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Abstract 
This paper investigates influence of the axial rotor motion on the aerodynamic loads of a floating 

wind turbine. Forces on two blade sections of a rotor in platform pitch and the 1st and 2nd tower elastic 
bending motion are studied. A cascade model of a wind turbine rotor and the vortex panel method is 
used for flow simulations. The correlation between the motion-induced normal force on the rotor and 
the underlying axial rotor velocity is captured in terms of an aerodynamic damping coefficient.    

1 Introduction 
 
The offshore wind turbine industry is growing and expanding to new areas. The wind turbines are 

larger and they are located further from shore and in deeper waters. As the water depth increases, the 
stiffness of the bottom fixed wind turbine is harder to maintain since the length of the tower increases. 
Large amount of steel may be needed, and for deeper waters floating wind turbines may be a more 
economic option. Floating wind turbines is still an immature technology and only two out of 
approximately 1500 offshore wind turbines operating in Europe are floating structures [1]. 

 
A floating support structure introduces additional rigid body motions in 6 degrees of freedoms, as 

shown in Figure 1. The origin is at the centre of the column at the calm water line. The illustrated 
support structure is a spar buoy type structure. This is similar to the floating wind turbine Hywind, 
installed west of Norway. Wind-structure interaction due to the axial rotor motion, surge and pitch 
response in Figure 1, is of particular interest. In this paper, the fluid-structure interaction for the 
platform pitch motion and the two lowest elastic tower bending modes in fore-aft direction, are 
investigated for a wind speed below the rated wind speed.  

 

                              
 

 
 
 

 

Figure 1: The 6 rigid body 
DOF 

Figure 2: The cascade of airfoils as used in the 
analysis 
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The analysis is carried out using a cascade rotor model, as shown in Figure 2. In a normal cascade 
analysis, an infinite row of airfoils are assumed. To reduce computational time, only three airfoils are 
included in the cascade model. The model assumes that there is no flow in the meridional plane and 
only flow in the cascade plane is considered, i.e. no flow along the span of the blade from the root to 
the tip. A panel vortex code, based on potential theory, is implemented in the cascade rotor model to 
calculate the aerodynamic loads. The present formulation is based on potential theory using two-
dimensional vortex panels. The implementation is valid for non-separated flow and should be used 
below the stall angle associated with flow separation.  

 
The aim is to investigate the aerodynamic damping of the floating wind turbine, i.e. how the 

unsteady aerodynamics affects the damping of the floating wind turbine structure. For comparison, the 
aerodynamic damping will be calculated both using the panel vortex method and the blade element 
momentum (BEM) method. 

2 Theory 

2.1 Aerodynamics for Wind Turbines 
 
The aerodynamic loads acting on a wind turbine are essential for the wind turbine to create energy. 

The aerodynamic lift of the wind turbine blades creates a torque about the rotor axis, transforming the 
kinetic energy of the wind into mechanical energy. However, the aerodynamic loads are also a large 
contributor to the fatigue of the wind turbine construction, especially the thrust force in the axial 
direction of the rotor. For wind speeds above rated wind speed, the blades are pitched in order to 
reduce the thrust force on the rotor disc and maintain the produced power at its rated power. 

 
The aerodynamic loads are normally calculated using the BEM method. This method has shown to 

give reasonable estimates of loads for onshore wind turbines, keeping also the computational time 
short. The BEM method is based on a momentum balance of a rotor disc, combined with static lift and 
drag coefficient properties along the blade. This is a well proven method originally developed for 
helicopters.  

 
There is however some assumptions included in the BEM method, which could influence the load 

estimation as the complexity of the wind turbine structure increases. It is based on a two dimensional 
theory, and three dimensional effects are included with analytical corrections. The rotor is assumed to 
be a continuous disc, and not three single blades in the momentum balance. A correction factor is used 
to reduce the error of this assumption. The BEM method is based on static values of the aerodynamic 
force, and does not include the position and strength of the wake. Unsteady aerodynamic effects are 
included by correction functions, e.g. the Beddoes-Leishman function. 

