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Abstract 
 

Horizontal axis wind turbines (HAWTs) are subjected to complex environmental 

effects such as atmospheric turbulence, wind shear and inertial translational and rotational 

motion of support platform. Thus, it is debatable whether the aerodynamic load predictions 

of an HAWT using the conventional blade element momentum (BEM) theory, which does 

not consider the dynamic wake effects, are accurate. Although a generalized dynamic wake 

(GDW) method has been developed to consider the dynamic inflow effect, it is only stable 

for lightly loaded at high wind speeds. In contrast to the BEM and GDW, the unsteady 

vortex lattice method (UVLM) can inherently represent the non-uniform flow effects of the 

trailing wake from the turbine blades. In this work, a fully coupled dynamics model has 

been developed and extensively validated against results of wind tunnel test and a field 

experiment. Then, the wake influence of offshore floating wind turbines (OFWTs) at low 

wind-speed conditions was investigated by comparing three wake models: the BEM, GDW, 

and UVLM. The OC3-Hywind model was chosen for OFWT simulation. Result shows that 
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the blade flapwise bending moment, rotor torque, and tower side-to-side bending moment 

were underestimated without considering dynamic inflow at low wind speeds. Also, 

aeroacoustic noise prediction of HAWTs was performed using semi-empirical formula. 

It was investigated in a low-wind speed condition to figure out the effect of dynamic 

inflow on flow-induced noise generation. Result shows that turbulent ingestion and 

trailing edge bluntness noise was not changed significantly. However, trailing edge 

noise increases in level due to lower prediction of induced velocity when considering 

the dynamic inflow. 
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𝑐  = chord length 
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𝐶𝑙,𝑇𝑎𝑏  = section lift coefficient from table look-up 

𝐶𝑙,𝑈𝑉𝐿𝑀 = section lift coefficient from vortex lattice method 

𝐶𝑚,𝑇𝑎𝑏 = section moment coefficient from table look-up 

𝐶𝑚,𝑈𝑉𝐿𝑀 = section moment coefficient from vortex lattice method 

𝐶𝑛
𝑚  = arbitrary constant for generalized dynamic wake model 

d𝐹𝐷  = differential drag force normal 

d𝐹𝐿  = differential lift force normal 

d𝐹𝑁  = differential force normal to the plane of rotation 

d𝐹𝑇  = differential force tangential to the circle swept by the rotor 

𝑑𝑟  = blade element and annulus width 
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𝑑𝑆  = differential surface area 

𝑑𝑇  = differential thrust 
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𝑀  = Mach number 

𝑚, n  = harmonics number 



xii 

𝐧  = normal vector 

𝑝  = local fluid pressure 

𝑝∞  = ambient pressure 

𝑃𝑛
𝑚  = associated Legendre function of the first kind 

𝑄  = magnitude of local fluid velocity 

𝑄𝑛
𝑚  = associated Legendre function of the second kind 

𝑟  = local radius 

𝑟  = vector between point of interest and vortex segment 

𝑟𝑐  = vortex core radius 

𝑅𝑒𝑣  = vortex Reynolds number 

∆𝑠  = airfoil segment span 

𝑆𝑡  = Strouhal number 

𝑆𝑡1, 𝑆𝑡2 = empirical reference Strouhal numbers for TBLTE in BPM model 

𝑆𝑡′′′  = Strouhal number based on the trailing edge thickness 

𝑆𝑡𝑝𝑒𝑎𝑘
′′′  = reference Strouhal number for BTE noise 

𝑡  = time 

�̂�  = dimensionless time 

𝑡∗  = trailing edge thickness 

𝑢𝑖  = induced velocity in ith direction 



xiii 

𝑈  = mean wind speed 

𝑈𝑟𝑒𝑙   = relative wind velocity 

𝑣𝑟𝑒𝑓  = magnitude of kinematic velocity 

𝑉∞  = free stream velocity 

𝑥𝑖  = displacement in ith direction 

𝑋, 𝑌, 𝑍 = set of orthogonal axes of inertial reference coordinate system 

𝛼  = angle of attack 

𝛼  = Oseen parameter 

𝛿  = boundary layer thickness 

𝛿  = eddy viscosity coefficient 

𝛿∗  = displacement thickness 

휀  = residual 

𝛾  = vortex strength 

𝛤  = bound vortex strength 

𝜆𝑟  = local tip speed ratio 

휃  = ray arrival angle 

휃𝑝  = section pitch angle 

휃𝑝,0  = blade pitch angle 

휃𝑇  = blade twist angle 



xiv 

𝜈  = kinematic viscosity 

𝜈, 휂, 𝜓 = ellipsoidal coordinates 

𝜓  = directivity angle 

𝜓  = stream function 

ΨTE  = trailing edge of angle 

𝜌  = density 

𝜑  = angle of relative wind 

𝜙  = velocity (perturbation) potential 

𝜙∗  = total velocity potential 

𝜙∞  = free-stream potential 

Ω  = rotor rotational speed 

 

 

 



1 

  

 

Introduction 

 

1.1. Background 

Wind energy is one of the most environmental and renewable energy sources. Even as 

oil price went down to nearly a half over the past few years because of sweeping changes 

of global energy consumption to natural gas from oil, renewable energy benefit as 

environment-friendly policy has been expanded internationally. Thus, wind energy has 

been getting a lot of attention from scientists, engineers and industries, as well as policy 

makers. 

One of the most important aspect in wind turbines is to predict unsteady aerodynamics 

accurately. This is because the unsteady effect affects the turbine’s ultimate and fatigue 

loadings, annual power estimation, and aeroacoustic noise. The unsteady phenomena are 

primarily emerge from complicated environmental condition such as turbulent wind, 

atmospheric boundary layer effects, directional and spatial variations in wind shear, bluff-

body like wake generated from the prior turbines. In offshore wind turbines, sea waves, 

currents and tidal additionally influence on structural vibration and unsteady flow near the 

turbines. These complex unsteady aerodynamic phenomenon jeopardize accurate 

estimation of aerodynamic loading and aeroacoustic noise. Thus, it is significant to evaluate 

the unsteady aerodynamics accurately.
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1.2. Current issues 

Unsteady aerodynamic phenomena of the wind turbine can be separated in two parts; 

unsteady profile aerodynamics and dynamic inflow effects. The first part is fluctuation of 

the sectional aerodynamic loading with time-varying angle of attack. Time scales 

connected with these effect is the ratio of the chord to the effective velocity, approximately 

C/(Ωr). This time scale are approximately 0.2s at blade and 0.01s at the tip. The dynamic 

inflow effects are consequence of time-varying induced velocity from the shed and trailed 

vorticity. The wake visualization of a one-bladed wind turbine is shown in Figure 1. The 

characteristic time scale is about D/V∞. For large-scale turbines, it would be of the order 

of 5 to 20 seconds, hence one or two orders of magnitude longer than the profile time scale 

[1, 2]. 

 

 

 

 

 

 

 

 

Figure 1. Rendered wind turbine wakes using smoke injection [2] 
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To predict the unsteady aerodynamics, four aerodynamic modellings are currently 

used in wind industry. The four modellings are blade element momentum (BEM), 

generalized dynamic wake (GDW), unsteady vortex lattice method (UVLM), and 

computational fluid dynamics (CFD). The BEM is an engineering model based on 

momentum and blade element theory. The BEM has been widely used in the industry in 

design stage because of numerous design cases and inexpensive computational costs. While 

its results agrees well at steady state, it is difficult to capture unsteady effects alone as it 

assumes flow states as equilibrium condition, which is not valid for dynamic inflow 

situations where abrupt changes in the wind speed, pitch angle, or rotor speed occur. 

History of dynamic inflow modelling in helicopter application field is long, even more 

so far ‘yawed flows’ (forward flight) then for axisymmetric flows (hover and vertical flight) 

[3]. The dynamic inflow model considers the unsteady aerodynamic time lag of the inflow 

convergence over the rotor disc when rotor thrust variations or blade pitch inputs are 

occured. Advantages of dynamic inflow models in wind turbine application are low 

computational cost and the various validations in the helicopter industry. Crews et al. [4], 

Ormiston [5], Peters [6], and Curtiss [7] have shown that the dynamic inflow models can 

have a meaningful influence on helicopter flight dynamics and rotor aeroelasticity. In wind 

turbine work, Suzuki [8] developed a generalized dynamic wake (GDW) method, which is 

developed further from Pitt and Peters and it is broadly used in the wind turbine application. 

However, the GDW is not applicable at heavily loaded turbine- in other words at low 

wind speed condition, exactly lower than 8 m/s. In fact, average wind speed under 8m/s in 

the gulf of Maine prevail, which is one of most promising region for generating wind power, 

from May to September [9]. Thus, it is necessary to develop advanced aerodynamic model 

when estimating aerodynamic load of floating wind turbine at low wind speed, which is 

not applicable using the GDW method. 



4 

Even though CFD is a high resolution model, it is not reasonable to solve numerous 

design cases because of high computational cost. The BEM, UVLM, and CFD method 

takes several minutes, days and even months respectively. For example, it took about 10 s, 

10 m and 320 h respectively for 4 revolutions of steady state calculation [43]. According 

to IEC 61400-3, fatigue analysis of the wind turbine requires 10 min-series loadings in the 

time domain. Also, numerous load cases should be performed in design stage. Thus, 

computational cost is one of the most important factor in the wind turbine load analysis. 

UVLM is used as intermediate method, and it can inherently cover the unsteady inflow 

effect as it considers a series of vortical elements at each time step. Moreover, this method 

has the flexibility to include various validated subcomponent models representing complex 

physical effects to model using linear momentum theory. In addition, it does not have any 

limitation with regard to the possibility of considering highly loaded rotor blades. 

Especially, the dynamic inflow effect is serious impediment in offshore floating wind 

turbines (OFWTs). Unlike land-based wind turbines, an OFWT experiences complex flow 

states when the floating platform is in motion as shown in figure 2. Sebastian and Lackner 

[11] have summarized the aerodynamic unsteadiness of OFWTs and the breakdown of the 

momentum balance equation by transient inflow. They stated that for spar-type platforms, 

the platform surge and pitch motion would be a major cause for the occurrence of transient 

inflow phenomena. In addition, they show that these undesirable aerodynamic phenomena 

mainly occur at a low wind-speed condition because the momentum balance assumption is 

not valid at this condition. 



