offshore support 
structure for its entire operating region between cut-in and cut-out wind speeds 
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Figure 3-25: Campbell diagram for IWT-7.5-164 with TANDEM offshore support structure 
for its entire operating region between cut-in and cut-out wind speeds 
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4   
Controller 

The Bladed built-in controller is adapted for the IWT-7.5-164 turbine model implemented 

in Bladed V4.9. 

 

The Basic DTU Wind Energy controller [16] [17] is adapted for the IWT-7.5-164 turbine 

model implemented in HAWC2. 

 

It should be noted that these are two different controllers with different control settings. 

The controller highly influences turbine dynamics; therefore, the simulation results might 

not be comparable between these two models.  
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5   
Numerical models of the IWT-7.5-164 turbine 

This section describes the numerical models of the IWT-7.5-164 wind turbine. The 

models are implemented in two aeroelastic tools – Bladed V4.9 and HAWC2, and the 

MATLAB Simulink S-function exported from the in-house aeroelastic tool MoWiT. The 

models are available in the Aeroelastic models (please refer to the Introduction section 

for more information on how to use the relative links). 

Table 5-1: Overview of the IWT-7.5-164 aeroelastic models 

 Bladed V4.9 HAWC2 
MATLAB Simulink  

S-function 

Blade structural 
and geometrical 
properties 

 Reduced set, 
derived at 32 
discrete 
positions 

 Full set consisting of 
84 discrete positions 
for structural data and 
75 discrete positions 
for geometrical data 

 Reduced set, derived 
at 32 discrete 
positions 

 Reduced set, 
derived for 31 
members 

Controller Bladed built-in Basic DTU Wind Energy 
controller 

– 

Onshore support 
structure 

✔ ✔ ✔ 

Offshore support 
structures 

✔ ✘ ✘ 

 

5.1  
Bladed V4.9 

The IWT-7.5-164 wind turbine with the onshore and offshore support structures is 

implemented in Bladed V4.9. Three numerical models are available under the following 

directory (please refer to the Introduction section for more information on how to use 

the relative links): 

Bladed V4.9 models 

It should be noted that all Bladed models: 

 Are based on a reduced set of structural and geometrical blade properties 

redistributed at 32 discrete positions along the blade. This set of properties was 

derived and interpolated from the original data set (84 discrete positions for 

structural data and 75 discrete positions for geometrical data). All blade 

properties are available in the IWT-7.5-164 - Blade definition file (please refer to 

the Introduction section for more information on how to use the relative links). 

 Are only provided with the Bladed built-in controller. The built-in controller was 

tuned using the automatic tuning procedure in Bladed. 

 

 

../3%20Aeroelastic%20models
../3%20Aeroelastic%20models/1%20Bladed%20V4.9
file://///iwes.fraunhofer.de/Data/OE/OE200/111_AnlagenSimulationsModelle/IWT-7.5-164/Rev%204/2%20Components/Blade/IWT-7.5-164%20-%20Blade%20definition.xlsx%23'Bladed'!A1
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5.2  
HAWC2 

The IWT-7.5-164 wind turbine with the onshore support structure is available under the 

following link (please refer to the Introduction section for more information on how to 

use the relative links): 

HAWC2 model 

It should be noted that the HAWC2 model: 

 Can be used with both: 

 The full set of structural and geometrical blade properties (84 discrete 

positions for structural data, where the first section at 𝑟 = 0.0 m is a 

copy of the data at 𝑟 = 0.1 m calculated with BECAS; and 75 discrete 

positions for geometrical data). 

 The reduced set of structural and geometrical blade properties 

redistributed at 32 discrete positions along the blade. This set of 

properties was derived and interpolated from the full set of data All 

blade properties are available in the IWT-7.5-164 - Blade definition file 

(please refer to the Introduction section for more information on how 

to use the relative links). 

 Is provided with the HAWC2 style DLL (Basic DTU Wind Energy controller with 

adapted properties). 

5.3  
MATLAB Simulink S-function 

The IWT-7.5-164 wind turbine is modeled in Modelica, an equation-based and object-

oriented modeling language, using the MoWiT library1 developed at Fraunhofer IWES 

[18,19,20]. By means of the simulation environment, Dymola2, this model can be 

compiled for Simulink as an S-function. 