 
The BEM method estimates an induced velocity due to the effect of the wake, which reduces the 

velocity of the wind at the rotor. However, it does not model the details of the wake behind the 
individual blades, such as the wake strength and location, which will have an influence on the 
aerodynamic loads.  

2.2 Vortex Panel Method 
 
The strength and propagation of the wake are included in the panel vortex method used here to 

estimate the aerodynamic loads. This method is computationally more demanding, relative to the BEM 
method, but gives a more correct picture of the unsteady aerodynamic loads. In this study a panel 
vortex method has been used, but there are several other vortex methods that could be applied. The 
advantage of the panel method is that the lift force can be estimated from the geometry, and no 
empirical or pre-computed aerodynamic coefficients are needed. However, the panel vortex method is 
based on potential flow, which does not include vorticity in the flow. The method is therefore limited 
to angles of attacks below the stall limit of the airfoil. 
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The surface of the airfoil is represented by linear elements with a constant source element and a 

constant doublet element. The wake is modeled by linear elements with a constant doublet element. 
The difference in velocity potential at a point, (x,y), due to a two dimensional constant source panel 
element is [2]: 

 

∆Φs =  σ
4π
�
(x − x1) ln[(x − x1)2 + y2] − (x − x2) ln[(x − x2)2 + y2]  

+2y(tan−1 y
(x−x2) − tan−1 y

(x−x1))
�      ( 1 ) 

 
where σ is the strength of the source element with end points (x1, y1) and (x2, y2). The local 

coordinate system has the x-axis along the panel element and the (0, 0) at (x1, y1). Similarly, the 
difference in the potential due to the constant strength doublet is defined by [2]: 

 
ΔΦD = − µ

2π
�tan−1 𝑦

(𝑥−𝑥2) − tan−1 𝑦
(𝑥−𝑥1)�      ( 2 ) 

 
where µ is the strength of the doublet elements. Based on the difference between the strength of 

doublet panels, the circulation at points along the surface is calculated. The sum of the circulation at 
these points is the total circulation, Γ, which is used to compute the lift force on the blade. The 
unsteady aerodynamic lift, L(t), is related to the total circulation, Γ(t), as: 

 
𝐿(𝑡) = Γ (𝑡)𝜌 𝑈𝑟𝑒𝑓 + 𝑑Γ

𝑑𝑡
𝜌                                                                  ( 3 ) 

 
Where 𝜌 is the air density and 𝑈𝑟𝑒𝑓 is the relative windspeed, see Figure 3.  
 
 

 
Figure 3: A wind turbine airfoil and the flow velocities used in the aerodynamic simulation. 

                         

2.3 Cascade method 
 
The panel vortex method is set into a cascade model of a rotor. In the cascade, the three airfoils are 

equally spaced with the distance 2πr/3, where r is the radial distance along the blade to the airfoil from 
the root, as shown in Figure 2. As the wake panels are moving to the right, and out of the region 
included in the cascade model, they re-enter the cascade model to the left, ahead of the leading edge of 
the first airfoil. It is assumed that the aerodynamic load and the trailing wake will be equal for the 
three blades. The relative wind velocity is modelled by moving the airfoil at the velocity of the relative 
wind, in an apparent still-air situation.  

 

2.4 Aerodynamic damping coefficient 
 
The lift force on a blade section is defined as; 𝐿 = 1

2
𝜌𝑈𝑟𝑒𝑓2 𝐶𝐿𝑐, where ρ is the density of the air, 

𝑈𝑟𝑒𝑓 is the relative wind speed, c is the chord length, and CL is the lift coefficient. For a bottom fixed 
wind turbine, tower response is limited and the relative wind velocity is a combination of the 
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rotational speed and the wind speed. A floating wind turbine needs to include the axial rotor velocity 
when considering the flow conditions. 