5 

 

Figure 2. Complex environment of offshore floating wind turbine [10] 

They also reported that the unsteady aerodynamics of the rotor includes the normal 

working state (NWS), the turbulent wake state (TWS), the vortex ring state (VRS) and the 

windmill braking state (WBS). Figure 3 shows how various flow states occur when the 

floating platform undergoes pitching motion. The flow of WBS, the normal condition of a 

wind turbine, is smooth and definite slipstream. When the platform starts pitching 

backward, the flow experiences a high level of turbulence. At the boundary between the 

WBS and TWS, the flow state with a smooth slipstream changes abruptly to a state 

characterized by recirculation and turbulence, as the velocity in the far wake changes 

direction. As the platform’s pitching velocity increases, the definite slipstream disappears 

and the flow near the rotor disk becomes highly unsteady and turbulent. 
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Figure 3 Hypothetical flow states of FOWT during platform pitching motion [14] 

Several studies [12-15] further indicate that the influence on the aerodynamic loading 

of floating wind turbines is observed during platform pitch motion above the rated wind 

speed. Vaal et al. [16] show that platform surge motion makes little difference to the 

aerodynamic load when stimulating the prescribed surge motion of a tension-leg platform’s 

natural frequency for the surge motion at the rated wind speed. Although considerable 

research has been devoted to rated or extreme wind conditions, relatively less attention has 

been paid to low wind-speed conditions. As mentioned by Sebastian and Lackner [11], at 

low wind-speed conditions, the momentum balance assumption fails and wind turbines 

mostly operate under the rated wind speed. 

Also, flow-induced noise prediction is also affected as dynamic inflow phenomena 

severely occurs. This is because the wind turbine blades encounter atmospheric turbulence 

that causes variations in the local angle of attack, which in turn causes fluctuations in the 

lift and drag forces Thus, it is also important to predict aerodynamically generated sound 



7 

in a low wind speed condition with a high turbulence intensity, which the dynamic inflow 

effect prevails. According to previous research, increasing of angle of attack increases the 

peak noise level of turbulent boundary layer trailing edge (TBLTE) noise and moves the 

noise to the lower frequencies, while the peak level of blunt trailing edge noise decreases 

[17]. Thus, we could expect there would be inaccurate prediction of aeroacoustic noise in 

the dynamic inflow condition.
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1.3. Research objectives 

In this study, the unsteady aerodynamics of an OFWT in at a low wind- speed 

conditions was investigated to discover the effect of dynamic inflow on rotor aerodynamics, 

aerodynamic loadings and substructure loadings of the OFWT. The dynamic simulation of 

the OFWT is computed using a combination of the UVLM and FAST. The FAST is an 

open-source code and a comprehensive simulation tool that can model the coupled dynamic 

response of an OFWT with AeroDyn, based on the BEM. In other words, in this work, the 

UVLM was used instead of AeroDyn in the FAST simulator. In addition, an effort is made 

to disseminate the dynamic wake influence of OFWTs by comparing three different 

aerodynamic analysis models, the BEM, GDW, and UVLM at a low wind- speed condition. 

Also, aeroacoustic noise prediction of horizontal axis wind turbines was examined 

using semi-empirical formula in a low-wind speed condition to figure out the effect of 

dynamic inflow on flow-induced noise generation. 
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Development of fully-coupled dynamic 

simulation capability 

 

 

2.1. Overview 

Fully coupled dynamic simulation model has been developed by coupling unsteady 

vortex lattice method and FAST code for predicting unsteady loadings accurately. Firstly, 

for the capability of accurate estimation of unsteady aerodynamics, unsteady vortex lattice 

method has been developed. Secondly, to consider entire dynamics of wind turbine systems, 

the FAST, a wind turbine dynamic simulator developed by National Renewable Energy 

Laboratory (NREL), was coupled with UVLM by substituting BEM, aerodynamic model 

of FAST. Developing the upgrade of aerodynamic model and coupling with FAST has been 

made an effort to predict dynamic inflow effect. This chapter presents formulation of 

unsteady vortex lattice method, brief description of FAST program, and the way how the 

two codes are coupled. Finally, the advanced fully coupled dynamic simulator was verified 

and validated with experiment.
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2.2. Aerodynamic analysis models 

At this work, the three aerodynamic analysis models, the BEM, GDW, and UVLM, 

were used. In this section, the three models are described in detail. 

2.2.1. Blade element momentum theory 

Blade element momentum (BEM) theory has been widely used for estimating induced 

velocities. The BEM is composed of momentum theory and blade element theory. 

Momentum theory is a theory that depends on the linear and angular momentum 

conservation. Blade element theory is a method for estimation of loading at a section of the 

blade. The results of these approaches becomes one and termed strip theory or BEM theory. 

The forces and flow conditions can be derived from conservation of momentum 

because force is the rate of change of momentum. The thrust corresponded to an annulus 

of width dr, as shown in figure 4, is expressed as 

 𝑑𝑇 = 𝜌𝑈24𝑎(1 − 𝑎)𝜋𝑟𝑑𝑟, (1) 

and the torque provided by the blade elements in the annular section is expressed as 

 𝑑𝑄 = 4𝑎′(1 − 𝑎)𝜌𝑈𝜋𝑟3Ω𝑑𝑟. (2) 
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Figure 4 Annular stream section used in blade element momentum theory [18] 

 

The forces on the blades can also be represented as a function of lift and drag and the 

angle of attack. Figure 5 presents blade geometry of a horizontal axis wind turbine. 휃𝑝,0 

is the blade pitch angle at the tip, 휃𝑝 is the section pitch angle, 휃𝑇 is the blade twist angle, 

α is the angle of attack, 𝜑 is the angle of relative wind, d𝐹𝐿 is the differential lift force, 

d𝐹𝐷  is the differential drag force, d𝐹𝑁  is the differential force normal to the plane of 

rotation, and d𝐹𝑇 is the differential force tangential to the circle swept by the rotor. Finally, 

𝑈𝑟𝑒𝑙  is the relative wind velocity. 
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Figure 5 blade geometry for analysis of a horizontal axis wind turbine 

 

From this figure 5, the following relationships is determined: 

 
tan 𝜑 =

𝑈(1 − 𝑎)

Ω𝑟(1 + 𝑎′)
=

1 − 𝑎

(1 + 𝑎′)𝜆𝑟
, (3) 

 
𝑈𝑟𝑒𝑙 =

𝑈(1 − 𝑎)

sin 𝜑
, (4) 
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𝑑𝐹𝐿 = 𝐶𝑙

1

2
𝜌𝑈𝑟𝑒𝑙

2 𝑐𝑑𝑟, (5) 

 
𝑑𝐹𝐷 = 𝐶𝑑

1

2
𝜌𝑈𝑟𝑒𝑙

2 𝑐𝑑𝑟, (6) 

 𝑑𝐹𝑁 = 𝑑𝐹𝐿 cos 𝜑 + 𝑑𝐹𝐷 sin 𝜑, (7) 

 𝑑𝐹𝑇 = 𝑑𝐹𝐿 sin 𝜑 − 𝑑𝐹𝐷 cos 𝜑. (8) 

If the rotor has B blades, the total normal force on the section at a distance r is given 

by: 

 
𝑑𝐹𝑁 = 𝐵

1

2
𝜌𝑈𝑟𝑒𝑙

2 (𝐶𝑙 cos 𝜑 + 𝐶𝑑 sin 𝜑)𝑐𝑑𝑟. (9) 

The incremental torque operating at a distance, r is expressed as: 

 
𝑑𝑄 = 𝐵

1

2
𝜌𝑈𝑟𝑒𝑙

2 (𝐶𝑙 sin 𝜑 − 𝐶𝑑 cos 𝜑)𝑐𝑟𝑑𝑟. (10) 

More detailed derivation of governing equation and procedure of the BEM calculation 

are described in [19].
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2.2.2. Generalized dynamic wake 

The generalized dynamic wake (GDW) model was developed by Suzuki [8] and is 

grounded on the study of Peters and He [20]. This model is also termed as the acceleration 

potential method, and it was firstly developed in the helicopter industry. This method 

provides a more general induced velocity distribution across a rotor plane than BEM theory. 

It extended the Pitt and Peters model [21] to consider more complex flow states and spatial 

and temporal fluctuation of the inflow. 

There is a major difference between helicopter rotors and the wind turbine rotors, 

although they work fundamentally under the same aerodynamic principles. The wind 

turbine rotor decelerates the airflow by extracting energy from it, while the helicopter rotor 

accelerates the airflow by adding energy to it. Both the Pitt and Peters dynamic inflow 

model and the generalized wake model were developed originally for rotorcraft 

applications, mainly helicopter rotors. Because of this slower airflow in the wind turbine 

wake, the velocity of the flow would need more time to reach equilibrium after an abrupt 

change in the aerodynamic load. In other words, the time constant for changes of the 

induced velocity for the wind turbine rotor might have to be greater than the time constant 

for the helicopter rotor. The time constant is dependent on the values of the elements of the 

apparent mass matrix in the governing equation for the generalized dynamic inflow model. 

The values of these elements are dependent on the pressure gradient at the rotor plane. The 

greater the mass, the longer it takes for the airflow to accelerate to reach the new 

equilibrium. 

The GDW method solves a potential flow to Laplace's equation in the rotor plane. The 

solution was used by Kinner [22] and is sum of trigonometric functions and Legendre 
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functions. He assumed that the rotor is an infinite number of blades and the magnitude of 

induced velocities were small compared to the mean wind speed. 

The main advantages of the GDW method over BEM theory is inherent representation 

of the dynamic wake effect. The dynamic wake effect is the time delay to an equilibrium 

state in the induced velocities, related to bound vortex at the blades and shedding vortex 

being convected downstream from the blades, after a sudden change of the inflow. Another 

advantage is computational efficiency because the solution is calculated using a non-

iterative technique. 

However, the GDW method also has shortcomings. Like most wake models, the GDW 

is applicable to lightly loaded rotors. In other words, this model is applicable when the 

induced velocities are small in comparison to the mean flow. If this assumption is not 

satisfied, the solution becomes instable at low wind speeds [23]. 

To get the governing equations of the GDW, derivation is started from the Euler 

equations. With the small induced velocities assumption, momentum conservation 

becomes  

 𝜕𝑢𝑖

𝜕𝑡
+ 𝑈∞

𝜕𝑢𝑖

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
, (11) 

and mass conservation resulting in 

 𝜕𝑢𝑖

𝜕𝑥𝑖
= 0, (12) 

lastly leading to Laplace’s equation: 
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 ∇2𝑝 = 0. (13) 

Kinner [22] advanced the solution and that provides momentum discontinuity through 

the rotor. This solution also can be applied to a yawed flow condition. The velocity potential 

distribution is represented in an ellipsoidal coordinate system. 

By non-dimensionalizing these equations, the results is given by:  

 
Φ(𝜈, 휂, 𝜓, �̂�) = ∑ ∑ 𝑃𝑛

𝑚(𝜈)𝑄𝑛
𝑚(𝑖휂)[𝐶𝑛

𝑚(�̂�) cos(𝑚𝜓)

∞

𝑛=𝑚+1,𝑚+3,⋯

∞

𝑚=0

+ 𝐷𝑛
𝑚(�̂�) sin(𝑚𝜓)]. 

