Wake impact on aerodynamic characteristics of horizontal axis wind
turbine under yawed flow conditions
Hakjin Lee and Duck-Joo Lee *
Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141, Republic of Korea

Abstract
Wind turbines spend most of time in complex and unsteady environment, such as yawed flow, atmospheric wind
turbulence, wind shear, and gust. Under yawed flow condition, velocity component parallel to the rotating plane causes
a development of skewed wake structure, thus leading to an azimuthal variation in the aerodynamic loads on wind
turbine blades. Moreover, the trailing and shed wake vortices unequally expand, and a strong wake interaction between
the hub and tip vortices, and the asymmetrical velocity deficit around the rotor area occur. In the present study, the
impacts of the skewed wake on the unsteady aerodynamic behavior around rotor blade were numerically investigated
and a wake deflection mechanism was discussed in detail. For this purpose, the nonlinear vortex lattice method
(NVLM) coupling with a time-accurate vortex particle method (VPM) was used. A numerical simulation on the NREL
Phase VI wind turbine model, exposed to a low wind speed with different yaw angles, was carried out and predicted
results were compared against measurements. Comparison results showed that the aerodynamic loads can be
accurately calculated, even for highly yawed flow conditions and complex wake dynamics can be clearly observed.
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1. Introduction
Wind turbines are subjected to various unsteady and transient environment such as yaw misalignment, atmospheric
turbulence, wind shear flow, and gusts. In particular, they operate a considerable time under the yawed flow condition
as the direction of the wind is not parallel to the rotating axis of wind turbine. When yaw misalignment is present, the
wind turbine blades experience unsteady aerodynamic behavior and loads with respect to the radial and azimuthal
position. These may have a negative impact on the fatigue lifetime of the rotor blades and may cause structural damage
to the wind turbine’s components as well as a significant reduction in the quality of power generation. The necessity
of an in-depth understanding of yaw aerodynamics has recently been recognized as an intentional yaw misalignment
of upstream wind turbines are emerging as an active control strategy for alleviating the power loss of downstream
wind turbines. Although the power output generated from an upstream wind turbine is slightly reduced due to yaw
error, an unfavorable wake impingement can be effectively mitigated at the subsequent wind turbines by artificially
developing a deflected wake structure [1, 2]. Hence, wind turbines placed at the downstream can potentially harvest
more energy from the incoming flow. This is called the wake steering technique, which can improve the overall wind
farm efficiency and help to minimize the fatigue loads acting on the downstream wind turbine’s components.
Therefore, a study on the propagation of the deflected wake and its unsteady characteristics is becoming more
prominent in the area of wind turbines.
Under yawed flow conditions, the wind turbine blades suffer from a cycle-to-cycle variation in aerodynamic loads.
This is mainly attributed to the advancing and retreating blade effect and skewed wake effect. Of the two effects, the
former becomes more dominant at higher wind speed. It can induce the dynamic stall on the rotor blades, after which
they will experience a periodic variation in the angle of attack with a large amplitude, in particular at the inboard
section. As a result, the hysteresis loop of the aerodynamic loads may cause an extreme loading on the rotor blade and,
therefore, structural damage to the wind turbine system. In contrast, the skewed wake structure plays a more important
role in the wind turbine aerodynamics at low wind speed. It is found that the complicated vortex structures in the
deflected wake are responsible for the asymmetrical distribution of the induced velocity and aerodynamic loads on
the rotor plane. In addition, the skewed wake structure has a profound effect on the unsteady aerodynamic behavior
of the rotor blade from hub to tip regions. However, predicting the evolution of deflected wake geometry, and its
influence on the aerodynamic characteristics around the rotor blades, still remains a challenge because of the
complexity of the skewed wake structure.
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Experimental studies on the wind turbine wake using optimal equipment were conducted to measure the tip vortex
trajectories and wake deflection by Grant et al. [3] and Grant and Parkin [4]. The measurements on the wake
geometries with various operating conditions including tip speed ratio, tip pitch angle, and yaw angles, were also
carried out by Vermmer [5] and Haans et al. [6]. Using the flow visualization method, the wake flow behind the yawed
rotor configuration was measured to investigate the effect of the incoming atmospheric boundary-layer (ABL) and the
turbulent inflow conditions on the wake characteristics by Bastankhah and Porté-Agel [7], and Bartl and Sætran [8],
respectively. Howland et al. [9] observed the curled wake morphology using hot wire anemometry and a Pitot-static
probe, and discussed the transient wake behaviors in detail. Extensive measurements on wind turbines under yawed
flow conditions, to provide high quality data regarding blade aerodynamic loading and flow fields around wind
turbines, were reported by Schepers et al. [10, 11]. Furthermore, numerical works have also been devoted to analyzing
yaw aerodynamics and flow characteristics. Schepers [12] developed an improved engineering model based on inflow
measurements for numerically predicting the aerodynamic loads of the rotor blade at yawed conditions. The
aerodynamic performance and time-varying blade loading of wind turbines under yawed flow conditions were
evaluated and compared against the experimental results using various numerical methods by Ryu et al. [13], Dueque
et al. [14], Shen et al. [15], Tongchitpakdee et al. [16], and Yu et al. [17]. However, many studies have focused mainly
on accurately predicting the aerodynamic performance of yawed wind turbines, hence they did not pay much attention
to unsteady wake characteristics.
The main objective of the present study is to numerically investigate the effect of skewed wake structures on the
unsteady aerodynamic behaviors of the rotor blade and reveal the wake deflection mechanism. For this paper, the
numerical simulation on the NREL Phase VI wind turbine model, exposed to a low wind speed with different yaw
angles, is carried out and the occurring aerodynamic characteristics are discussed in detail. For these purposes, the
nonlinear vortex lattice method (NVLM), which is tightly coupled with vortex lattice method (VLM), airfoil look-up
table, and vortex strength correction, is used for calculating aerodynamic loads on the wind turbine blades. In addition,
the vortex particle method (VPM) is adopted to model the shedding rotor wake and represent a vorticity field behind
the rotor blades. The radial distributions of the aerodynamic loads computed by NVLM are compared against the
experimental data, and the impacts of skewed wake structure on the induced velocity and aerodynamic loads on the
wind turbine blade are investigated. Moreover, the development of skewed wake structure and transient flow field in
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the downstream are observed. Discussion in the current work can help to achieve a better understanding of the wakeinduced phenomena and evolving pattern of the deflected wake.