The IWT-7.5-164 wind turbine with the onshore support structure is available under the 

following link (please refer to the Introduction section for more information on how to 

use the relative links): 

MATLAB Simulink S-function 

It should be noted that the MATLAB Simulink S-function is based on a reduced set of 

structural and geometrical blade properties redistributed at 31 members along the blade. 

This set of properties was derived and interpolated from the original data set (83 discrete 

positions for structural data and 75 discrete positions for geometrical data). All blade 

 

 

1 formerly OneWind Modelica library 
2 https://www.3ds.com/products-services/catia/products/dymola/ 

../3%20Aeroelastic%20models/2%20HAWC2
../2%20Components/Blade/IWT-7.5-164%20-%20Blade%20definition.xlsx#'HAWC2'!A1
../3%20Aeroelastic%20models/3%20MATLAB%20Simulink%20S-function
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properties are available in the IWT-7.5-164 - Blade definition file (please refer to the 

Introduction section for more information on how to use the relative links). 

Furthermore, the MATLAB Simulink S-function does not include the wind turbine 

controller. Thus, the provided S-function serves as basis for Simulink users to develop 

their own control algorithms for a fully aeroelastic onshore wind turbine model. 

 
5.3.1  

Using the S-function 

As the MATLAB Simulink S-function interacts with Dymola, the following steps have to 

be completed to ensure a correct setup of Simulink for integration of Dymola and to use 

the provided S-function in the next step. 

1. Install MATLAB including Simulink. The provided S-function can be used for 

certain with MATLAB versions from R2012a (version 7.14) up to R2017a (version 

9.2), as it was compiled with Dymola version 2018 FD01. It might work with 

newer MATLAB versions as well, but this is not guaranteed. 

If the provided S-function should not only be simulated without the DymolaBlock GUI, 

but also the GUI should be used and for example, parameter values are to be changed, 

the following steps are required as well: 

2. Install Dymola (there is no need to have a specific license, as only the installed 

folders are necessary). There is a free test version of Dymola available. 

3. Set up MATLAB Simulink to work with Dymola: 

 Add the Mfiles-directory of Dymola and all of its sub-folders to the 

MATLAB path. Use the button “Set Path” in MATLAB to add the 

Dymola paths at the end of the MATLAB path list. 

4. Ensure the correct setup of MATLAB: 

 Create a new Simulink (test) model. In the Simulink Library Browser look 

for the DymolaBlock library and check whether the DymolaBlock is 

available in Simulink. 

 If the DymolaBlock is not available, check if the Mfiles folders were 

imported successfully. 

To import the provided MATLAB Simulink S-function, open a DymolaBlock in Simulink, 

double-click on the DymolaBlock and click on “Switch to generic import mode” in the 

lower right corner. Browse for the provided S-function file and load the S-function 

(button on the left), however, make sure that the checkbox for omitting the description 

strings is activated. Be careful with selecting the checkbox for generating results, as this 

will create a separate mat-file containing the simulation results, but will have a negative 

effect on the performance in Simulink. 

5.3.2  

Input parameters 

For simulating the wind turbine model some inputs can be modified. The names and 

descriptions of the inputs and parameters are given in Table 5-2 and Table 5-3, 

respectively. Upon request, also other input parameters can be made available to be 

../2%20Components/Blade/IWT-7.5-164%20-%20Blade%20definition.xlsx#'MoWiT'!A1
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modified in the MATLAB Simulink S-function. Furthermore, input signals for the 

controller are required to be provided, as the S-function of the wind turbine model is 

generated excluding the wind turbine controller. This way the user can implement, 

design, and tune his or her own controller for the IWT-7.5-164 wind turbine. 

Table 5-2: Inputs for the MATLAB Simulink S-function 

Within Input Unit Description 

 referencePitchAngle rad Demanded pitch angle for blades 
1, 2, and 3 

 referenceGeneratorTorque Nm Demanded generator torque, > 0 

 Others (brakeSignal, 
pitchRate) 

- Other inputs to the S-function are 
not used and shall be zero 

 

Table 5-3: Parameters for the MATLAB Simulink S-function 

Within Parameter1 Unit Description 

 initialRotorSpeed rad/s Initial rotor speed 

rotor  
→ param 

initialAzimuthAngleBlade1 ° Initial azimuth angle for blade 1 
[0 360]; zero indicates blade 1 
pointing vertically up 

nacelle  
→ param 

initialYawAngle ° Initial nacelle yaw angle; zero 
would be main wind direction 

operatingControl 
→ param 

initialPitchAngle ° Initial pitch angle of blades (one 
scalar value for all three blades) 

wind  
→ param 

vHub m/s Wind speed at hub height 

constDirectionAngle ° Horizontal wind direction angle; 
positive indicates clockwise 
rotation of wind direction around 
𝑧-axis in global coordinate system 
(Figure 2-1) 

constInclinationAngle ° Vertical flow inclination angle; 
positive indicates rising 