(14) 

where and 𝜈, 휂 and 𝜓 are elliptical coordinates as below: 

 𝑥 = √1 − 𝜈2√1 + 휂2 cos 𝜓. (15) 

 𝑦 = √1 − 𝜈2√1 + 휂2 sin 𝜓. (16) 

 𝑧 = 𝜈휂. (17) 

More detailed derivation of governing equation and procedure of the GDW calculation 

are described in [8, 18].
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2.2.3. Unsteady vortex lattice method 

The UVLM is used to predict the aerodynamic lift and drag forces. This method is 

also called the lifting-surface method and is more sophisticated than Prandtl’s classical 

lifting-line method. The governing equation is the Laplace equation, which assumes that 

the fluid is irrotational and incompressible over the entire flow field, excluding the body’s 

solid boundaries and its wakes. Thus, a velocity potential can be defined in the inertial 

frame, and the continuity equation becomes 

 𝛻2𝜙∗ = 0, (18) 

where 𝜙∗ is the total velocity potential. Using Green’s identity, the general solution to a 

Laplace equation can be formulated by the sum of the source and doublet distributions. The 

general solution to Eq. (18), obtained by exchanging doublet distributions with equivalent 

vortex γ distributions, is given by 

 
𝜙∗ =

1

4𝜋
∫ 𝛾

𝑏𝑜𝑑𝑦+𝑤𝑎𝑘𝑒

𝒏 ∙ 𝛻 (
1

𝑟
) 𝑑𝑆 + 𝜙∞, (19) 

where 𝜙∞ is the free-stream potential. The blade’s bound circulation and vortex wake are 

modeled by vortex ring elements, and two boundary conditions are implemented. The first 

boundary condition requires zero normal velocity across the body’s solid boundaries. 

 (𝛻𝜙 + 𝜙∞) ∙ 𝒏 = 0. (20) 
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The second boundary condition requires that the flow disturbances arising from the 

body’s motion through the fluid diminish far from the body. 

 𝑙𝑖𝑚
𝑟→∞

𝛻𝜙 = 0. (21) 

The solution to Eq. (18) provides the velocity components in the flow field. Once the 

velocity field is obtained, the corresponding pressure field is calculated by using the 

unsteady Bernoulli equation, which is expressed as 

 𝑝∞ − 𝑝

𝜌
=

𝑄2

2
−

𝑣𝑟𝑒𝑓
2

2
+

𝜕𝜙

𝜕𝑡
, (22) 

where p is the local fluid pressure, Q is the magnitude of the local fluid velocity, and the 

subscript “ref” indicates a reference field condition.  

To represent the viscous effects in the free wake, we use the Lamb–Oseen model [24] 

for the diffusion of laminar vortices. The vortex core radius, 𝑟𝑐, can be written as 

 𝑟𝑐(휁) = √4𝛼𝛿𝜈. (23) 

 

The eddy viscosity coefficient is given by 

 𝛿 = 1 + 𝑎1𝑅𝑒𝑣 (24) 

where 𝑎1 is a Squire parameter and 𝑅𝑒𝑣 is the vortex Reynolds number. 
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Figure 6 Nomenclature of the unsteady motion of a thin lifting surface [25] 

At this work, fully free wake method was used and the wing’s bound circulation 

and the vortex wake will be modeled by vortex ring elements as shown in figure 6. The 

solution is based on the time-stepping technique, technique, and at the beginning of the 

motion only the wing-bound vortex rings exist. At each time step, the wing moved forward 

and trailing vortex panels shed a wake panel with same circulation strength of the previous 

time step. This time-stepping methodology can then be continued for any type of flight path 

and at each time step the vortex wake corner points can be moved by the local velocity, so 

that wake rollup can be simulated. 

Specifying the zero normal velocity boundary condition on the surface (𝑄𝑛𝑘
= 0) on 

an arbitrary collocation point K we obtain 
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 𝑄𝑛𝑘
= 𝑎𝐾1Γ1 + 𝑎𝐾2Γ2 + 𝑎𝐾3Γ3 + ⋯ + 𝑎𝐾𝑚Γ𝑚

+ [𝑈(𝑡) + 𝑢𝑊, 𝑉(𝑡) + 𝑣𝑊, 𝑊(𝑡) + 𝑤𝑊]𝐾 ∙ 𝒏𝐾 = 0 
(25) 

where [𝑈(𝑡), 𝑉(𝑡), 𝑊(𝑡)]𝐾  are the time-dependent kinematic velocity compenets 

due to the motion of the wing, (𝑢𝑊, 𝑣𝑊, 𝑤𝑊)𝐾 are the velocity components induced by 

the wake vortices, and 𝑚 = 𝑀 × 𝑁. Since these terms are known at each time step, they 

can be transferred to the right-hand side of the equation. Consequently, the right-hand side 

is defined as 

 RHS𝐾 = −[𝑈(𝑡) + 𝑢𝑊, 𝑉(𝑡) + 𝑣𝑊, 𝑊(𝑡) + 𝑤𝑊]𝐾 ∙ 𝒏𝐾 (26) 

Once the computations of the influence coefficients and the right-hand side vector are 

completed, the zero normal flow boundary condition on all the wing’s collocation points 

will result in the following matrix equation in indicial form (for each collocation point K) 

as 

 
∑ 𝑎𝐾𝐿Γ𝐿

𝑚

𝐿=1

= RHS𝐾 (27) 

A more detailed description is presented in the book by Katz and Plotkin, including 

numerical procedures and the corresponding algorithms [25]. 
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2.2.4. Nonlinear vortex correction method 

Because the UVLM gives a potential flow solution, this method cannot account for 

airfoil thickness and separated flow effects; therefore, the parasitic drag is not considered. 

To be able to calculate the aforementioned nonlinear effects over the entire angle of attack, 

iteration-based methods have been developed [26-30]. These methods combine two-

dimensional viscous airfoil data with three-dimensional inviscid wing data. In this study, a 

nonlinear bound vortex correction method [30] is used. This method is briefly summarized 

below: 

   𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑡𝑎𝑔𝑒 ∶  𝐹1 = 𝐶𝑙,𝑈𝑉𝐿𝑀   − 𝐶𝑙,𝑇𝑎𝑏   > 휀

                                  𝐹2 = 𝐶𝑚,𝑈𝑉𝐿𝑀 − 𝐶𝑚,𝑇𝑎𝑏 > 휀

                                             𝑡ℎ𝑒𝑛 𝛤𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ± 𝛿𝛤1,2 → 𝛤𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑

                    𝐹𝑖𝑛𝑎𝑙 𝑠𝑡𝑎𝑔𝑒 ∶  𝑖𝑓 𝐹1,2 ≤ 휀, 𝑡ℎ𝑒𝑛 𝑢𝑠𝑒 𝛤𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑        

 (28) 

where 𝐶𝑙,𝑈𝑉𝐿𝑀  and 𝐶𝑙,𝑇𝑎𝑏  indicate the sectional lift coefficients from the UVLM 

and table look-up procedure, respectively; 𝐹1 is the difference of these two values; and Γ 

indicates the bound vortex strength of the blade spanwise section. In other words, if 𝐹1 is 

not zero, F is modified to be zero by adding a suitable value to or subtracting a suitable 

value from the initial bound vortex strength; this added or subtracted value is the same 

along all chordwise filaments in a section. 

Specifically, the number of equations is 2N when section is divided as N because each 

section has tow unknown variables such as 𝛿𝛤1 and 𝛿𝛤2. 

 
𝐹𝑖 = {

𝛥𝐶𝑙,𝑖

𝛥𝐶𝑚,𝑖
} ,  𝑥𝑖 = {

𝛿𝛤1

𝛿𝛤2
}, (29) 
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 𝛥𝐶𝑙,𝑖 = (𝐶𝑙,𝑖)𝑈𝑉𝐿𝑀 − (𝐶𝑙,𝑖)𝑇𝑎𝑏

𝛥𝐶𝑚,𝑖 = (𝐶𝑚,𝑖)𝑈𝑉𝐿𝑀 − (𝐶𝑚,𝑖)𝑇𝑎𝑏
. (30) 

where i is the blade segement index. Vector form of equation 29 is can be written as, 

 �⃗�(�⃗�) = 𝟎. (31) 

By Talyor-expansioning equation 31 with deleting second order term, the equation 29 

becomes 

 𝐽 ∙ 𝛿�⃗� = −�⃗�, (32) 

where 𝛿�⃗� is unknown variable, J is jacobian matrix. Newton-Raphson method was used 

to get the solution. Then, obtained 𝛿�⃗� is added to previous value until the solution meet 

convergence condition. 

 �⃗�𝑛𝑒𝑤 = �⃗�𝑜𝑙𝑑 + 𝛿�⃗�. (33) 

In the calculation, finite different method was used because it is difficult to get analytic 

solution for Jacobian matrix. Jacobian matrix is calculated using the equations as below. 

 
𝐽 = (

𝐽𝑙1 𝐽𝑙2

𝐽𝑚1 𝐽𝑚2
) (34) 
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(𝐽𝑙1)𝑖,𝑗 =
𝜕∆𝐶𝑙,𝑖

𝜕𝛿𝛤1,𝑗
≅

(∆𝐶𝑙,𝑖)
𝛿𝛤1,𝑗+ℎ

− (∆𝐶𝑙,𝑖)
𝛿𝛤1,𝑗

(𝛿𝛤1,𝑗 + ℎ) − 𝛿𝛤1,𝑗

 (35) 

 (∆𝐶𝑙,𝑖)𝛿𝛤1,𝑗+ℎ = [(𝐶𝑙,𝑖)𝑉𝐿𝑀 − (𝐶𝑙,𝑖)𝑇𝑎𝑏𝑙𝑒 𝐿𝑜𝑜𝑘−𝑈𝑝]𝛿𝛤1,𝑗+ℎ (36) 

 (∆𝐶𝑙,𝑖)𝛿𝛤1,𝑗
  𝑖 = [(𝐶𝑙,𝑖)𝑉𝐿𝑀 − (𝐶𝑙,𝑖)𝑇𝑎𝑏𝑙𝑒 𝐿𝑜𝑜𝑘−𝑈𝑝]𝛿𝛤1,𝑗

 (37) 

 
(𝐽𝑚1)𝑖,𝑗 =

𝜕∆𝐶𝑚,𝑖

𝜕𝛿𝛤1,𝑗
≅

(∆𝐶𝑚,𝑖)𝛿𝛤1,𝑗+ℎ − (∆𝐶𝑚,𝑖)𝛿𝛤1,𝑗

(𝛿𝛤1,𝑗 + ℎ) − 𝛿𝛤1,𝑗
𝑖 (38) 

 (∆𝐶𝑚,𝑖)𝛿𝛤1,𝑗+ℎ = [(𝐶𝑚,𝑖)𝑉𝐿𝑀 − (𝐶𝑚,𝑖)𝑇𝑎𝑏𝑙𝑒 𝐿𝑜𝑜𝑘−𝑈𝑝]𝛿𝛤1,𝑗+ℎ (39) 