2. Numerical method
2.1 Aerodynamic model
Many studies have been devoted to developing aerodynamic models for wind turbine applications that can predict
the aerodynamic loads acting on the rotor blades and describe an underlying flow field around wind turbines. The
most current comprehensive wind turbine analysis codes adopt the blade element momentum (BEM) theory. Although
the BEM is computationally efficient, it is only able to capture the quasi-steady solutions owing to the inherent
assumption. Furthermore, the BEM cannot take into account the effects of the radial flow in the spanwise direction
because it ignores the mutual aerodynamic interactions between adjacent blade elements. The accuracy of BEM results
relies greatly on the various correction models, such as the tip loss model, skewed wake model, and dynamic inflow
model. On the other hand, computational fluid dynamics (CFD) methods are the most high-fidelity and expensive way
of analyzing the flow field around wind turbines. However, CFD methods intrinsically suffer from a grid-induced
dissipation error caused by the numerical discretization over the flow field. An excessive dissipation error may incur
the considerable under-prediction in the intensity of tip vortex and a rapid decay of the vorticity structure downstream.
Therefore, the complicated wake behavior, such as wake-wake interaction or skewed wake structure, could not be
accurately described. To resolve mentioned numerical problems, a finer grid resolution is required downstream as
well as near the rotor blade. However, this will lead to extremely high computational costs and resources. In the case
of wind turbines, vortex methods would be a better approach to predict both the aerodynamic performance and wake
structures, because wind turbine mostly operates at low wind and rotational speeds, which can be regarded as the
incompressible flow. Moreover, the vorticity field behind the rotor blade can be described without the numerical
dissipation error. Vortex methods yield more accurate solutions than BEM methods and require much less computing
resources than CFD methods.
In the current study, the nonlinear vortex lattice method (NVLM) was employed to investigate the impacts of
skewed wake geometry on wind turbine yaw aerodynamics. NVLM has been suggested to overcome the inherent
shortcomings of the classical vortex lattice method (VLM). This is possible by incorporating the airfoil look-up table
and iterative vortex strength correction. The sectional aerodynamic loads were evaluated through the look-up table as
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a function of local inflow velocity and effective angle of attack at the control points where they are placed at a half
chord of the camber line. In addition, the computed sectional lift forces were also used to correct the sectional
circulation strength calculated from the VLM. According to the Kutta condition, the corrected circulation strength at
the current time step will be employed to model the wake at the next time step. A proper location of the control points
for NVLM can be determined by applying the zero normal flow condition on the two-dimensional camber airfoil
surface. To find the numerical position of the control points, the camber airfoil was modeled by M number of point
vortex elements with a strength of circulation Γ𝑖𝑖 in the chordwise direction. Eq. (1) shows the induced velocity at an

arbitrary control point due to discrete vortex elements, while Eq. (2) indicates the normal component of the freestream
at the arbitrary control point with a small angle assumption. Here i implies the index in the chordwise direction. 𝑥𝑥𝑐𝑐𝑐𝑐

and 𝑦𝑦𝑐𝑐𝑐𝑐 are the coordinates of the control point, 𝑥𝑥𝑖𝑖 and 𝑦𝑦𝑖𝑖 are the coordinates of the i-th point vortex, and 𝑟𝑟𝑖𝑖 is the

distance between the control point and the i-th point vortex. The final equation for finding an unknown location of a

control point can be derived by combining Eq. (1) and (2) with the relation between the expression for the freestream
velocity of the Kutta-Joukowski theorem and thin airfoil theory. The derived equation was numerically solved using
the root-finding approach.
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Eq. (2)