 
If the floating wind turbine has a surge motion in the x direction, see Figure 1, both the relative 

wind velocity and the lift coefficient will depend on the velocity of the rigid body motion of the wind 

turbine, �̇�. The relative wind speed is; 𝑈𝑟𝑒𝑓 = �[(𝑈𝑤𝑖𝑛𝑑 − �̇�)2 + 𝑈𝑟𝑜𝑡2], where 𝑈𝑤𝑖𝑛𝑑is the wind 

speed and 𝑈𝑟𝑜𝑡 is the rotational speed of the blade. A linearized approximation of the 𝐶𝐿 curve about 
the mean angle of attack is used: 𝐶𝐿(𝛼) ≈ 𝐶𝐿0 −

𝜕𝐶𝐿
𝜕𝛼

�̇�
𝑈𝑟𝑜𝑡

 where 𝐶𝐿0 is the lift coefficient for the mean 

angle of attack and − �̇�
𝑈𝑟𝑜𝑡

 gives the fluctuations of the angle of attack due to the rotor along-wind 
motion. The lift force can now be expressed as 𝐿 ≈ 𝐿1 + 𝑙2�̇�, where [3]; 

 
𝐿1 = 1

2� 𝑐 𝜌𝐶𝐿0(𝑈𝑤𝑖𝑛𝑑
2 + 𝑈𝑟𝑜𝑡2)         ( 4 ) 

and 
  𝑙2 = −1

2� 𝑐 𝜌�(𝑈𝑤𝑖𝑛𝑑
2 + 𝑈𝑟𝑜𝑡2�

𝜕𝐶𝐿
𝜕𝛼

1
𝑈𝑟𝑜𝑡

+ 2𝑈𝑤𝑖𝑛𝑑𝐶𝐿0]          ( 5 ) 
 
 The motion-dependent part of the lift force is defined by 𝑙2, the aerodynamic damping coefficient. 

These assumptions are valid under the assumption that the rotational speed and blade pitch angle are 
constant. 

3 Method 
 
The case studied concerns a floating wind turbine at wind speeds below rated, i.e. when there is no 

pitching of the blades. The floating wind turbine model considered for the analysis is based on the 
floating wind turbine used the comparison project OC3. The floating wind turbine is similar to 
Hywind (see Figure 1), and the model is described in detail in [2] and [5]. The main properties are 
listed in Table 1. The damping is investigated for three modes in the fore-aft direction; the platform 
pitch mode and the 1st and 2nd elastic tower bending mode in the fore-aft direction. Our coordinate 
system has origin at the water line. However, the pitch natural mode has a center of rotation located 
close to the center of gravity of our structure. In the following we assume a rotation about the center of 
gravity located at z=-89.9m, which is the center of gravity for the wind turbine platform. The 
oscillation periods and amplitudes used are based on the measurements from Hywind published in [6]. 
The platform pitch motion has a period of 25 sec and amplitude of 1.6 m at the nacelle, the 1st tower 
bending mode has a period of 1.43 sec and amplitude of 0.1 m and the 2nd tower bending mode has a 
period of 0.6 sec and amplitude of 0.05 m. 

 
Table 1: Main Properties for floating wind turbine [2], [5]. Distances relative to SWL. Moments of 

inertia are all referred to CG at z=-89.9m. 
Rotor Platform & tower 

Rated power  5 MW Tower Mass 𝑀𝑡 249 718 kg 
Rotor Diameter  126 m Tower CM 𝐶𝑀𝑡 43.4 m 

Rotor Mass, 𝑀𝑟 110 000 kg Platform Pitch about CM 𝐼𝑝 4.2e9 kgm2 

Nacelle Mass, 𝑀𝑛𝑎𝑐 240 000 kg Platform CM  𝐶𝑀𝑝 89.9 m 
Nacelle height 𝑧𝑛𝑎𝑐 97.6 m Added mass in pitch 𝐴55 ~38e9 kg m2 

 
The aerodynamic loads at two different blade nodes are calculated. One node is located at midspan 

along the blade (0.5 R) and another is located at three quarters along the blade (0.7 R). The 
aerodynamic load at 0.5R and 0.7R will be calculated using both a panel vortex code and a BEM 
method. The BEM method will be using both a steady state aerodynamic approach as well as an 
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unsteady approximation (Beddoes-Leishman).  No tip-loss effect (e.g. Prandtl) is included for the tip 
and the root of the blades. 