 (∆𝐶𝑚,𝑖)𝛿𝛤1,𝑗
     = [(𝐶𝑚,𝑖)𝑉𝐿𝑀 − (𝐶𝑚,𝑖)𝑇𝑎𝑏𝑙𝑒 𝐿𝑜𝑜𝑘−𝑈𝑝]𝛿𝛤1,𝑗

 (40) 

 

(𝐽𝑙2)𝑖,𝑗 =
𝜕∆𝐶𝑙,𝑖

𝜕𝛿𝛤2,𝑗
≅

(∆𝐶𝑙,𝑖)𝛿𝛤2,𝑗+ℎ − (∆𝐶𝑙,𝑖)𝛿𝛤2,𝑗

(𝛿𝛤2,𝑗 + ℎ) − 𝛿𝛤2,𝑗
 (41) 

 (∆𝐶𝑙,𝑖)𝛿𝛤2,𝑗+ℎ = [(𝐶𝑙,𝑖)𝑉𝐿𝑀 − (𝐶𝑙,𝑖)𝑇𝑎𝑏𝑙𝑒 𝐿𝑜𝑜𝑘−𝑈𝑝]𝛿𝛤2,𝑗+ℎ (42) 

 (∆𝐶𝑙,𝑖)𝛿𝛤2,𝑗
     = [(𝐶𝑙,𝑖)𝑉𝐿𝑀 − (𝐶𝑙,𝑖)𝑇𝑎𝑏𝑙𝑒 𝐿𝑜𝑜𝑘−𝑈𝑝]𝛿𝛤2,𝑗

 (43) 

 
(𝐽𝑚2)𝑖,𝑗 =

𝜕∆𝐶𝑚,𝑖

𝜕𝛿𝛤2,𝑗
≅

(∆𝐶𝑚,𝑖)𝛿𝛤2,𝑗+ℎ − (∆𝐶𝑚,𝑖)𝛿𝛤2,𝑗

(𝛿𝛤2,𝑗 + ℎ) − 𝛿𝛤2,𝑗
 (44) 
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(∆𝐶𝑚,𝑖)𝛿𝛤2,𝑗+ℎ = [(𝐶𝑚,𝑖)𝑉𝐿𝑀 − (𝐶𝑚,𝑖)𝑇𝑎𝑏𝑙𝑒 𝐿𝑜𝑜𝑘−𝑈𝑝]𝛿𝛤2,𝑗+ℎ (45) 

 (∆𝐶𝑚,𝑖)𝛿𝛤2,𝑗
     = [(𝐶𝑚,𝑖)𝑉𝐿𝑀 − (𝐶𝑚,𝑖)𝑇𝑎𝑏𝑙𝑒 𝐿𝑜𝑜𝑘−𝑈𝑝]𝛿𝛤2,𝑗

 (46) 
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2.3. Development of coupled dynamic simulation 

To demonstrate dynamics of wind turbine system, the FAST (Fatigue, Aerodynamics, 

Structures, and Turbulence) program [31, 32], which has been developed by National 

Renewable Energy Laboratory (NREL) and publicly available to use source code, was used. 

Them, aerodynamic module of the FAST, which based on the BEM, was substitute as the 

UVLM. In this process, rotor coordinate system of UVLM was changed as the FAST’s hub 

coordinate systems, and kinematic and kinetic properties of rotor system were interchanged 

between the FAST and UVLM. 

2.3.1. FAST 

The FAST is a time-domain simulation program that embodies a combined modal and 

multibody dynamics formulation. The blades and tower are modeled by linear modal that 

assumes small defection between each section. The blade have one edgewise and two 

flapwise bending mode DOFs, and the tower have two DOFs of fore-aft and two DOFs of 

side-to-side bending mode. The generator has single variable speed DOF, the drivetrain has 

a torsional flexibility. A rigid body with lumped mass and inertia terms are used to represent 

the nacelle and hub. Also, the support platform motion is included horizontal motions, such 

as surge, sway, and heave, along with rotational motions, such as roll, pitch, and yaw, as 

shown in Figure 7. In this figure, a coordinate system of the wind turbine is shown. The 

positive Z-axis is vertically upward along the centerline of the tower and the X-axis is 

parallel to the nominal downwind direction. The XY-plane is in the mean sea level. 
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Figure 7 Support platform coordinate system [33] 
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Using the assumption that all rotations of the support platform are small, rotation 

sequence becomes insignificant. The x,y,z is the reference frame axes coming from a 

transformation about the original reference frame axes X, Y, Z. 휃1, 휃2, 휃3  is three 

orthogonal rotation angles. With the first order small-angle approximations and negligence 

of higher order terms, the Euler-angle rotation becomes 

 
[
𝑥
𝑦
𝑧

] = 𝐷 [
𝑋
𝑌
𝑍

], (47) 

 

D = [

1 휃3 −휃2

−휃3 1 휃1

휃2 −휃1 1
]. (48) 

The matrix D must be orthonormal. The coordinate transformation between FAST and 

UVLM was performed using the above rule. 

In the FAST program, the HydroDyn, which is the platform hydrodynamics module 

[35], computes hydrodynamic loads of a floating platform; added mass, radiation, buoyancy, 

sea currents, diffraction, and nonlinear effects. Also, variable pitch and speed control was 

functioned using an external dynamic link library (DLL) [36]. A flowchart of the control 

system, the blade pitch and generator-torque properties is summarized in reference [35]. 
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2.3.2. Coupling method 

To consider the dynamic response of the wind turbine, the developed UVLM is 

coupled with FAST [37, 38]. Figure 8 shows the schematic of the FAST–UVLM modules. 

In this program, AeroDyn, which is based on the BEM theory, is used to calculate the 

aerodynamic forces. In this study, the aerodynamic module of FAST is replaced with the 

UVLM. Figure 9 shows the flowchart of the FAST–UVLM coupling. Positions, 

orientations, and translational and rotational velocities for all elements of FAST are 

transferred to the UVLM, which represents the wing as a series of vortex rings. The induced 

velocities at each control point are determined by using the Biot–Savart law, and the vortex 

strength at the blades is determined by a set of linear algebraic equations using the boundary 

conditions of no flow through the wing. The angle of attack is then determined, and the lift 

forces are calculated using Kelvin’s theorem. Following this, trailing wakes are moved to 

the next step. Finally, the aerodynamic forces are calculated and transferred to the FAST 

module. In this research, FAST version 7.02 is used. This combination method was 

validated using NREL Phase VI experimental data [39, 40].
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Figure 8 FAST–UVLM modules [37] 

 

Figure 9 Flowchart of FAST–UVLM coupling [37] 
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Figure 10 shows the detailed procedure of geometric data transformation. First, the 

blade position and orientation vectors in FAST’s hub coordinate are migrated to the 

UVLM’s hub coordinate. Then, the UVLM generates grids in FAST’s hub coordinate. The 

leading segment of the vortex ring is placed on the panel’s quarter chord line, and the 

collocation point is at the center of the three-quarter chord line. In this study, the lifting 

surface shape is divided into fifteen spanwise and two chordwise panels. The 500 step of 

wake length, which is minimum criteria for the convergence and is duration for 6 

revolutions of the rotor, was calculated and time step of aerodynamic calculation was 0.1 

s. Only the blades and wake were modeled as the vortex ring. The independency of grid 

number had been verified in a prior study [41]. Lastly, the position and orientation vectors 

from FAST’s hub coordinate are transformed to the UVLM’s hub coordinate. 

 

Figure 10 Procedure of transformation of geometry from FAST to UVLM [37] 

All computations presented in this study are made using two Dell PowerEdge R410 

nodes, each equipped with two Intel Xeon E5645 2.40-GHz processors. Each node has 8 

GB of memory. For parallel computation, the Message Passing Interface [42] is used. The 

FAST–UVLM computation takes approximately 20 h per 10-m series computation using 

four CPUs.
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2.4. Validation 

2.4.1. Unsteady Aerodynamics Experiment Phase VI 

Numerical simulations were conducted with unsteady aerodynamic experiment (UAE) 

Phase VI data [39, 40]. Figure 11 shows that configuration of the turbine and wake 

visualization in the wind tunnel. The NREL Phase VI has a two-bladed rotor radius of 5.254 

m and rotational speed of 71.63 rpm. The S809 airfoil is used at all blade sections.  

 

 

Figure 11 (a) NREL UAE Phase VI wind turbine. (b) Wake flow visualization of the 

operating turbine [40] 
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First, calculations were performed for the NREL Phase VI rotor at six wind speeds (7, 

10, 13, 15, 20, and 25 m/s) and on the zero yaw angle upwind baseline configuration. This 

condition is used to isolate unsteady effects. The coupled code was validated using the 

head-on experimental data. For comparison with the advanced model, CFD results, which 

was calculated by EllipSys3D, were also used [43]. Figure 12 shows the low-speed shaft 

torque and root flap bending moment as functions of wind speed at zero yaw for the 

different models. The results indicate that the coupled code gives sufficiently accurate 

predictions at each value of the low-speed shaft torque and root flap bending moment. The 

estimation of FAST seems to produce better results. However, it should be noted that some 

corrections were implemented in FAST’s aerodynamic module using results of Phase VI 

[44]. When it comes to CFD simulation, as massive flow separation on the blade occurs at 

approximately 10 m/s of wind speed, the estimation is very sensitive to tiny changes. Wind 

speed, laminar/turbulent transition, and turbulence models to capture the exact onset of stall 

will be very important [43]. In the case of the UVLM, it also overpredicts the load in the 

region of 10 m/s. However, it predicts aerodynamic load better than CFD at the region of 

high wind speeds. This is because the BEM and UVLM utilize table look-up of airfoil. 

Thus, the BEM and UVLM is more efficient than the CFD in the aerodynamic analysis of 

the wind turbines. 
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Figure 12 Aerodynamic load comparison as a function of wind speed at zero yaw: 

(a) low-speed shaft (LSS) torque and (b) root flap bending moment 

 

Second, numerical simulation has been conducted at four yaw angles (10°, 30°, 45°, 

and 60°) and at two wind speeds each (5 and 15 m/s). The assessment of the present method 

was done by comparing the predictions with the following measurements: (a) variation in 

time-averaged torque generated by the rotor as a function of yaw angle and wind speed and 

(b) time-averaged root flap moment variation as a function of wind speed and yaw angle. 

For comparison with the advanced model, CFD results, whose turbulence model were 

Baldwin-Lomax and Spalart-Allmaras, were also used [45]. 