  

 

 

1 Only available if DymolaBlock is installed (see 5.3.1). 
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5.3.3  

Simulation outputs 

The outputs of the MATLAB Simulink S-function are described in Table 5-4. Upon 

request, also other output signals can be included in the MATLAB Simulink S-function. 

Table 5-4: Outputs from the MATLAB Simulink S-function 

Output parameter Unit Description 

HubWindSpeed m/s 
Free-stream wind speed at hub height in 𝑥-, 𝑦- and 𝑧-
directions, according to the global coordinate system 
(Figure 2-1) 

generatorPower W Generator rated electrical power including losses 

generatorTorque Nm Generator torque without losses 

generatorSpeed rad/s Generator speed 

currentPitchAngle rad Pitch angles of blades 1, 2, and 3 

azimuth rad Azimuth angle of blades 1, 2, and 3 

bladeRootBending_Mx Nm 
In-plane bending moment at root of blades 1, 2, and 3, 
tilted, rotating, coned, not pitched, not twisted 

bladeRootBending_My Nm 
Out-of-plane bending moment at root frame of blades 1, 
2, and 3, tilted, rotating, coned, not pitched, not twisted 

rotorSpeed rad/s Rotor rotational speed 

rotorTorque Nm Aerodynamic rotor torque 

rotorThrust N Aerodynamic rotor thrust 

towerTop_displacements m 
Tower-top displacements in 𝑥-, 𝑦- and 𝑧-directions, 
according to the tower-top coordinate system (Figure 2-2) 

towerTop_rotations rad 
Tower-top rotations around 𝑥-, 𝑦- and 𝑧-axes, according 
to the tower-top coordinate system (Figure 2-2) 

towerTopAcc m/s² 
Tower-top accelerations in 𝑥-, 𝑦- and 𝑧-directions (in 
yawed frame) , according to the tower-top coordinate 
system (Figure 2-2) 

yawBearing_bendingMo
ment_My 

Nm 
Tower top bending moment around 𝑦-axis, according to 
the tower-top coordinate system (Figure 2-2) 

yawBearing_bendingMo
ment_Mz 

Nm 
Tower top bending moment around 𝑧-axis, according to 
the tower-top coordinate system (Figure 2-2) 

towerBottom_bendingM
oment_My 

Nm 
Tower bottom bending moment around 𝑦-axis, according 
to the global coordinate system (Figure 2-1)  

towerBottom_bendingM
oment_Mz 

Nm 
Tower bottom bending moment around 𝑧-axis, according 
to the global coordinate system (Figure 2-1) 
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Appendix A.  
Aerodynamic dataset 

In this Appendix, the generation of the aerodynamic characteristics for both baseline and 

blended airfoil geometries along the blade is discussed. The final dataset is available in 

form of tabulated ASCII files, where the four columns report the angle of attack in 

degree, the lift, drag and pitching moment coefficients (please refer to the Introduction 

section for more information on how to use the relative links): 

Polars 

Different approaches are employed to determine the aerodynamic characteristics of the 

original airfoils: 

 For the root circular section, the data are based on [21]. 

 For the IWES and TU Delft airfoils, the data are computed with RFOIL [12] in 

forced transition on the leading edge, i.e. at 1% of the chord length, without 

rotational correction. 

The few inconsistencies arisen by the numerical simulation are fixed by means of a few 

script operations based on inputs derived by visual inspection. 

The rotational effects are included as for the Snel-Houwink model [22]. 

The polar curves are then extrapolated up to the range limits of ±180°, by means of a 

combination of Viterna-Corrigan, flat-plate and reverse-flow model, as reported in [23], 

[24] and [25]. 

 

In Table A-1 a schematic view of the workflow employed is presented. The data provided 

within the companion material could be reproduced by means of: 

 RFOIL, batch version 1.1. 

 Python 2.7. 

The extrapolated polar data could be exported to FAST, Bladed, and HAWC2, by means 

of auxiliary Python scripts, as reported schematically in Table A-2. 