To make use of the aerodynamic coefficients from the airfoil table, the inflow velocity (𝐕𝐕inflow ) and effective angle

of attack (𝛼𝛼eff ) should be evaluated at each blade section, as shown in Eq. (3) and (4). Here 𝐕𝐕∞ is the free stream

velocity, 𝛀𝛀 × 𝐫𝐫 is the rotor rotational velocity, 𝐕𝐕ind,bound is the self-induced velocity, and 𝐕𝐕ind,wake is the wake-induced

velocity. In addition, 𝛼𝛼inflow is the local inflow angle and 𝜙𝜙geo is the local geometric pitch angle including local twist

angle and collective pitch angle at each blade section. 𝐚𝐚1 and 𝐚𝐚3 are the unit vectors along the tangential and normal

to the rotating plane, respectively.

Vinflow = V∞ − Ω × r + Vind,bound + Vind,wake
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Eq. (3)

V
⋅a 
α eff = α inflow − φgeo = tan −1  inflow 3  − φgeo
 Vinflow ⋅ a1 

Eq. (4)

Consequently, NVLM can consider the thickness, viscous effects, and the nonlinear aerodynamic characteristics
occurring at the high angle of attack or low Reynold number. Compared to the lifting line method (LLM), it is also
able to accurately represent the various geometries of wind turbine blades, including the curvature, camber, and swept
angle, by using chordwise and spanwise distribution of vortex ring elements. The model accuracy of NVLM has been
validated in our research papers [18, 19]. NVLM is also incorporated in a vortex particle method (VPM) for modeling
the wind turbine wake shed from the trailing edge of the blades. A detailed description of the vortex particle method
is discussed in the following section.

2.2 Wake model
It is important to accurately understand and predict the wind turbine wake because its structure is one of the most
critical factors in determining wind turbine performance. In the vortex method, a grid-free Lagrangian formulation is
used for wake modeling that does not involve an artificial dissipation error. Hence, it can provide a physically
meaningful solution for simulating wake transportation, and can preserve the concentrated vorticity without an
undesirable numerical error. In the current study, the rotor wake is shed from the whole span of the wind turbine blade,
and its structure is represented by vortex particles, rather than vortex filaments. The vortex filament is modeled as
concentrated vortices along a segment with a singularity at the center, while the vortex particle is modeled as
concentrated vortices within a certain volume. Therefore, the vortex particles can be regarded as a small section of a
vortex tube. The vortex particles do not necessarily need to maintain connectivity between adjacent particles because
they are independently transported during the time-marching step. This property is especially useful for investigating
the effect of wake-wake or wake-body interaction. It has been proved that the vortex particle method (VPM) has the
capability to model complicated wake structures of helicopter rotor wake [20], rotor-fuselage wake interaction [21],
and main-tail rotors wake interaction [22]. The vorticity field in the wake is represented by a number of vortex particles
as follows:
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where 𝛚𝛚(𝐱𝐱, t) is the vorticity in the wake, 𝛂𝛂𝑖𝑖 (𝑡𝑡) is a strength vector, and 𝑉𝑉𝑖𝑖 is the volume of the i-th vortex particle. 𝐱𝐱

is the position vector of an arbitrary point in the field, 𝐱𝐱 𝑖𝑖 is the position vector of the i-th vortex particle, and 𝐫𝐫 is the

position vector between 𝐱𝐱 and 𝐱𝐱 𝑖𝑖 . 𝑝𝑝 is the number of vortex particles distributed in the field. σ is a smoothing radius

and ζ𝜎𝜎 (𝜌𝜌) is the three-dimensional regularization function or smoothing function which is needed to avoid a singularity
problem. In the present study, the value of the smoothing radius is equal to a core radius of a vortex particle, and the

higher order algebraic smoothing function proposed by Winckelmans and Leonard is employed to represent the
vorticity distribution near the vortex particle [23]. The strength of the recently shed vortex particles can be determined
by imposing the Kutta condition at the vortex elements placed at the trailing edge of the rotor blade. Vortex particles
are allowed to mutually interact with each other, freely distort, and naturally transport downstream with local
convection velocity. A numerical time integration method is required to update their position at each time step, and it
plays an important role in the accuracy and stability of the wake solution. In the present research, the second order
Runge-Kutta method was used.
Comparing tip vortex trajectories in terms of the radial and axial positions is a practical way for validating the
wake models. Wake geometries of TU Delft wind turbine model under axial and yawed flow conditions were measured
at an open jet tunnel in the Delft University of Technology (DUT) using a flow visualization technique [6]. Tip vortex
trajectories with respect to time were predicted by the present method, and compared with experiments. The
comparison results showed that the radial and axial positions of the wake structures represented by vortex particles
are well matched with the measured data, as shown in Fig. 1. It was found that the vortex particle method (VPM) is
capable of accurately modeling the wind turbine wake.
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(a) 𝜆𝜆 = 8, 𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡 = 2°, 𝛽𝛽 = 0°

