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Abstract

The treatment of rotor wake has been a critical issue in the field of the rotor aerodynamics. This paper presents a new 

free wake model for the unsteady analysis for a wind turbine. A blade-wake-tower interaction is major source of unsteady 

aerodynamic loading and noise on the wind turbine. However, this interaction can not be considered in conventional free 

wake model. Thus, the free wake model named Finite Vortex Element (FVE hereafter) was devised in order to consider the 

interaction effects. In this new free wake model, the wake-tower interaction was described by dividing one vortex filament into 

two vortex filaments, when the vortex filament collided with a tower. Each divided vortex filaments were remodeled to make 

vortex ring and horseshoe vortex to satisfy Kelvin’s circulation theorem and Helmholtz’s vortex theorem. This model was then 

used to predict aerodynamic load and wake geometry for the horizontal axis wind turbine. The results of the FVE model were 

compared with those of the conventional free wake model and the experimental results of SNU wind tunnel test and NREL 

wind tunnel test under various inflow velocity and yaw condition. The result of the FVE model showed better correlation with 

experimental data. It was certain that the tower interaction has a strong effect on the unsteady aerodynamic load of blades. 

Thus, the tower interaction needs to be taken into account for the unsteady load prediction. As a result, this research shows a 

potential of the FVE for an efficient and versatile numerical tool for unsteady loading analysis of a wind turbine
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1. Introduction

Wind turbines are inevitably subjected to environmental 

effects such as atmospheric turbulence, ground boundary 

layer effects, off-axis flows, tower interaction. All these 

conditions give rise to unsteady aerodynamic loading 

problem, which has strong effect on the overall performance, 

structural vibration, fatigue, instability and so on[1, 2]. 

Thus, the prediction of unsteady aerodynamic loading 

becomes important in design process for blade geometry 

optimization, structure design, blade life time prediction. 

The aerodynamic prediction of horizontal axis wind turbine 

performance has been achieved using a variety of schemes 

of differing complexity. At one end of the scale are the 

relatively simple blade element based methods, which are 

both computationally undemanding and straightforward 

to implement[3], and at the other end of the scale are more 

sophisticated methods based on numerical solution of the 

Navier-Stokes equation[4]. Current industry-standard codes 

for calculating wind turbine rotor loads and power output 
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are based on blade-element momentum theory(BEMT). 

It is widely acknowledged, however, that BEMT has a 

fundamental limitation on its simple assumptions[5]. This 

restriction has been overcome in practice by empirical 

adjustments. But there is a widespread desire in the wind 

industry that a more theoretically correct approach should 

supplant BEMT in the long term[6]. CFD has the potential to 

provide a consistent and physically realistic simulation of the 

turbine flow field. This method, whilst having the advantage 

of being capable of providing a more physically realistic 

simulation of detail of the real flow, are computationally 

expensive to the extent that, currently, run times prohibit 

their use for iterative design[7, 8]. Moreover, the prediction 

of the three-dimensional vortical wake behind a rotor has 

proved just as daunting for CFD methods[9].

Both BEM theory and CFD approaches are insufficient to 

predict wind turbine aerodynamics and performances for 

unsteady loading on blade. Thus free wake vortex methods 

have become popular tools of many researchers and 

company of wind turbine industry[10-12]. 

Vortex wake model is the practical and efficient method 

for the prediction of unsteady loading at design stage. 

Especially, for unsteady flow situations such as vertical 

wind shear and off axis flow, free wake analysis becomes 

necessary[13]. Free wake model enables to simulate various 

unsteady cases without any special assumption. There are 

many kind of wake model to simulate effect of wake behind 

rotating blade such as propeller, helicopter rotor, wind 

turbine blade and so on. 

However, a conventional free wake model have difficulty 

to simulate a wake-tower interaction problem properly, 

although the interaction between the blade and tower is one 

of important sources of wind turbine unsteady behaviors 

and noise[14,15]. 