A detailed explanation of the companion material is available in the readme. 

  

../2%20Components/Blade/Aerodynamic%20properties/Airfoils-Extrapolated
../2%20Components/Blade/Aerodynamic%20properties
../2%20Components/Blade/Aerodynamic%20properties/2018-07-12%20Readme.pptx
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Table A-1: Workflow for generation of aerodynamic dataset 

Script-Name Input(s) Output(s) Description 

00a_run_orig_rot.py RE_orig_rot.dat Airfoils-
Original/XX/rReY.pol 

Compute polars 

between -25° and 

25° with RFOIL in 
forced transition at 
1% of chord length 
and Reynolds 
numbers belonging to 
rotational cases 

00b_run_orig_sta.py RE_orig_sta.dat Airfoils-
Original/XX/sReY.pol 

Compute polars 

between -25° and 

25° with RFOIL in 
forced transition at 
1% of chord length 
and Reynolds 
numbers belonging to 
standstill cases 

01a_fix_orig_rot.py RE_orig_rot.dat 
Airfoils-
Original/XX/rReY.pol 

Airfoils-
Original/XX/rReYfixed.p
ol 

Fix not convergent 
points for rotational 
cases 

01b_fix_orig_sta.py RE_orig_sta.dat 
Airfoils-
Original/XX/sReY.pol 

Airfoils-
Original/XX/sReYfixed.p
ol 

Fix not convergent 
points for standstill 
cases 

99a_repair_fix_rot.py RE_orig_rot.dat 
Airfoils-
Original/XX/rReYfixed.
pol 

Airfoils-
Original/XX/rReYrepaire
d.pol 

Repair unphysical 
behavior for 
rotational cases 

99b_repair_fix_sta.py RE_orig_sta.dat 
Airfoils-
Original/XX/rReYrepair
ed.pol 

Airfoils-
Original/XX/sReYrepaire
d.pol 

Repair unphysical 
behavior for standstill 
cases 

02a_interp_fix_rot.py RE_orig_rot.dat 
RE_rotating.dat  
Roshko.dat 
Airfoils-
Original/XX/rReYrepair
ed.pol 

Airfoils-
Interpolated/XX/rReY.p
ol 

Interpolation based 
on thickness and 
Reynolds number for 
rotational cases 

02b_interp_fix_sta.py RE_orig_sta.dat 
RE_standstill.dat  
Roshko.dat 
Airfoils-
Original/XX/sReYrepair
ed.pol 

Airfoils-
Interpolated/XX/sReY.p
ol 

Interpolation based 
on thickness and 
Reynolds number for 
standstill cases 

03_correct_interp_rot.py RE_rotating.dat 
geometry.dat 
cr.dat 
Airfoils-
Interpolated/XX/rReY.p
ol 

Airfoils-
Corrected/XX/rReYsh.p
ol 

Snel-Houwink 
correction for 
Himmelskamp effect 
[26] in rotational 
cases 

04a_extrap_correct_rot.py RE_rotating.dat 
geometry.dat 
Airfoils-
Corrected/XX/rReYsh.p
ol 

 Extrapolation to -

180° and 180° with a 
combination of 
Viterna-Corrigan, flat-
plate and reversed 
flow model for the 
rotational cases 

04b_extrap_interp_sta.py RE_standstill.dat  
geometry.dat 
Airfoils-
Interpolated/XX/sReY.p
ol 

 Extrapolation to -

180° and 180° with a 
combination of 
Viterna-Corrigan, flat-
plate and reversed 
flow model for the 
standstill cases 
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Table A-2: Workflow for export of aerodynamic dataset 

Script-Name Input(s) Output(s) Description 

05a_export_AeroDyn13.py 
 

RE_rotating.dat 
RE_standstill.dat 
Airfoils-Extrapolated/ 

export_AeroDyn13 
 

Compute polars between 

-25° and 25° with RFOIL 
in forced transition at 1% 
of chord length and 
Reynolds numbers 
belonging to rotational 
cases 

05b_export_AeroDyn15.py 
 

RE_rotating.dat 
RE_standstill.dat 
Airfoils-Extrapolated/ 

export_AeroDyn15 
 

Compute polars between 

-25° and 25° with RFOIL 
in forced transition at 1% 
of chord length and 
Reynolds numbers 
belonging to standstill 
cases 

05c_export_BladedV4_7.py 
 

geometry.dat 
RE_rotating.dat 
RE_standstill.dat 
Airfoils-Extrapolated/ 

export_BladedV4_7 
 

Fix not convergent points 
for rotational cases 

05d_export_HAWC2pc.py geometry.dat 
Airfoils-Extrapolated/ 

export_HAWC2 Fix not convergent points 
for standstill cases 
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Appendix B.  
Aerodynamic characteristics of blended airfoils 

In this Appendix, the aerodynamic characteristics and the geometrical description for the 

blended airfoils is presented. Different approaches are employed to determine the 

aerodynamic characteristics of the blended airfoils: 

 For the stations 1-2, the data were based on literature sources. 