 
Table 2: Blade Section Properties [2]. 

Node Distance along blade [m] Twist [°] Chord [m] Airfoil 

0.5 R 32.25 6.544 3.748 DU25_A17 
0.7R 44.55 3.125 3.010 NACA64_A17 

 
In both the vortex panel code and the BEM code, the motion of the structure is simulated by 

altering the mean wind speed. The wind speed is kept constant over the rotor disc, but will vary in 
time. Both the platform pitch motion and the tower bending motions are modelled as pure translations 
in the along wind direction. A plot of the varying wind speed relative to time is shown in Figure 4. The 
rotor speed is kept constant at 1.1984 rad/s, i.e. 5.24 s per rotation. 

 

 
Figure 4: Time series of wind speed for the 1st and 2nd tower bending mode and the platform pitch 

mode. 
 
In order to relate the damping coefficient to the structure, the mass moment of inertia for the 

platform pitch mode and the modal mass for the elastic tower bending modes, have been estimated. 
The mass inertia for the platform pitch is estimated at sea level. The damping ratio, 𝜁, is estimated as: 

 
𝜁𝑖 = 𝐶𝑖

2𝜔𝑖𝑀𝑖
     ( 6 ) 

 
Where i is 1 for the platform pitch mode and 2 and 3 for the 1st and 2nd tower bending mode, 𝐶𝑖 is 

the damping coefficient, 𝜔𝑖 is the natural frequency and 𝑀𝑖 is the modal mass or mass moment of 
inertia of the system. The mass moment of inertia for the platform pitch is estimated as: 

 
𝑀1 = 𝑀𝑡 ∗ (𝐶𝑀𝑡 + 𝐶𝑀𝑝)2 + (𝑀𝑟 + 𝑀𝑛𝑎𝑐) ∗ (𝑧𝑛𝑎𝑐 + 𝐶𝑀𝑝)2 + 𝐼𝑝 + 𝐴55       ( 7 ) 

 
see Table 1 for definition of the coefficients. The modal mass of the tower bending moments, 𝑀2 

and 𝑀3, is estimated based on the mode shape, 𝜙(𝑧), (see Figure 5): 
 

𝑀2,3 = ∫ 𝑚(𝑧)𝜙2(𝑧)𝑑𝑧ℎ𝑡
0       ( 8 ) 

 
where ℎ𝑡 is the height of the tower, 87.6 m, and 0 is taken at the start of the tower, 10 m above 

SWL.   
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Figure 5: The two first elastic tower bending modes of the wind turbine tower 

 

4 Validation 
 
Before conducting the simulations, a simple validation of the panel vortex code is performed. The 

static value of the lift coefficient of the airfoils is investigated, and a comparison of the unsteady 
aerodynamic values to an analytical expression is presented. The validation was performed with wake 
panels of size: 

𝑑𝑤 = 0.3 𝑈𝑟𝑒𝑓𝑑𝑡                                                                   ( 9 ) 
 

where dt is the timestep (𝑑𝑡 = 0.2 𝑐 𝑈𝑟𝑒𝑓), which is the same values  as used in the simulations. 
 

4.1 Static Values 
 
A single blade with a constant wind speed and constant angle of attack of 5o was analysed using the 

unsteady aerodynamic panel vortex method. The lift coefficient will reach a stationary level after some 
time. The stationary values were compared to static lift coefficients as given in ref [2]. The results 
from the two nodes are shown in Table 3. 