For this reason, a new free wake model, named Finite 

Vortex Element (FVE) was devised to consider blade-wake-

tower interaction for the analysis of wind turbine flow fields 

and aerodynamic loading. In this new free wake model, the 

blade-wake-tower interaction was modeled by dividing one 

vortex filament into two vortex filaments-ring vortex and 

horseshoe vortex, when the filament collided with a turbine 

tower.

A similar method was considered by H.Kim[16]. He chose 

vortex lattice to describe free wake sheet. In his model, vortex 

rings of rectangular shape were placed equally spacing in 

wake sheet like conventional vortex lattice method(VLM). 

This method increased matrix size to calculate and need to 

long time to calculate inverse matrix. Also this model made 

difficult to describe steep gradient of circulation in the tip 

region and many vortex lattice in the wake increased points 

where tower interaction was judged. Increased matrix size 

and judging points of tower interaction increased calculation 

time and demanded more computing power. To improve this 

problem, Finite Vortex Elements(FVE) model coupled with 

Constant Vorticity Contour(CVC hereafter) was suggested in 

this paper.

The effectiveness of the proposed numerical model is 

validated by the comparison of computational results with 

SNU experimental data[17] and NREL wind tunnel test[18]. 

The wind tunnel test of SNU wind turbine blade was carried 

out in Korea Air Force Academy (K.A.F.A.) wind tunnel to 

acquire additional performance data and measure velocity 

fluctuations in the wake region[17]. These data are also used 

to validate the new free wake model

2. Methods of Approach 

2.1 Free Wake Model Using Finite Vortex Elements

A critical issue in the field of rotor blade aerodynamics 

is the treatment of the wake. The wake is of primary 

importance in determining overall aerodynamic behavior 

and in predicting aerodynamic performance[19]. The two 

most common approaches to rotor wake modelling can 

be broadly categorized as prescribed wake and free wake 

analysis[20, 21]. Even though prescribed wake method is 

suitable to be applied for wake structure that is already well 

known, it is not applicable in the design stage that one should 

simulate various blade shapes. A free wake method has been 

pursued for a relatively long time and its practical use has 

been verified in many engineering fields[22]. In a typical 

free wake method, the wake could be constructed by wake 

panels, straight or curved vortex filaments[21]. However 

these classical methods have inherent limitation in dealing 

with the interaction problem, which is caused by an obstacle 

interfering with the wake such as a tower behind the blade. 

Fig. 1.  Initial FVE wake geometry : an element of the different color 
indicate the different vortex elements
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In the present study, the Finite Vortex Element(FVE) 

wake model is proposed to simulate the wake-tower 

interaction [23]. Initial procedure was presented in Fig. 1. 

In Fig. 1, an element of the different color(tone) indicates 

the different vortex elements, which are connected to each 

other. These vortex elements were convected to downstream 

with approximately the free-stream velocity. If the rotor tip 

vortex collided with a tower, strong interaction must occur 

and divided the rotor tip vortex into two vortices, as shown 

in Fig. 2[18]. Just cutting the vortex filament at the tower 

was a simple method to model the interaction, but it is an 

unreasonable method, since the vortex filament cannot 

be eliminated within a fluid to satisfy Helmholtz’s vortex 

theorem. According to the vortex theorem, it must extend to 

the boundaries of the fluid or form a closed path. Thus, the 

key idea for the interaction model was to reconstruct vortex 

filaments to make a closed path vortex filament or infinite 

vortex filament.

Figure 3 presents this modelling procedure for the 

interaction. When these vortex filaments stroke against 

the turbine tower(Fig.3 (a)), they were broken down and 

divided into two vortex filaments(Fig.3 (b)). Then, two 

vortex filaments were inserted and connected to two divided 

vortex filaments. They were remodeled into vortex ring and 

horseshoe vortex to satisfy Helmholtz’s vortex theorem(Fig.3 

(c)). Moreover, the direction of rotation of the inserted vortex 

filament was opposite to the other one, thus this modelling 

does not violates Kelvin’s circulation theorem. These vortex 

rings and horseshoe vortices were convected away freely in 

the space. This process was performed sequentially; then 

many vortex rings and horseshoe vortices continued to form 

and move downwardly during the simulation. 