Figure 13 shows the low-speed shaft torque and root flap bending moment as functions 

of yaw angle at a wind speed of 5 m/s for the different models. Figure 14 plots the same 

results at a wind speed of 15 m/s. We observe that the coupled code also yields reliable 

results as compared with the experiment and FAST. However, several points need further 

discussion. 
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First, the low-speed shaft torque is poorly predicted compared with that predicted by 

the root flap bending moment. This may be due to the inaccurate prediction of the viscous 

drag. The root flap bending moment is mostly determined by lift force as the angle of 

relative angle is very small. Therefore, the difference may originate from inaccurate viscous 

drag predictions. BEM uses table values, whereas UVLM uses the nonlinear vortex 

correction method. Because these different methods yield different results, a more detailed 

investigation is needed to determine how to accurately predict viscous drag.  

Second, as seen in tables 1 and 2, FAST-UVLM shows better agreement with the 

experiment for the low-speed shaft torque at V = 5 m/s than at V = 15 m/s. It is likely that 

the tip speed ratio is one of the important factors in rotor aerodynamic simulations. For 

high tip speed ratios, the shed vortex is clustered near the rotor plane. This shed vortex 

affects the relative velocity at the rotor disk. UVLM can account for this phenomenon, 

whereas BEM uses the Glauert correction to correct this phenomenon. Further, with the 

skewed wake correction, this model is only applicable to lightly loaded rotors. Overall, 

different aerodynamic predictions were yielded from the different models.  

Thus, we could conclude that the coupled code yielded accurate predictions of the 

experimental values for the head-on and yawed cases. Highly unsteady cases such as 

complex aerodynamics of floating wind turbines, in which unsteady aerodynamics and 

large blade deflection both play an important role, should be investigated in order to further 

test this code [13]. 
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Figure 13 Low-speed shaft torque and root flap bending moment comparison as functions 

of yaw angle at V=5 m/s. 

 

Figure 14 Low-speed shaft torque and root flap bending moment comparison as functions 

of yaw angle at V=15 m/s. 
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Table 1 Percentage error for the computed results relative to experimental data 

in V= 5 m/s yawed flow 

Yaw 

angle 

(deg) 

LSS Torque RFBM 

FAST FAST-UVLM FAST FAST-UVLM 

10 9.90% 0.47% 3.99% 4.64% 

30 21.75% 2.43% 2.17% 1.70% 

45 48.79% 10.87% 9.91% 1.04% 

60 - - 12.93% 13.36% 

 

Table 2 Percentage error for the computed results relative to experimental data 

in V= 15 m/s yawed flow 

Yaw 

angle 

(deg) 

LSS Torque RFBM 

FAST FAST-UVLM FAST FAST-UVLM 

10 6.70% 7.54% 1.19% 1.76% 

30 2.54% 4.61% 3.18% 1.80% 

45 4.79% 1.25% 1.87% 2.46% 

60 11.71% 0.89% 1.75% 4.27% 
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2.4.2. Vortex ring state 

To validate the in-house numerical code in VRS, predictions are compared with 

Washizu’s experimental data [46], which is a moving track test of a rotor 1.1 m in diameter 

in descent for axial conditions. As this experiment comprises all flow states and is a typical 

VRS experiment, it is appropriate to validate for a floating wind turbine. The three-bladed 

rotor has a solidity value of 0.0573 with an 8.33 deg twist. The RPM is 1000 rpm and the 

chord value is 0.033. The airfoil of each blade is a NACA 0012. Data for the aerodynamic 

coefficients of the NACA 0012 were sourced from experimental results [47]. 

The measured and predicted thrust coefficients are shown in Figure 15. The prediction 

shows that VLM predicts the value near upper border of fluctuations well for a complete 

interval of 𝑉𝑧 = Ω𝑅. The normal vorticity fields perpendicular to the Y axis as the descent 

velocity are shown in Figure 16. This figure clearly shows smooth slipstreams for WBS. 

For a TWS, the generation of the tip vortices can be seen. The envelope of the swirly areas 

gradually arises above the rotor disk plane. We also noted the presence of an area of high 

amplitude of the vorticity at the root of the blade. It is linked to a high level of local thrust. 

For VRS, the tip vortices are clustered at the tip of the blades. The envelopes of the 

recirculation zones become larger and at this point become mainly located on the rotor disk 

plane. Hence, the validation shows that the VLM can feasibly predict the numerical values 

as well as the flow-fields of a turbulent wake state and a vortex ring state. 



38 

 

Figure 15 Thrust coefficient versus vertical flight velocity factor for different values of 

 the blade pitch angle when the blade section equals 0.75 
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Figure 16 Normal vorticity fields and streamlines at θ0.75 = 4.5° − (a) Vz = 6.6 m/s, (b) 

Vz = 5.0 m/s, (c) Vz = 3.2 m/s, (d) Vz = 1.1 m/s 
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2.4.3. Dynamic inflow 

As mentioned earlier, a dynamic inflow phenomenon is a major concern during the 

operation of a floating wind turbine. Therefore, a validation was carried out for the dynamic 

inflow effect. The Tjaereborg wind turbine [48] was considered to validate the dynamic 

response of a turbine during a rapid pitching motion. Figure 17 shows that configuration of 

the turbine. The geometric properties of the turbine is presented in table 3. The wind speed 

was 10.6 m/s, and the considered rotor speed was 22.3 rpm. 

Figure 18 shows the generator power output for the Tjaereborg turbine during the 

rapid pitch changes from 0.2° to 3.9° in 1 s and back. The result obtained using the GDW 

and UVLM shows an overshoot and a gradual response similar to the measured data. 

However, the BEM model exhibited no overshoot because it assumes the flow to be in an 

equilibrium wake state. In addition, the result obtained using the UVLM shows a longer 

time constant than the result obtained using the GDW, and the results of the UVLM are 

closer to the measured data. In this validation, the GDW and UVLM show the ability to 

consider the dynamic inflow effect. 

Table 3 Geometric properties of Tjaereborg wind turbine. 

Parameter Value 

Number of blades 

Rotor diameter 

Orientation 

Tilt angle 

Twist (linear) 

Hub height 

Rated rotor speed 

Rated electrical power 

Power control 

Airfoil family 

3 

61.1 m 

Upwind 

3° 

0.333 °/m 

61 m 

22.3 rpm 

2.0 MW 

Full span pitch 

NACA 44xx 
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Figure 17 2MW Tjaereborg wind turbine [49] 
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Figure 18 Validation for Tjaereborg wind turbine during rapid pitching motion. 
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2.4.4. NREL 5MW reference wind turbine 

Code-to-code comparisons were carried out using the 5-MW NREL RWT [50] to 

verify dynamic loadings between FAST and FAST–UVLM. Table 4 presents the geometric 

properties of the turbine. This analysis was performed from 4 to 26 m/s with increments of 

2 m/s (total of 12 uniform wind speeds: 4, 6, 8, …, 26 m/s). Tower shadow, wind shear, and 

yaw misalignment were not considered. In this case, the structural flexibilities were 

considered and a simple PI controller was used. Figure 19 presents results such as the 

minimum, maximum, and mean values for the aerodynamic power, blade bending moment, 

and tower bending moment. In general, the aerodynamic models BEM and UVLM show 

good agreement at a uniform wind-speed condition. Therefore, it could be concluded that 

the developed code was coupled correctly. 

 

Table 4 Geometric properties of 5-MW NREL RWT. 

Parameter Value 

Number of blades 

Rotor radius 

Orientation 

Cut-in, rated, cut-out wind speed 

Cut-in, rated rotor speed 

Shaft tilt, precone 

Hub height 

Rated electrical power 

3 

63 m 

Upwind 

3, 11.4, 25 m/s 

6.9, 12.1 rpm 

5°, 2.5° 

90 m 

5.0 MW 
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Figure 19 Code-to-code comparison [38]
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Unsteady aerodynamic loading of 

an offshore floating wind turbine 

 

 

3.1. Overview 

Today, wind energy is recognized as one of the most promising renewable energy 

sources. The electricity price generated by wind is very close to the price of energy 

generated from fossil fuels. In particular, offshore wind turbines are rapidly increasing 

because they do not have visual or noise problems. In addition, wind quality improves as 

the distance from the coast increases, and much of the offshore wind resource potential 

exists in deep water. 

Nowadays, most offshore wind turbines are installed on fixed-bottom substructures. 

However, floating support platforms are more economical than fixed-bottom substructures 

in cases where the water depth is greater than 50 m. According to a recent study by GL 

Garrad Hassan, the levelized cost of energy of offshore floating wind designs is lower than 

that of existing fixed-bottom foundations for water depths of around 50 m or greater [74]. 

In addition, because the feasibility of floating platforms has already been demonstrated by 
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the long-term use of offshore floating substructures in the oil and gas industries, floating 

wind turbine systems have recently been attracting substantial research interest. 

However, as the flow states of an offshore floating wind turbine (OFWT) differ from 

those of an onshore fixed wind turbine, it is questionable as to whether the aerodynamic 

load prediction of a turbine using conventional blade element momentum theory (BEMT) 

is accurate. The aim of this chapter is to show the characteristics of aerodynamic load 

predictions using the unsteady vortex lattice method (UVLM). 
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3.2. Methodology 

In this chapter, the developed fully coupled dynamic analysis code, which is 

described in section 2, was used. As the aerodynamics, control, and kinematics of 

tower and blades were explained in detail in section 2, hydrodynamics and mooring 

system modeling are described in this section. 

The general form of the equation for floating wind turbine system’s motion is 

given by 

 𝑀𝑖𝑗(𝑞, 𝑢, 𝑡)𝑞�̈� = 𝑓𝑖(𝑞, �̇�, 𝑢, 𝑡). (49) 

where 𝑀𝑖𝑗 is the inertia mass matrix. 𝑞�̈� is the second time derivative of DOF(𝑞) j and 

𝑢 is the control inputs. 𝑓𝑖 is the forcing term related with DOF i. 

Typically, hydrodynamic impedance forces are important in the analysis of floating 

wind turbines. In this case, the added-mass are important because the density of support 

structure is of same order of magnitude as the density of the water. The total external load 

on the floating support platform, 𝐹𝑖
𝑃𝑙𝑎𝑡𝑓𝑜𝑟𝑚

, is also expressed as 

 𝐹𝑖
𝑃𝑙𝑎𝑡𝑓𝑜𝑟𝑚

= −𝐴𝑖𝑗𝑞�̈� + 𝐹𝑖
𝐻𝑦𝑑𝑟𝑜

+ 𝐹𝑖
𝐿𝑖𝑛𝑒𝑠, (50) 

where 𝐴𝑖𝑗  is the impulsive hydrodynamic-added-mass matrix, 𝐹𝑖
𝐻𝑦𝑑𝑟𝑜

 is the ith 

component of the hydrodynamic load, and 𝐹𝑖
𝐿𝑖𝑛𝑒𝑠 is the ith component of the applied load 

from the mooring lines. The 𝐹𝑖
𝐻𝑦𝑑𝑟𝑜

 and 𝐹𝑖
𝐿𝑖𝑛𝑒𝑠 terms are out of scope and a detailed 

description is described in [35].
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3.3. Verification 

In the previous chapter, the developed code was validated for the case of a land-based 

wind turbine. From this section, we analyze the case of a floating wind turbine. The OC3-

Hywind model [51] was analyzed. A time-marching simulation was carried out to identify 

differences in the dynamic characteristics of the floating wind turbine systems among the 

three different aerodynamic models. Load case 5.1 [52] is used to test the OC3-Hywind’s 

loadings with regular waves. In this case, the rotor and drivetrain have flexibility, the 

controller is functioning, and the turbine is operating in uniform wind below rated without 

shear. A wind speed of 8 m/s, individual wave height of 6 m and individual wave period of 

10 s were considered. The system’s responses fluctuate with regular sea waves that induce 

the oscillations above and below the mean loads and displacements. 