 
Table 3: Comparison of static lift coefficient  

Airfoil tabulated Vortex method Difference 

DU25_A17 1.062 1.138 -0.076 
NACA64_A17 1.011 1.016 0.005 

 
 

4.2 Unsteady Aerodynamics 
 
The unsteady aerodynamics is included in the panel vortex method, and is here compared to the 

Wagner function. The Wagner function describes the circulatory part of the lift from the wake 
development due to a step change in angle of attack [7]. The approximation of the Wagner function 
shown here is: 

 
𝜙𝑊(𝑠) ≈ 𝑠+2

𝑠+4
                                   ( 10 ) 

 
where s represents the distance travelled in semi-chords, 𝑠 = 2𝑈𝑟𝑒𝑓𝑡/𝑐, c is the chord length of the 

airfoil. The lift force shown in the comparison in Figure 6 is estimated for an airfoil with a constant 
velocity and angle of attack is applied. At the start of the simulation, t=0, the airfoil has no velocity 
and no circulation.  

There is a large difference in the comparison for the first time-steps. This can be explained by the 
non-circulatory part of the lift that is not included in the Wagner function. The change in angle of 
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attack leads to an almost infinite contribution to the lift. For a flat plate the variation in lift coefficient 
is for an indical response [8]: 

 
𝐶𝑙(𝑡) = 𝜋𝑐

2𝑈𝑟𝑒𝑓
𝛿(𝑡) + 𝐶𝑙0𝜙𝑊(𝑠)                         ( 11 ) 

 
where the first term is the noncirculatory contribution (also referred to as the apparent mass), and 

𝐶𝑙0  is the steady state lift coefficient 
 

 
Figure 6: The lift of the DU25 airfoil compared with the Wagner function 

5 Results 
 
The lift force at blade sections located at 0.5 R and 0.7 R is determined using the panel vortex 

method in a cascade model. Three different eigen-modes are investigated; the 1st and 2nd tower 
bending motion in fore-aft and the platform pitch motion. The lift force on blade section 0.5 R from a 
simulation with no rotor motion in the fore-aft direction is presented in Figure 7. The lift force has a 
large increase at the start of the simulation, but will decrease slowly after a few seconds. The large 
peak at the start occurs as the first wake panel approaches the neighbouring blade, and as it passes the 
lift force declines. After 60 seconds (~ 8 rotations of the rotor ) the lift force is more or less constant, 
and the results shown hereafter will only include results after 60 sec of simulation.  

 

 
 
 
 
The lift force at 0.5 R, when the rotor has a period of 0.6 s, representing the 2nd tower bending 

mode in fore-aft, is presented in Figure 8. Result from two AeroDyn simulations are shown, one with 
steady aerodynamics and one with unsteady aerodynamics. In addition, two sets of results are plotted 
for the panel vortex code. In one, the incoming wind speed includes the induction factor, similar to 
AeroDyn. In this case the induction factor, a, is 0.28. In the second panel vortex simulation no 
induction factor is used. All vortex panel results presented in the following sections are with no 
induction coefficient. 

Figure 7: The development of the lift as the airfoil starts at zero 
velocity and is moving with a constant velocity. 
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5.1 Structural properties 
 

The modal mass for the two first tower bending modes and the mass moment inertia for the platform 
pitch are calculated according to Eq (8) and Eq (7) respectively. The result together with the natural 
frequency is shown in Table 4. 
 

Table 4: The circular frequency and modal mass properties for the modes considered. 
Mode 𝜔 

[rad/s] 
Mass / Inertia  

Platform pitch 0.25 5.90e10 kg m2 

1st elastic tower bending 4.39 3.92e4 kg 
2nd elastic tower bending 10.5 1.09e4 kg 

 

5.2 Pitch motion 
 

The wind-structure interaction in case of the platform pitch motion is shown in Figure 9 (0.5 R) and 
Figure 10 (0.7 R). In the simulations the platform pitch motion of the rotor is transformed into a pure 
fore-aft motion of the wind turbine rotor. The start-up transients have been removed from these results. 
The slope of the linear trendline, 𝑙2, has been calculated and used to estimate the damping of the 
system. The damping is in this case assumed constant along the blade: 