The flow of interest was in the outer region of blade where 

is governed by the incompressible, irrotational continuity 

equation, in the blade’s frame of reference, in terms of the 

total potential Φ* is

0*2 =Φ∇ (1)

Following Green’s identity, the general solution to Eq. 

(1) can be constructed by a sum of source σ and doublet μ 

distributions placed on the boundary of a blade and wake :

5 
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The second boundary condition requires that the flow 

disturbance should diminish far from body. Additionally, the Fig. 2.  Wake geometry of NREL wind turbine[18] 

(a) Before vortex filaments hit the tower

  

(b) Division of vortex filaments after collision with tower

 

(c) Remodeling to make vortex ring and horseshoe vortex 

Fig. 3. Blade-wake-tower interaction modeling
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physical condition that is called Kutta condition is necessary 

for the unique solution of Eq. (2). 

The wake structure was made by Constant Vorticity 

Contour (CVC), which was based on the FVE. The matrix in 

the free wake model was full-matrix type. Thus, if wake sheet 

was composed of a lattice geometry such as vortex ring, the 

matrix to calculate vortex strength increased in its size. This 

increased matrix size demands much calculation time and 

have bad convergence characteristics. The suggested FVE in 

this paper adopted CVC wake sheet model[24] to improve 

calculation time and convergence problem. The suggested 

FVE in this paper could improve calculation time and 

convergence problem by CVC wake sheet model.

In this CVC wake model, all the vortex filaments had 

the same strength. Thus the radial distance between the 

contour lines was a direct measure of the gradient in bound 

circulation along the blade. Vortex line density explained 

wake sheet strength. For this reason, at blade tip, which had 

a high circulation gradient and a high strength tip vortex, 

the number of vortex lines was increased. In an opposite 

manner, at mid-span region, the number of vortex lines was 

decreased. It was shown in fig. 5(b). It could reduce matrix 

size and judging point for tower interaction when compared 

with vortex lattice sheet wake model[16].

Each vorticity in the wake could be represented by

ji yx γγγ += (4)

wherex and y are defined parallel to the span and to the 

chord of the blade, respectively.

The intensity of each component of vorticity was related to 
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where h is height of velocity calculation point, θ are flow angle 

(ex. Yaw error), ωr is a velocity by blade rotation and f(ΓN,m, 

wN) is a velocity by blade panels and wake. As advantage of 

free wake model, vertical wind shear and off axis flow(yaw 

error) could be treated as free stream velocity.

2.2 Stall delay model

Basically, a potential flow model can not simulate stall 

phenomena. To solve this problem, Cl and Cd table of airfoils 

were used to calculate lift and drag coefficient in this model, 

if sectional effective angle of attack was over stall angle of 

attack. Additionally, on the rotating blade, stall is delayed 

because of centrifugal effect, especially at the root region. 

Thus, stall delay model have to be applied to this model.

There have been many previous researches to predict 

stall delay for [25, 26]. In this study, the Du & Selig stall 

delay model[27] was adopted to correct the prediction of lift 

and drag. This stall delay model was based on the analysis 

of three-dimensional integral laminar boundary layer 

equations for a reference system rotating with the blade. In 

their model, the 3-D lift and drag coefficients were expressed 

as

lDlDl CCC ∆+= 3,3, (9a)

dDdDd CCC ∆−= 3,3, (9b)

Based on basic airfoil theory and stall-delay principle[25], 

the increment in the lift coefficient and decrement in the 

drag coefficient was suggested as

)( 2,, Dlplll CCfC −=∆ (10a)