Figure 20 shows the time-series loadings with regular waves from load case 5.1. As 

can be seen, in a majority of loadings, the results of the GDW and UVLM agree well with 

the regular waves except for the out-of-plane blade root bending moment, for which 

differences are observed at the peak. This is because the fluctuations of rotor speeds, which 

are affected by the wind speed and torque, are different in the two models. Then, the 

differences in the azimuth angle of the blade yield different relative velocities owing to the 

platform pitching motion because the relative velocity is increased with furthering from the 

support platform reference point, which is the location in the platform about which the 

support platform DOFs are defined. Thus, it could be concluded that the GDW and UVLM 

agree well at intermediate wind speeds. On the other hand, the BEM does not agree well 

with other wake models. This is because the BEM assumes that the wake is frozen and it 

does not consider the dynamic inflow effect. 
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Figure 20 Time-series loadings with regular waves from load case 5.1 
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Figure 21 plots the time series of the platform displacements with regular waves from 

load case 5.1. The GDW and UVLM agree well on all the platform displacements. However, 

as described earlier, because the BEM's higher induction results in the underestimation of 

the thrust loading, the platform surge decreases and the platform yaw increases compared 

to the GDW and UVLM. However, the overall differences are not substantial. This is 

because aerodynamics does not considerably affect platform placements. Hydrodynamics 

is more important to platform motions. In addition, these results validate the developed 

coupling code, which considers hydrodynamics and mooring forces, at the floating 

condition. 
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Figure 21 Time-series platform displacements with regular waves from load case 5.1. 
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3.4. Results 

3.4.1. Investigation on flow state 

The well-known NREL offshore five mega-watt wind turbine [50] was chosen, and to 

focus on the flow states of the floating wind turbine, a prescribed simple harmonic platform 

pitch angle was used. The pitch amplitude is three meters, and the period is twelve seconds, 

both of which are similar to the pitching motion of a barge platform. The simulation of the 

operating condition is defined by a wind speed of 4.5 m/s and a rpm of 7.6. This is low 

wind speed condition which is known as highly unsteady aerodynamics is occurred. Figure 

22 shows that floating turbine stance during prescribed pitching motion. 

 

Figure 22 Floating turbine stance during pitching motion 
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First, to verify the outbreak of an unsteady flow in the floating wind turbine under a 

low wind speed condition, we compared the flow-field of a fixed wind turbine and a 

floating wind turbine. In Figure 23 (a), the fixed turbine shows a slipstream flow at a low 

wind speed condition. However, in Figure 23 (b), the floating wind turbine shows an 

unsteady flow field, similar to a turbulent wake state. This arises because the net convection 

of the growing tip vortex becomes low, as periodic disturbances are added by the floating 

platform motion. Hence, we could verify the occurrence of an unsteady flow in the floating 

wind turbine. 

 

Figure 23 Normal vorticity fields and streamlines at Vz = 4.5m/s 

–(a) Fixed wind turbine (b) Floating wind turbine 

Next, we examined the cause of the turbulent wake state. According to previous 

research [11], an unsteady flow arises from platform pitching motion in the downward 

direction. During this movement, the induction factor, which is the induced velocity divided 

by the inflow velocity, is higher than 0.5. Typically, this signifies a high thrust coefficient 

and unsteady flow. The induction factor is very high at the top of the rotor plane at location 

three in Figure 24. We could determine the possibility of a turbulent wake state. 
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Figure 24 Local induction factor at each platform pitching location 

− (a)~(i) : Location 1~9 in figure 22 
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Next, we investigated the sectional thrust at each location of the floating wind turbine 

if a high induction factor causes high loading. As shown in Figure 25, in contrast to 

expectations, we found that the sectional thrust is the lowest at location three. In addition, 

at location seven, the sectional thrust is the highest despite the fact that the axial induction 

factor is lower than it is at location three, as the relative wind at the rotor is minor due to 

the backward pitching motion at location three. In other words, although the induction 

factor causes a high thrust coefficient, the thrust is low because the dynamic pressure is 

very low at location three. 

 

Figure 25 Sectional thrust distribution at blade span at each platform position 
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3.4.2. Moderate-wind speed condition 

To understand the reason of different aerodynamic loadings, the induced velocity was 

investigated and compared. In this comparison, the rotor speed was considered to be 

constant, which was the only difference between this comparison and load case 5.1. The 

reason why considering the constant rotor speed is to compare only the induced velocity 

with same inertia velocities at the blades. If the rotor controller is operated, the rotor speed 

of the three models will be different because the models differ in terms of aerodynamic 

power. Consequently, the azimuth angle of the blades of the three models will be different. 

In this case, the inertial velocities of the blades of the three models are also different. This 

is because platform pitching is a type of rotational motion, and the distances of the blades 

from the reference point on the support platform are different. 

As shown in the figure 26, the BEM cannot account for the dynamic inflow effects; 

therefore, it shows high fluctuation with time. The BEM leads to higher induction because 

dynamic inflow is not considered. The floating platform pitches back between t = 1/4T and 

t = 3/4T and pitches forward between t = 3/4T and t = 1/4T. When the platform pitches 

back, the relative velocity of the blades decreases because the inertial velocity of the rotor 

disk is directed opposite to the inflow velocity. Thus, the BEM underestimates aerodynamic 

loading, leading to a lower value of induced velocity. In contrast to the backward pitching 

motion, the forward pitching motion causes an increase in the relative velocity of the blades, 

thereby increasing aerodynamic loading. Thus, the increased aerodynamic loading yields a 

high induction factor; however, the inflow wind velocity, not the relative velocity is 

multiplied by the induction factor. This is why the induced velocity at the blades increased 

when the platform pitched forward. The higher induction results in the underestimation of 

the overall loadings when using the BEM method. However, the GDW and UVLM show a 

gradual response with regular platform motion because the dynamic wake effects are 
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inherently considered in these methods. In addition, it should be noted that the sudden 

increase in the induction factors near the blade tip is caused by the tip loss. The BEM and 

UVLM captured the tip loss well, but the GDW did not. In addition, the distribution in the 

BEM and UVLM tended to be irregular when the airfoils in the input file changed. However, 

the distribution in the GDW was linear because it is analytical model and cannot consider 

spanwise nonlinearity. 

 

 

Figure 26 Induced velocity of one blade with regular waves from load case 5.1 

 with constant rotor speed. 
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Many studies have been conducted on the unsteady aerodynamics of OFWTs caused 

by the platform surge and pitch motion [12-15]. However, it has not been exactly verified 

as to which motion—surge or pitch—contributes more to the dynamic inflow effect. Thus, 

to quantify the contribution to the dynamic inflow effect, the relative velocity at the rotor 

hub, which changes the angle of attack at the blade section, generated by the platform surge 

and pitch motion was compared. 

Figure 27 shows the contributing sources to the inertia velocity of the nacelle of the 

floating wind turbine from load case 5.1. For comparison, the inertia velocity of the nacelle 

of a onshore fixed wind turbine was included. In the onshore wind turbine case, the wind 

speed was 8.0 m/s and the turbulent intensity was 16%. The inertia velocity of the nacelle 

of the land-based turbine (navy blue dash-dot-dot line) was very low (almost zero). First, 

the inertia velocity of the nacelle (black solid line) varied up to a magnitude of 2 m/s in 2.5 

s; therefore, the dynamic inflow effect will be substantial in the floating wind turbine. 

Second, the magnitudes of the inertia velocity contributions of two major platform motions 

(called PtfmSurge and PtfmPitch) were almost the same.  

However, the dynamic influence on the blade section should not quantified using only 

the inertia velocity of the nacelle. Whereas the unsteadiness of the inertia velocity by surge 

motion depends on only the wave frequency, the platform pitch motion depends on the 

wave frequency, rotor speed, and blade position. Thus, the impact of two individual 

motions is different. Namely, whereas the relative velocity generated by the platform surge 

motion is the same in the entire rotor plane, the relative velocity generated by the platform 

pitch motion varies according to the blade position. 

Moreover, the relative velocity of the coupled motion (called PtfmSurge + PtfmPitch), 

which includes the pitch and surge, is higher than the relative velocities generated by each 
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individual motion. Thus, it is concluded that the unsteady aerodynamic impact of the spar-

type OFWT depends on the coupled motion of the platform and not on the individual 

motions. 

 

Figure 27 Sources of inertia velocity of nacelle along hub centerline 

 in nominally downwind direction 
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3.4.3. Low-wind speed condition 

The GDW is known to be an inaccurate aerodynamic model for wind speeds below 8 

m/s. Thus, a simulation was performed to investigate the impact of the dynamic effect on 

the aerodynamic loading at a low wind-speed condition. The conditions were the same as 

those for load case 5.1, except for the wind speed and wave condition. A wind speed of 4 

m/s, wave height of 2 m, and wave period of 10 s were considered. 

Figure 28 shows the induction factor in the time domain at r/R = 0.84 with regular 

waves. As can be seen in the figure, the induction factor of the GDW do not agree well 

with those of the others. The axial induction factor predicted by the GDW is quite higher 

than those predicted by the BEM and UVLM. This is because the GDW becomes 

numerically unstable at a low wind-speed condition. The induction factor of the GDW is 

much greater than other model’s results and near the one, which is called the turbulent wake 

state [75, 76]. This means that the wake velocity approaches zero, and the rotor wake 

pushes the air in the upwind direction. Therefore, the results obtained by the GDW at a low 

wind speed are not considered. In addition, it is shown that the variation in the axial 

induction factor obtained by the UVLM is more gradual than the variation in the induction 

factor obtained by the BEM. This is because the dynamic inflow effect caused by the 

support platform motion is not considered in the BEM simulation. 
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Figure 28 Comparison of axial induction factor with regular waves at r/R = 0.84 at low 

wind-speed condition. 