 
𝐶 = −𝑙2𝑙𝑏𝑙𝑛𝑏𝑙(𝑧𝑛𝑎𝑐 + 𝐶𝑀𝑝)2     ( 12 ) 

 
Where 𝑙𝑏𝑙 is the length of blade with lifting properties (40 m),  𝑛𝑏𝑙 is the number of blades,  𝑧𝑛𝑎𝑐 is 

the hub height above SWL (97.6 m) and 𝐶𝑀𝑝 is the distance from SWL to the platform pitch center. 
The damping ratio is calculated using the mass moment of inertia and frequency for the platform pitch 
motion in Table 4.  

 

 
 

Figure 9: Lift force versus fore-aft velocity for 
airfoil located at midspan of the wing (0.5 R). 

Oscillating period is 25 sec. 

Figure 10: Lift force versus fore-aft velocity for 
airfoil located toward tip of the wing (0.7 R). 

Oscillating period is 25 sec. 

Figure 8: Lift force on a single airfoil from different calculation methods. 
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Table 5: Damping of the platform pitch motion 
 0.5 R 0.7 R 
 𝑙2 

[kg/(m s)] 
𝐶  
[𝑘𝑔 𝑚2/𝑠] 

Damping ratio 
[-] 

𝑙2 
[kg/(m s)] 

𝐶  
[𝑘𝑔 𝑚2/
𝑠] 

Damping 
ratio 
[-] 

AeroDyn 
Steady 

-453 1.91 e9 0.0645 -598 2.52 e9 0.0851 

AeroDyn 
Unsteady 

-417 1.76 e9 0.0593 -611 2.58 e9 0.0870 

Panel Vortex 
Code 

-477 2.01 e9 0.0679 -592 2.50 e9 0.0843 

 

5.3 1st and 2nd elastic tower bending mode 
 
The results from the 1st and 2nd tower bending mode in fore-aft motion are shown in this section. 

These are set up similarly to the previous results, with the velocity of the rotor in fore-aft along the x-
axis and the normal coefficient on the y axis. Similarly to the result for the platform pitch motion, the 
slope of the linear trendline, 𝑙2,  has been calculated. The damping is calculated assuming that the 
damping is constant along the blade: 

 
𝐶 = −𝑙2𝑙𝑏𝑙𝑛𝑏𝑙 𝜙2(ℎ𝑡)                                        ( 13 ) 

 
 
where and 𝜙(ℎ𝑡) is the modal displacement of the nacelle, see Figure 5. For the 1st tower bending 

mode the modal displacement at the top of the tower is 1, but for the 2nd tower bending mode the 
modal displacement is only 0.13 at the top of the tower. The damping ratio is calculated using the 
frequency and modal mass (see Table 4) for both tower bending modes.  

 
Table 6: Damping of the 1st and 2nd tower bending motion 

 0.5 R 0.7 R 
 𝑙2 

[kg/(m s)] 
𝐶 

[𝑘𝑔/𝑠] 
Damping ratio 
[-] 

𝑙2 
[kg/(m s)] 

𝐶 
[𝑘𝑔/𝑠] 

Damping ratio 
[-] 

1st elastic tower bending 
AeroDyn 
Steady 

-453 54360 0.0158 -599 71880 0.0209 

AeroDyn 
Unsteady 

-315 37800 0.0110 -482 57840 0.0168 

Panel Vortex 
Code 

-364 43680 0.0127 -426 51120 0.0149 

2nd elastic tower bending 
AeroDyn 
Steady 

-453 949 0.00042 -600 1257 0.00055 

AeroDyn 
Unsteady 

-263 551 0.00024 -393 823 0.00036 

Panel Vortex 
Code 

-230 482 0.00021 -339 710 0.00031 
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6 Discussion  
 
The results in section 5.2 and 5.3 show the aerodynamic damping for three different modes, at two 

different nodes, using three different aerodynamic simulation methods. All results indicate a negative 
slope of the lift force relative to the fore aft motion of the wind turbine rotor, which indicate that there 
is a positive aerodynamic damping of all three modes.  