)( 0,2, dDddd CCfC −=∆ (10b)

where Cl,p=2π(α-α0), Cd,0=Cd,2D, for α=0. The function fl and fd 

were modelled for the separation factor and were expressed 

as

at global coordinates

Fig. 4. Influence of a vortex element on surface panel
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3.1 The NREL Unsteady Aerodynamics Experiment

NREL’s Unsteady Aerodynamics Experiment(UAE) HAWT 

was a 10.1m diameter, two-bladed and was operated at a 72 

rpm. The data used in this study were obtained by placing 

this machine in the NASA Ames 120ft×80ft wind tunnel. 

The wind turbine tests were performed over a wide range of 

wind speeds and yaw angles. Details of the test set-up and 

programs are available in Ref. 18. 

3.2 SNU wind tunnel experiment

This experiment was carried out in a subsonic wind tunnel 

in K.A.F.A., which is middle sized and closed-circuit type 

with a rectangular test section of 3.5(w)m×2.45(h)m. The 

turbine model was a three-bladed upwind type, and its rotor 

radius was 0.54m(Fig. 7). The blades had a tip chord length of 

         

(a) Blade & Tower vortex panels            (b) free wake analysis 

Fig. 5. Schematics of free wake analysis

β      :  Blade pitch angle
αeff    :  Effective angle of attack
CN     :  Normal Force Coefficient
CT     :  Tangential Force Coefficient
CL     :  Lift Coefficient
CD     :  Drag Coefficient
Ctorque  : Force Coefficient on rotating plane
Cflap   : Force Coefficient to normal direction on rotating plane
Vr    : Resultant Velocity Vector

Fig. 6. Define angles and force vectors
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0.011m, a taper ratio of 0.25 and a twist angle of 15.6 degrees. 

A tower had a radius of 0.072m and was located at 0.245m 

behind the rotor

Additionally, a 3-D hot-wire probe was used to analyze 

rotor wake characteristics. Three dimensional components 

of velocity were measured along the radial and axial direction 

: the axial distance(x) from the rotor plane, radial(y) and 

vertical(z) position from the rotor center in blade coordinate 

system(Fig. 8). The velocity components that were measured 

by hot-wire probe were defined U(x),V(y),W(z). To see more 

detailed experiment set up, model and test condition, REF.

[17] can be referred. 

4. Result and Discussion

The results of the FVE free wake model were compared 

with the results of the SNU wind tunnel test and NREL/

NASA Ames wind tunnel test to validate the developed tool. 

At first, overall wake structure and tip vortex trajectory of the 

FVE model were presented and compared with measured 

data of the SNU wind turbine model. Then, integrated 

quantities (low-speed shaft torque and blade root flapwise 

bending moment) would be presented, and then the span-

wise distribution of normal forces would be compared with 

measurements. At the end, computed aerodynamic loading 

and wake structure in yawed flow were also compared with 

the experimental result. 

4.1 Wake geometry analysis

This study compared the measured data for the SNU 

model with the simulation as one part of various wake 

analysis. The analysis of flow velocity revealed the location of 

vortices and overall wake structure. The main interest was to 

determine similarities of computed wake structure, such as 

wake expansion, wake skew angle and tip vortex pitch angle. 

Fig. 9 shows measured vortex location and computed wake 

structure for head-on flow. Predictions show quite good 

agreements with measured data for the wake expansion.

Additionally tip vortex pitch angle was defined and 

compared with the measured data for the validation. As tip 

vortex forms spiral shape, it had a pitch angle θ as defined 

Fig. 7. SNU wind turbine model in K.A.F.A. wind tunnel 

Fig. 8.  Measuring points on the rotor plane at given axial position(x) 
and definition of the blade coordinate system
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Fig. 9. Results from measurements and simulations about the shape of the wake in Head on flow 
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Fig. 10. Definition of tip vortex pitch angle

2πr

Spiral shape of tip vortex
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in Fig. 10. R is rotor radius and u is averaged axial flow speed 

that measured by hot-wire probe at tip vortex position. dT 

is time difference between every 3 peak of v(radial velocity) 

because rotor had 3 blades. Thus tip vortex pitch angle was 

defined by θ, which was related to rotational speed and 

inflow velocity. Fig. 11 shows the tip vortex pitch angle for 

different wind speed and TSR conditions. It indicates a 

moderate agreement between computation and experiment. 