Figure 29 shows the time-series loadings with regular waves. Similar to load case 5.1, 

the loads from the UVLM are higher than those from the BEM. The system’s responses 

fluctuate with regular sea waves that induce the oscillations above and below the mean 

loads except for the blade flapwise bending moment and tower bottom side-to-side bending 

moment. As can be seen in table 5, the amplitude of the low-speed shaft torque and tower 

top side-to-side bending moment is increased by about 90 % when considering dynamic 

inflow effect. Moreover, the amplitude of the blade flapwise bending moment is increased 

by 12.7 %. Overall, the low-speed shaft torque, blade flapwise bending moment, and tower 

side-to-side bending moment change considerably when considering the dynamic inflow 

effect. However, the amplitude value of the fore-aft tower top and bottom loadings in the 

UVLM are slightly greater or less than those in the BEM. This is because the fore-aft tower 

loading is mainly affected by the hydrodynamic loading. 
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Figure 29 Time-series loadings with regular waves at low wind-speed condition.
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Table 5 Percent difference of amplitude loadings at low wind-speed condition. 

 Amplitude, kNm Percent difference, 

% Type of load BEM UVLM 

Low-speed shaft torque 

Blade root flap momenta 

53 

810 

134 

920 

86.6 

12.7 

Tower top fore-aft bending moment 

Tower top side-to-side bending moment 

915 

45 

976 

99 

6.5 

91.6 

Tower bottom fore-aft bending moment 

Tower bottom side-to-side bending momentb 

32500 

254 

32263 

232 

-0.7 

-9.1 

a,bFor these case, amplitude is calculated as the difference between the maximum and minimum 

values. 

 

Figure 30 illustrates the platform displacements with regular waves in the time domain. 

The roll and sway motions have different phases. This is because the rotor speed has a 

greater impact than the wave. The heave motion is barely affected by the aerodynamic 

loading. The UVLM, which considers the dynamic inflow effect, shows an increase in the 

absolute values of the surge and pitch motion, whereas it shows a decrease in the absolute 

value of the yaw motion. This is because the thrust force of the rotor disk increases in the 

UVLM. 
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Figure 30 Time-series platform displacements with regular waves at low wind-speed 

condition. 
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Dynamic inflow effect on 

wind turbine noise 

 

 

4.1. Overview 

Trailing edge noise has been the subject of attention because it is very important in 

various applications such as wind turbines, cars, and aerocrafts. Several research have been 

attempted theoretically and experimentally in recent years. 

Theoretically, Lummer et al. [53] studied the interaction of a vortex with the trailing 

edge of an symmetric aerofoil under 0 degree angle of attack in the Mach number in the 

range of 0.2 and 0.5. The result showed that the intensity of sound scaled approximately as 

M4 downstream of the airfoil and consideration of non-linear characteristics could increase 

or decrease the acoustic intensity according to the sign of the rotating initial vortices. Singer 

et al. [54] calculated the noise from vortices passing over sharp trailing edge of a two-

dimensional, thin NACA aerofoil under 0 degree angle of attack with Mach number in the 

range of 0.2 and 0.4. A vortex generator was located at 98% of chord length. Velocity 

scaling of the predicted noise were obtained as an approximate M5.2 dependency. Acoustic 

directivity were also compared to that of a rigid half-plane with acoustic source near trailing 
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edge. The two results showed good agreement with regard to a sin2 (θ/2) dependency. 

Recently, other researchers use Large Eddy Simulation (LES) to estimate trailing edge 

noise. Manoha et al. [55, 56] predicted the noise generated from an three-dimensional 

airfoil using a compressible LES. The study modeled a NACA0012 airfoil in Mach number 

of 0.205 and under 5° angle of attack. Wang and Moin [57] predicted acoustic noise 

generated from the two-dimensional beveled trailing edge with flat strut using LES under 

zero angle of attack in the Mach number of 0.088. 

From the experimental side, Oerlermans, et al. [58] showed mitigation of wind turbine 

noise using serrated airfoil. They also demonstrated a large horizontal microphone array to 

quantify and locate noise sources on the rotor plane. Roger and Moreau [59] suggested an 

analytic model from experimental study to estimate the broadband airfoil self noise 

generated by an industrial cambered airfoil at low Mach number. This model is based on 

Howe’s theory and an extension of Amiet’s theory. The far-field noise is related to the 

turbulent eddy in the boundary layer near the trailing edge. Their model was validated with 

measured data of cambered airfoil at several angles of attack and in low Mach number 

below 0.1. Surface pressure fluctuation is measured using microphone probe sensors [60]. 

In a follow-up study [61], the influence of aerodynamic loading on the spectrum of surface 

pressure was included. 

In this study, we examined the important effects of dynamic inflow effects on the 

trailing edge noise radiated by the wind turbine blades. As the dynamic inflow effects have 

an impact on the angle of attack due to inaccurate prediction of induced velocity, we 

focused on the trailing edge noise with regard to different angle of attacks. Noise prediction 

was performed using semi-empirical model suggested by Brooks, Pope, Marcolini [62] and 

Lowson [63]. 
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4.2. Numerical method 

In this study, we used the semi-emperical model proposed by Brooks, Pope, and 

Marcolini [62] and the Lowson’s model [63] to predict sound pressure levels. 

4.2.1. Brooks, Pope, and Marcolini 

This model is developed based on wind tunnel experiments of a NACA0012 airfoil at 

Reynolds numbers between 400,000 and 1,500,000 which is quite low and appropriate for 

wind turbine applications. The models determine boundary layer thickness, momentum, 

thickness, displacement thickness, and sound pressure levels. 

Firstly, trailing edge noise was calculated by using the result of Fflowcs Williams and 

Hall [64] for the sound generation near the trailing edge on a half-plane by turbulent eddies. 

The total sound pressure level is written as 

 𝐿𝑝.𝑇𝐵𝐿𝑇𝐸 = 10 log10{10𝐿𝑝,𝛼 10⁄ + 10𝐿𝑝,𝑠 10⁄ + 10𝐿𝑝,𝑝 10⁄ } (51) 

with 

 
𝐿𝑝,𝛼 = 10 log10 (

𝛿∗
𝑠𝑀5∆𝑠𝐷ℎ

̅̅̅̅

𝑟2 ) + 𝐺𝐵 (
𝑆𝑡𝑠

𝑆𝑡2
) + 𝐾5 (52) 

The effect of angle of attack is, 

 
𝐿𝑝,𝑠 = 10 log10 (

𝛿∗
𝑠𝑀5∆𝑠𝐷ℎ

̅̅̅̅

𝑟2 ) + 𝐺𝐴 (
𝑆𝑡𝑠

𝑆𝑡1
) + (𝐾6 − 3) (53) 



68 

the contribution of the suction side and 

 
𝐿𝑝,𝑝 = 10 log10 (

𝛿∗
𝑝𝑀5∆𝑠𝐷ℎ

̅̅̅̅

𝑟2 ) + 𝐺𝐴 (
𝑆𝑡𝑠

𝑆𝑡1
) + (𝐾6 − 3) (54) 

the contribution of the pressure side of the airfoil. The Strouhal numbers are defined as 

 
𝑆𝑡𝑠 =

𝑓𝛿𝑠
∗

𝑈
 𝑎𝑛𝑑 𝑆𝑡𝑝 =

𝑓𝛿𝑝
∗

𝑈
. (55) 

The directivity of the high-frequency noise is given by 

 

�̅�ℎ =
2 sin2 (

휃
2

) sin2 𝜓

(1 + 𝑀 cos 휃)[1 + (𝑀 − 𝑀𝑐 cos 휃)]2
. (56) 

The peak Strouhal numbers are given by 

 𝑆𝑡1 = 0.02 ∙ 𝑀−0.6, (57) 

 

𝑆𝑡2 = 𝑆𝑡1 ∙ {

1               (𝛼 < 1.33°)

100.0054(𝛼−1.33)2
   (1.33° < 𝛼 < 12.5°)

4.72         (𝛼 > 12.5°)

. (58) 

The total sound pressure level caused by a blunt trailing edge is given by 
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𝐿𝑝,BTE = 10 log10 (

𝑡∗𝑀5.5∆𝑠𝐷ℎ
̅̅̅̅

𝑟2 ) + 𝐺4 (
𝑡∗

𝛿avg
∗ , ΨTE)

+ 𝐺5 (
𝑡∗

𝛿avg
∗ , ΨTE,

𝑆𝑡′′′

𝑆𝑡peak
′′′ ) 

(59) 

and the Strouhal number based on the trailing edge thickness 𝑡∗ is 

 
𝑆𝑡′′′ =

𝑓𝑡∗

𝑈
. (60) 

Comparison with data for a flat plate showed that the BTE noise depends on the 

trailing edge angle ΨTE of the airfoil on the sound pressure level . The empirical scaling 

function 𝐺4 affects on the peak level, and function 𝐺5 determines the spectrum shape 

depending on Strouhal number and trailing edge angle. The average displacement thickness 

 
𝛿avg

∗ =
𝛿𝑝

∗ + 𝛿𝑠
∗

2
. (61) 

depends on the values of suction and pressure side. The reference value of Strouhal number 

𝑆𝑡peak
′′′  is the ratio 𝑡∗/𝛿avg

∗  and ΨTE, see [62], p.78, eq.(72). 
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4.2.2. Lowson’s turbulence ingestion noise (TIN) model 

The model of Amiet [65] was adopted by Lowson [63] for the problem of a rotating 

blade of a wind turbine [66]. Amiet [65] developed the formula for an airfoil section under 

turbulent inflow and validated with wind tunnel experiments. The fluctuating aerodynamic 

forces due to the turbulence are expressed in equivalent sound pressures by using the 

formulation of Kirchhoff [67] and Curl [68]. The spectrum shape is determined by an 

approximate formula for a Sears function with regard to the atmospheric turbulence and 

the load fluctuations. 

The blade is divided into several blade sections along the span. It is called Strip theory. 