 For the stations 3-6, the data were computed with RFOIL [22] in forced transition 

on the leading edge. 

 The remaining airfoil coefficients were estimated via XFOIL [27] in forced 

transition on the leading edge. 

The aerodynamic coefficients of the sections were determined for the Reynolds numbers 

given in Table B-1. 

Table B-1: Reynolds numbers used for determination of airfoil coefficients 

Station Re [-] Station Re [-] 

1 1.50E+06 17 7.50E+06 

2 1.70E+06 18 7.60E+06 

3 2.10E+06 19 7.70E+06 

4 2.70E+06 20 7.80E+06 

5 3.50E+06 21 7.80E+06 

6 4.40E+06 22 7.80E+06 

7 5.20E+06 23 7.70E+06 

8 5.90E+06 24 7.60E+06 

9 6.30E+06 25 7.40E+06 

10 6.50E+06 26 7.20E+06 

11 6.80E+06 27 6.80E+06 

12 7.00E+06 28 6.60E+06 

13 7.10E+06 29 5.80E+05 

14 7.10E+06 30 4.40E+06 

15 7.20E+06 31 4.80E+05 

16 7.30E+06   
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Appendix C.  
Spinner and nacelle housing 

The most wind turbine nacelles and hubs are covered by a housing to protect the 

components from weather conditions and increase the safety of personnel during 

maintenance, erection, etc. 

Nacelle housing 

The nacelle housing has a cuboid shape with rounded edges in the longitudinal direction 

and rounded edges at the front and back plate. The properties of the nacelle housing 

are given in Table C-1. The CG position is given w.r.t the origin of the coordinate system 

shown in Figure C-1, where the red axis shows the orientation in the 𝑥-direction, green 

in the 𝑦-direction, and blue in the 𝑧-direction. 

Table C-1: Nacelle housing parameters 

Parameter Value Unit 

Nacelle housing width along 𝑥-axis 8 m 

Nacelle housing height along 𝑦-axis 8 m 

Nacelle housing length along 𝑧-axis 10 m 

Housing wall thickness 0.02 m 

CG 𝑥-coordinate 4 m 

CG 𝑦-coordinate 4.311 m 

CG 𝑧-coordinate 5.238 m 

Nacelle housing volume 7.876 m3 

Area moment of inertia w.r.t. 𝑥-axis 169077 m4 

Area moment of inertia w.r.t. 𝑦-axis 178063 m4 

Area moment of inertia w.r.t. 𝑧-axis 140028 m4 

Material density 2000 kg/m3 

Nacelle housing weight 15751 kg 

 

 

Figure C-1: Front view of nacelle housing 

 

𝑥 

𝑦 

𝑧 
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Spinner 

The spinner has a half-ellipsoid shape. The properties of the spinner are given in Table 

C-2. The CG position is described from the origin of the coordinate system in Figure C-

2 where the red axis shows the orientation in the 𝑥-direction, green in the 𝑦-direction, 

and blue in the 𝑧-direction. 

Table C-2: Spinner parameters 

Parameter Value Unit 

Spinner diameter 8 m 

Spinner length along 𝑦-axis 5.5 m 

Wall thickness 0.02 m 

CG 𝑥-coordinate 0.004 m 

CG 𝑦-coordinate 2.975 m 

CG 𝑧-coordinate -0.020 m 

Spinner volume 2.184 m3 

Area moment of inertia w.r.t. 𝑥-axis 17036 m4 

Area moment of inertia w.r.t. 𝑦-axis 21350 m4 

Area moment of inertia w.r.t. 𝑧-axis 17069 m4 

Material density 2000 kg/m3 

Spinner weight 4369 kg 

   

   

 

Figure C-2: Spinner 

𝑥 

𝑦 

𝑧 
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