A simple estimate of the aerodynamic damping, using Eq (5), indicate a linear damping coefficient 
of -520 kg /ms at 0.5 R and -550 kg/ms at 0.7R. The tabulated values for the lift coefficients in [4] are 
used. Comparing the result relative to the steady state simulation from AeroDyn, the aerodynamic 
damping effect is estimated 15 % higher at the inner section and 8% lower for the the outer section.   

A reduced frequency of oscillation, 𝑘 = 𝜔𝑐/2𝑈𝑟𝑒𝑓, can be used to estimate how unsteady the 
aerodynamic situation is. For the platform pitch motion, which has relatively long period compared to 
the 2nd tower bending motion, 𝑘 ≅ 0.01 at both 0.5R and 0.7R. This is a relatively low number, and 
for  0 ≤ 𝑘 ≤ 0.05 the flow can be considered quasi-static [8]. The aerodynamic damping calculated 
with a steady state version of AeroDyn is close to the damping calculated from unsteady version of 
AeroDyn and the panel vortex method. The estimated aerodynamic damping ratios are 0.06 (0.5R) and 
0.08 (0.7R).   

A larger value of k indicates unsteady aerodynamics, and values greater than 0.05 are considered 
unsteady aerodynamics. Values of reduced frequencies that are above 0.2 are considered highly 
unsteady and it is expected that the unsteady terms will dominate the behaviour of the airloads [8].  
The 1st tower bending mode has reduced frequencies; k=0.21 (0.5R) and k=0.12 (0.7R) and the 2nd 
tower bending mode has 𝑘 = 0.51 (0.5R) and 𝑘 = 0.29 (0.7R). The airfoil located at the midspan of 
the blade, 0.5R, has a larger reduced frequency due to a lower relative wind speed, 𝑈𝑟𝑒𝑓, compared to 
the airfoil located closer to the tip of the airfoil. The largest relative difference in the slope,  𝑙2, 
between the steady and unsteady AeroDyn calculations for the midspan airfoil in the 2nd tower bending 
mode is 42%, which also has the highest reduced frequency.  

Figure 11: Lift force versus fore-aft velocity 
for airfoil located at midspan of the wing (0.5 R). 

Oscillating period is 1.43 sec. 

Figure 12: Lift force versus fore-aft velocity for 
airfoil located toward tip of the wing (0.7 R). 

Oscillating period is 1.43 sec. 

Figure 13: Lift force versus fore-aft velocity 
for airfoil located at midspan of the wing (0.5 R). 

Oscillating period is 0.6 sec. 
Figure 14: Lift force versus fore-aft velocity for 
airfoil located toward tip of the wing (0.7 R). 

Oscillating period is 0.6 sec. 
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The lift force calculated by the vortex panel code for the 1st and 2nd tower bending modes shows an 
elliptic curve, which is also present in the unsteady calculations from AeroDyn in the result for the 1st 
tower bending mode.  This behavior of the lift curve is because the rotor has a velocity in the positive 
axial direction, in fore motion, it is moving away from its own wake, and when the rotor moves in the 
negative axial direction, it is moving towards its own wake. This trend is however not seen in the 
unsteady calculation by AeroDyn of the 2nd tower bending mode.  

7 Conclusion 
The aerodynamic damping of a floating wind turbine estimated based on the panel vortex code and 

a BEM code including unsteady aerodynamics approximation are giving results that are similar in 
aerodynamic damping. The highest damping is estimated for the platform pitch motion which has an 
aerodynamic damping ratio of 0.06-0.08. The 1st tower bending mode is also well damped and has a 
damping ratio of 0.01-0.02. While the 1st and the 2nd bending mode involve relatively high reduced 
frequencies and thereby unsteady wind-structure interaction, the aerodynamics of the wind turbine 
platform pitch motion can be assumed steady state, and there seems to be almost no variation between 
the methods used. 
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