Thus overall result indicates that the wind turbine rotor wake 

could be simulated by the FVE wake model without loss of 

generality and then the FVE model could be the basis for the 

performance prediction of a wind turbine rotor.

4.2 Head-on flow

In the case of SNU wind tunnel test, an effect of tower 

interaction is well described by the FVE model, since a ratio of 

a blade radius to tower diameter is higher than NREL model. 

Fig. 12 shows computed wake geometries for the SNU wind 

turbine model. The results of the FVE free wake model shows 

more complex structure consists of horseshoe vortices and 

vortex ring, which is generated by the interaction with the 

tower. 

The integrated loads are obtained from the computations 

by integrating the sectional force and 2-D airfoil data as 

explained in section 2 and averaging over all azimuth location 

value. In the SNU test, the wind speed is changed from 

12m/s to 15m/s, as shown in Fig.13. Computed performance 

of the FVE model has better agreements with experimental 

result for all wind speed. The FVE free wake calculations with 

tower have more favourable agreement to measurement 

data, while conventional free wake results without tower are 

higher than the FVE free wake results. It is thought that tower 

interaction reduced blade loading, then overall torque is 

slightly less than the results of no tower interaction.

NREL test provided wide wind speed range(5~ 25m/s) 

and detail aerodynamic loading data such as spanwise 

distribution of normal force. Thus its result was suitable 

for the validation of the developed tool. Fig. 14 illustrates 

shaft torque and blade root flapwise bending moment for 

various wind speeds. Aerodynamics dataset of S809 airfoil 

was obtained at the Ohio State University wind tunnel data. 

Its Reynolds number for this calculation were Re=7.5*105, 

1.0*106 and 2.0*106. These were used for the computation 

of lift and drag of each airfoil section by interpolation or 

extrapolation at some Reynolds number region. Computed 

root flap moment showed quite good agreement with 

measured moments and prediction of the shaft torque was 

reasonable at low wind speed. Although the calculation 

results of SNU wind turbine showed that the tower effects 

was clear in Fig. 13, there were no significant difference of 

tower effect in NREL wind turbine as can be seen in Fig. 14. 

A ratio of tower diameter to rotor diameter was 0.20 for SNU 

wind turbine, but this ratio was only 0.036 for NREL wind 

turbine. It was reason why the tower effect was relatively 

small in NREL wind turbine. Also, above 15m/s of wind 
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(a) Shaft torques 

 
 

 
(b) Blade root flapwise bending moment 

 
Fig. 16 Comparison of stall delay model results for the NREL model 
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Fig. 16 Comparison of stall delay model results for the NREL model 

 
 

                (a) Shaft torques        (b) Blade root flapwise bending moment

Fig. 14.  Comparison of measured and computed results for the NREL 
model
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(a) Conventional free wake model 

 
 (b) FVE free wake model 

 
Fig. 12. Computed wake geometry for the SNU model 
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Fig. 12. Computed wake geometry for the SNU model
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Fig. 13. Comparison of measured and computed shaft torque 

 for the SNU model (14 m/s, TSR=5.5) 
 
 
  

Fig. 13.  Comparison of measured and computed shaft torque for the 
SNU model (14 m/s, TSR=5.5)

(17~27)16-057.indd   23 2017-04-04   오후 7:24:58



DOI: doi.org/10.5139/IJASS.2017.18.1.17 24

Int’l J. of Aeronautical & Space Sci. 18(1), 17–27 (2017)

speed, there were very small difference between ‘with tower’ 

case and ‘without tower’ case. In these wind speed, most 

region of blade were over stall angle of attack(Fig.15). Thus, it 

was thought that the stall was more affected to performance 

than tower effect. 