The formula of Amiet is compatible with the strip theory. Amiet used two frequency 

regimes, a low- and a high frequency regime with the critical frequency 𝑓𝑐 = 𝛽2𝑈/8𝑐 

separating the two regimes, whereas Lowson used a smooth transition model. The sound 

pressure level is given by 

 
𝐿𝑝,IT = 𝐿𝑝,IT

H + 10 log10 (
𝐾lfc

1 + 𝐾lfc
), (62) 

with 

 
𝐿𝑝,IT

H = 10 log10 [𝜌2𝑐0
2𝑙IT

∆𝑠

𝑟2
𝑀3�̅�2�̂�3(1 + �̂�2)

−7/3
] + 58.4, (63) 

being the sound pressure level of the high frequency regime. The length scale of the 

atmospheric turbulence 𝑙IT is assumed to be in the order of 100 m. 
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𝐾𝑙𝑓𝑐 = 10 ∙ 𝒮2𝑀

�̂�2

𝛽2
 (64) 

is the low-frequency correction factor and 

 
𝒮2 =

1

2𝜋 ∙ �̂�
𝛽2 +

1

1 + 2.4�̂�/𝛽2

, 
(65) 

an approximation formula for the compressible Sears function suggested by Amiet. The 

compressibility factor is defined as 

 𝛽2 = 1 − 𝑀2, (66) 

the normalized wave number according to [63] 

 
�̂� =

𝜋𝑓𝐶

𝑈
, (67) 

and the velocity and Mach number 

 

𝑈 = √(Ω ∙ 𝑅𝑖)2 + (
2

3
𝑉𝑤)

2

, M =
𝑈

𝑐0
. (68) 
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4.3. Validation 

Validation was performed with measured sound pressure data of a full-scale wind 

turbine to evaluate the accuracy of the semi-empirical code. The Atlantic Orient 

Corporation (AOC) 15/50 wind turbine was chosen for validation [69, 70]. Figure 31 shows 

that configuration of the turbine. The turbine has three blades and each blade has length of 

7.5 m. The geometric properties of the turbine are summarized in table 6. In regard with 

the length of trailing edge thickness of the blades, it was assumed as 1 percent of chord 

length. The turbine is downwind type and has tip brakes on each blade, both of which cause 

uncertain sources of noise that are not represented accurately using the semi-empirical 

equations. For instance, the tower in front of the rotor plane may generate turbulent eddies 

that could produce significant noise. Moreover, mechanical noise from gearbox could 

probably contribute to sound pressure level because nacelle is not installed. The sound 

pressure levels were measured depending on IEC 61400-11 [71], and the sound levels are 

obtained from a single microphone, which is located at 32.5 m behind from the tower center 

[72]. 
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Figure 31 AOC 15/50 test turbine [69] 

 

Table 6 Geometric properties of AOC 15/50 test turbine 

Parameter Value 

Orientation 

Number of blades 

Rotor diameter 

Hub height 

Rated electrical power 

Rated wind speed 

Cut-in wind speed 

Cut-in wind speed 

rpm 

Downwind 

3 

15 m 

25 m 

50 kW 

12 m/s 

4.9 m/s 

22.3 m/s 

60 
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Firstly, aerodynamic power was validated with experimental data of the AOC 

15/50. Figure 32 shows the validation of aerodynamic power. Both BEM and UVLM 

shows good agreement with experimental data in steady wind speed. 

 

Figure 32 Validation of aerodynamic power of the AOC turbine 
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Secondly, aeroacoustic noise was validated with measured acoustic data. The 

mean wind speed is 8m/s, the turbulence intensity was 22% (IEC level A), and the boundary 

layer trip at the blades were used to exclude noise from laminar vortex shedding. The 

turbulent wind was generated using TurbSim [73], which has been developed by NREL. 

Generally, the turbulence scales of the atmospheric boundary layer significantly vary 

from approximately 1 mm to 100 m [77, 78]. The turbulent inflow noise is directly 

proportional to the turbulence length scale. As this parameter is very sensitive to both the 

turbine site and the rotor size, it should be chosen cautiously. In this simulation, the 

turbulence length scale was assumed as 100 m according to previous research [77]. The 

demand for further studies regarding the turbulent length scale remains for more accurate 

noise prediction. 

Figure 33 and 34 show the predicted A-weighted sound pressure levels of several 

noise sources in one-third octave frequency bands using the GDW and UVLM, respectively. 

The results shows good agreement with measured data, and both results shows good 

agreement each other as can be seen in table 7. Especially, the turbulent ingestion noise 

dominates in most frequency bands. In the narrow-band spectrum between 1 and 2 kHz, 

trailing edge bluntness noise is higher than all other sources at least 20 dB. The predicted 

total noise gives good agreement with measured data between 1 and 5 kHz. However, the 

tonality near 800 Hz is not modeled. Therefore, it has been concluded that the validation of 

wind turbine noise prediction was achieved at wind speed of 8 m/s that the dynamic inflow 

effect can be considered using the both GDW and UVLM. 
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Figure 33 1/3 Octave band spectra at V=8m/s, TI=22% using the GDW 

 

Figure 34 Octave band spectra at V=8m/s, TI=22% using the UVLM 
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Table 7 Comparison of overall sound pressure levels between the GDW and UVLM 

 OASPL, dBA Difference, 

dBA 

Percent difference, 

% Type of noise BEM UVLM 

Turbulent ingestion noise 

Trailing edge bluntness noise 

60.98 

56.15 

60.91 

56.13 

0.07 

0.02 

0.11 

0.04 

Trailing edge noise 

Total 

48.33 

62.39 

48.20 

62.32 

0.13 

0.06 

0.28 

0.10 
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4.4. Results and discussion 

In this section, investigation of the NREL 5MW RWT noise prediction was performed 

to determine the dynamic inflow effect in low-wind speed condition. Wind speed was 4 

m/s that the GDW is not applicable and TI was 22 %. The noise prediction was based on 

the IEC 61400-11 [71]. Figure 35 and 36 provides that 1/3 octave band spectra at V=4m/s, 

TI=22% using the BEM and UVLM. Total 20 s of data was acquired and analyzed. Also, 

percent difference of each sound pressure level was calculated and shown in table 8. The 

result shows that turbulent ingestion and trailing edge bluntness noise was not changed 

significantly. However, the trailing edge noise increased about 2 percent in level when 

dynamic inflow was considered. Overall noise was also increased about 1 percent in A-

weighted decibel level.  

To determine the reason why the trailing edge noise was increased, we investigate the 

dynamic inflow effect on induced velocity of blades. Figure 37 shows that comparison of 

induction factor between the BEM and UVLM at r/R=0.82 in time domain. As discussed 

previous chapter, the BEM’s induction factor responds rapidly than UVLM’s induction 

factor. In short, the dynamic inflow effect yields higher relative velocity and higher angle 

of attack overall. As the trailing edge noise is proportional to fifth power of Mach number, 

displacement thickness and angle of attack, the trailing edge noise increased in the dynamic 

inflow condition. 
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Figure 35 1/3 Octave band spectra at V=4m/s, TI=22% using the BEM 

 

Figure 36 1/3 Octave band spectra at V=4m/s, TI=22% using the UVLM 
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Table 8 Comparison of overall sound pressure levels between the BEM and UVLM 

 OASPL, dBA Difference, 

dBA 

Percent difference, 

% Type of noise BEM UVLM 

Turbulent ingestion noise 

Trailing edge bluntness noise 

38.78 

28.68 

38.79 

28.81 

0.07 

0.13 

0.03 

0.22 

Trailing edge noise 

Total 

38.91 

42.06 

39.73 

42.49 

0.82 

0.43 

2.08 

1.01 

 

 

Figure 37 Comparison of induction factor between the BEM and UVLM at r/R=0.82 
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Conclusions 

 

The aerodynamics of horizontal-axis wind turbines should be accurately analyzed 

because various unsteady aerodynamic phenomena affect their performance and lifetime. 

The unsteady vortex lattice method (UVLM) is a useful tool for analyzing the complex 

aerodynamics of rotating machinery because it can describe the physical flow dynamics 

better than the blade element momentum (BEM) theory. 

This study was conducted to develop a strategy to simulate dynamics of offshore 

floating wind turbines (OFWTs) using a combination of the UVLM and FAST. In addition, 

an effort was made to determine the wake influence of OFWTs at low wind speeds by 

comparing three different wake models: the BEM, generalized dynamic wake (GDW) 

method, and UVLM. The OC3-Hywind model was chosen to simulate a floating wind 

turbine. 

The results show that the BEM cannot account for the dynamic inflow effect caused 

by the support platform motions. The effect leads to higher induction at the rotor blade in 

the BEM, which causes the BEM to underestimate the torque and rotor speed. In addition, 

although the GDW and UVLM agree well at moderate wind speeds, the GDW is unreliable 

when the wind turbine rotor is heavily loaded under a low wind speed. At low wind speeds, 

the blade flapwise bending moment, rotor torque, and tower side-to-side bending moment 
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vary considerably when the dynamic inflow effect is considered. On the other hand, the 

tower fore-aft loadings are not considerably affected by the aerodynamic loading; rather, 

they are mainly affected by the hydrodynamic loading. 

Also, aeroacoustic noise prediction of horizontal axis wind turbines was examined 

using semi-empirical formula in a low-wind speed condition to figure out the effect of 

dynamic inflow on flow-induced noise generation. For increased angle of attack due to the 

inaccurate prediction of induced velocity, turbulent trailing edge noise increases in level 

when the dynamic inflow was considered. 
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동적 유입류 하에서 수평축 풍력발전기의 

비정상 공력 하중 및 소음 특성에 
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국문초록 

 

수평축 풍력발전기는 대기 유입류의 난류, 방향, 시어, 블레이드 타워의 움직임 

등에 의해 유동 조건이 비정상 상태에 놓이게 되고, 이는 동적 유입류 효과를 

고려하지 못하는 블레이드 요소 운동량 이론으로는 해석이 불가능하다. 동적 유입류 

효과를 고려하기 위해, 일반화된 동적 후류 방법이 개발되어 사용되어 왔으나, 이는 

높은 유입류 속도에서만 식의 가정이 유효하다. 이와는 다르게, 비정상 와류 격자 

방법은 터빈 블레이드의 후류를 모사하여 계산하기 때문에 이론 자체로 비정상 유동 

효과의 고려가 가능하고, 저풍속 영역에서 또한 계산이 가능하다. 본 논문에서는 

비정상 유동상태가 두드러지게 나타나는 해상용 부유식 수평축 풍력발전기의 비정상 

공력하중에 대해 블레이드 요소 운동량 이론, 일반화된 동적 후류, 그리고 비정상 와류 

격자 모델을 사용하여 비교 해석을 수행하였다. 그 결과 블레이드 요소 운동량 이론은 
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동적 유입류 효과를 고려하지 못하기 때문에, 로터 토크과 로터 스피드를 낮게 

예측하였다. 일반화된 동적 후류 모델과 비정상 와류 격자 모델은 유입류가 8 m/s 

이상일 때는 동적 후류 효과를 잘 고려하는 것을 확인하였지만, 그 이하일 때 

일반화된 동적 후류 모델의 계산 결과가 불안정함을 확인하였다. 저풍속 영역에서, 

동적 유입류를 고려 시에 블레이드 플랩방향 벤딩 모멘트, 로터 토크, 그리고 타워 

측방향 벤딩 모멘트가 증가하는 것을 확인하였다. 또한 동적 유입류 효과가 수평축 

풍력 터빈의 공력소음에 미치는 영향을 알아보기 위해, 저풍속 영역에서 반경험식을 

이용하여 터빈의 공력소음 예측을 수행하였다. 그 결과 동적 유입류 효과를 고려 시에 

뭉뚝한 뒷전 소음과 난류 유입소음은 변화가 없었지만 난류 끝단 소음이 증가하였다. 

그 이유는 동적 유입류 효과를 고려 시, 유도속도의 감소로 인해, 받음각이 증가하여, 

이는 난류 끝단 소음 레벨의 증가로 이어지는 것을 확인하였다. 
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