In the low wind speed region, the FVE wake model showed 

good agreement to measured data at the most regions in 

the 10 % error range. However, they showed considerable 

differences at the higher wind speeds in the case of shaft 

torque despite blade root flapwise bending moment was in 

fairly well agreement with the NREL measurement(Fig. 14). 

Above 15m/s of wind speed, most region of blade were 

over stall angle of attack(Fig.15). In the FVE free wake model, 

Cl-Cd table was used to calculate sectional force after stall 

angle of attack and shaft torque and flapwise bending 

moment were calculated by integration of sectional force. 

Also, stall delay model was applied to this Cl-Cd table. As 

a twist angle became near zero degree in the tip region, 

flapwise bending moment was affected mostly by Cl but 

shaft torque was affected mostly by Cd as could be seen in 

Fig. 6. Hence, despite flapwise bending moment was in fairly 

well agreement with the experimental result, the torque 

could appears different result at the same wind condition.

It could be seen clearly when the results to apply different 

stall delay correction were compared(Fig. 16). Although 

they showed similar result in the flapwise bending moment 

comparison between no correction(2D table), Corrigan stall 

delay model and Du and Selig stall delay model, there were 

much difference for the torque results as which correction 

model was applied. This is reason why flapwise bending 

moment was in well agreement with the experimental result 

but the torque calculation showed different result. Thus, 

many measurement data and deep research of correction 

method were necessary to predict more exactly after stall 

angle of attack.

Figure 17 presents spanwise distribution of the normal 

force coefficient for the different wind condition. It shows 

good agreements between experiment and computation for 

all the wind range but the highest wind speed above 20m/s. As 

wind speed increases, discrepancy of each prediction result 

becomes bigger. Fig. 17 (e) and (f) show that the computed 

normal force distributions consistently increased across the 

whole span of the blade, while normal force distributions of 

experiment hardly increased above the wind speed of 15m/s. 

The inflow velocity 20m/s or 25m/s caused high effective 

angle of attack for the whole blade section, since NREL wind 

turbine was stall-regulated type. As a result, whole blade 

section would be operating in the stall region. 

The sectional force coefficients by FVE model were 

calculated by Cl and Cd that stall delay model was applied. 

But only surface pressure was applied to sectional force 

     

            (a) Shaft torques         (b) Blade root flapwise bending moment

Fig. 16 Comparison of stall delay model results for the NREL model

Fig. 15 Effective angle of attack distribution
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(a) 7m/s     (b) 10m/s 

  
(c) 13m/s     (d) 15m/s 

   
(e) 20m/s     (f) 25m/s 

 

 
 

Fig. 17. Spanwise distribution of normal force coefficients for the NREL wind tunnel test and FVE 
free wake model 
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Fig. 17.  Spanwise distribution of normal force coefficients for the 
NREL wind tunnel test and FVE free wake model
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of NREL measurement as explain in Ref[18]. It means that 

friction drag was not included in normal force coefficient 

of NREL measurements. Thus, normal force coefficients of 

NREL measurement were slightly smaller than FVE results 

as can be seen following equations.
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But, flapwise bending moment of NREL wind turbine was 

measured by strain gauge on the blade root. Thus, the root 

bending moment from FVE model was fairly well agreement 

with the NREL experimental result(Fig. 14(b)) despite 

the overestimation in the normal force coefficient under 

conditions in which the incoming wind speed was 20m/s 

and 25m/s.

Hence, the flapwise bending moments were slightly 

underestimated despite the normal force coefficients of FVE 

model were well agreement with NREL measurement in 

wind speed 13m/s and 15m/s.

4.3 Yawed flow

Yawed flow conditions are frequent during HAWT 

operation. However, the aerodynamics of the wind turbine is 

more complex for yawed flow than for head-on flow, since the 

blades experience a cyclic load variation. The FVE free wake 

model was easily extended to simulate the yawed flow of the 

SNU and NREL model by just modifying input flow angle. 

This is an advantage of free vortex wake model. In the yawed 

flow condition, the stall delay model was applied to both of 

FVE model and conventional free wake model to observe 

the tower effect of yawed flow. Fig. 18 shows computed wake 

geometries of yawed flow for the SNU wind turbine model. 

Wake structure was also inclined at the inflow angle. 

Figure 19 presents the comparison of shaft torque for 

the yawed flow of 10, 20, 30 degree inflow angle. Wind 

speed conditions are 13, 14 and 15m/s. The results of the 

FVE model have better agreements with experimental 

result than those of the conventional model. However both 

model overestimated shaft torque in case of yaw angle of 30 

degrees. As yaw error was increased, amplitude of angle of 

attack fluctuation was increased. This made dynamic stall 

be dominant effect to blade loading. This is the reason why 

the calculation result overestimated shaft torque in the yaw 

angle of 30 degrees.

Figure 20 (a), (b) are normal force coefficient distribution 
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(a) Conventional free wake model 

 

 
(b) FVE free wake model 

 
Fig. 18. Computed wake geometry in yawed flow for the SNU model 

(14 m/s, TSR=5.5m, Yaw angle =10 deg.) 
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(b) FVE free wake model 

 
Fig. 18. Computed wake geometry in yawed flow for the SNU model 

(14 m/s, TSR=5.5m, Yaw angle =10 deg.) 
 
  

 

(a) Conventional free wake model            (b) FVE free wake model

Fig. 18.  Computed wake geometry in yawed flow for the SNU model 
(14 m/s, TSR=5.5m, Yaw angle =10 deg.)
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Fig. 19. Comparison of measured and computed shaft torque in yawed flow  
for the SNU model (TSR=5.5m, Yaw angle =10 deg.) 
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Fig. 19.  Comparison of measured and computed shaft torque in 
yawed flow for the SNU model (TSR=5.5m, Yaw angle =10 
deg.)
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(a) free wake without tower 

 

  
 (b) FVE free wake with tower 

 
Fig. 20. Normal force distribution for the NREL model  
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      (a) free wake without tower              (b) FVE free wake with tower

Fig. 20. Normal force distribution for the NREL model 
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in the Yawed flow for the NREL model, and Fig. 21 shows 

normal forces distribution at two radial position. The result 

of the FVE free wake model with tower shows a slightly 

better agreement to measurement data. The overall normal 

force difference between two models is not distinct except 

root region, since the tower radius of NREL’s wind turbine 

was relatively small, and distance between blade and tower 

was larger than the SNU model. Also, at the yaw error cases, 

periodic fluctuation of blade loading was more effective than 

tower as shown in Fig. 20.

5. Conclusions

In this study, the FVE free wake model was devised 

to consider wake-tower interaction. The interaction was 

described by dividing one vortex filament into two vortex 

filaments, which was remodeled to form vortex ring and 

horseshoe. To develop an unsteady loading analysis tool of 

wind turbine blade, the FVE free wake and stall delay model 

was integrated. Comprehensive comparison with NREL and 

SNU wind tunnel experiment data was carried out for the 

validation. As a result, the computed result of the FVE model 

showed better agreements with measurement data than the 

conventional model. The FVE model was able to predict 

the wind turbine performance and wake structure with 

considering the effects of yawed flow and tower. This result 

proved that the FVE free wake model combined Du & Selig 

stall delay model was more effective than conventional free 

wake model to predict a blade unsteady loading. However, 

more advanced stall model is necessary to improve accuracy 

at the high wind speed of stall regulated type wind turbine 

where there is deep stalled region and at the high yaw error 

condition where dynamic stall phenomena are happened.
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