(b) 𝜆𝜆 = 8, 𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡 = 2°, 𝛽𝛽 = -30°

Fig. 1. Tip vortex trajectories of TU Delft wind turbine model under axial and yawed conditions

3. Results and discussion
3.1 Wind turbine model
A notable measurement on the NREL Phase VI wind turbine was conducted to obtain the comprehensive highquality database at the NASA-Ames wind tunnel facilities in 2000 [24]. In this experiment, various yaw angles and
wind speeds corresponding to the attached and stalled flow conditions were considered, while the rotational speed has
remained constant at 72 rpm. They provided extensive data including surface pressure, distributions of the
aerodynamic loads in the radial direction, and integrated wind turbine performance. These measurements were widely
employed to validate the accuracy of aerodynamic models for wind turbines, such as the BEM, vortex methods, and
CFD methods. NREL Phase VI wind turbine consists of two-bladed rotors without hub tilt, coning, and prebend angles.
The rotor blade is composed of S809 airfoil and has a tapered-twisted configuration. The diameter of the rotor blades
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is about 10m, and the tip pitch angle is 3°. As aforementioned, the main focus of the present study is to improve our
understanding of the unsteady wake structures and wake-wake interaction phenomenon caused by yaw misalignment.
Therefore, low wind speed condition (7m/s) with different yaw angles (0°, 30°, 45°, and 60°) have been considered to
investigate the effects of the skewed wake structure on the aerodynamic characteristics of wind turbine blades and
flow field in the downstream. A wind profile is assumed to be uniform and homogeneous.

(a) Front view

(b) Top view
Fig. 2. Definition of azimuth and yaw angles

The positive azimuth and yaw angles are defined according to Fig. 2. The rotor blades rotate in a clockwise
direction, as viewed from upstream, and an azimuth angle of zero indicates the blade pointing vertically upward.
Under yawed flow conditions, the upper half of the rotor disc (0° ≤ ψ ≤ 90° and 270° ≤ ψ ≤ 360°) corresponds to

the retreating side, while the lower half of the rotor disc (90° ≤ ψ ≤ 270°) corresponds to the advancing side. In
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addition, the positive yaw misalignment induces the downwind and upwind sides at azimuth angles of 90° and 270°,
respectively.
The NREL rotor blade was discretized using 20 (chordwise) × 40 (spanwise) quadrilateral vortex ring elements
with a grid clustering near the inboard and outboard locations, and the rotor wake was modeled by Lagrangian-based
vortex particles. The simulation was conducted for a total of 20 revolutions, including 1 revolution of slow-starting
rotation to prevent a numerical instability problem in the wake solution, mainly associated with an impulsive rotation,
and a discretization of the time step ∆ψ = 5° was used.

3.2 Averaged aerodynamic forces
The average normal and tangential forces over one revolution were computed at the wind speed of 7 m/s and yaw
angles of 0°, 30°, 45°, and 60°, and compared with the NREL measurement data [24] and the numerical results were
computed by LLM [15] and RANS [16], as shown in the schematic in Fig. 3 and Fig. 4, respectively. Compared to
other methods, NVLM can yield the most accurate prediction in the aerodynamic loads from the inboard to outboard
regions for all yaw angles. It is noticeable that the radial distributions of the normal and tangential forces computed
by NVLM are in quite good agreement with the measured data, even for highly yawed flow conditions. Although
LLM tends to slightly underestimate the averaged normal force at highly yawed conditions, all numerical results for
predicting normal force distributions generally agree well against experiments, as indicated in Fig. 3. However, the
significant under-prediction in the tangential forces can be observed in the LLM and RANS results. These disparities
had become more pronounced, especially at the inboard region, as the yaw angle increased. Yawed flow induces a
strong spanwise velocity and momentum that deflect the wake geometry of the wind turbine in a skewed direction.
Because of the skewed wake structures, the complicated and unsteady wake behavior, such as the wake-wake
interaction between the hub and tip vortices, occurs. These phenomena become more severe and significantly affect
the aerodynamic loads acting on the wind turbine blades as the yaw angle increases. However, the RANS simulation
is not able to preserve the intensity of the vortices and wake structures to the far downstream because of a grid-induced
dissipation error. Hence, it could be inferred that the excessive numerical dissipation error in the vorticity field is
responsible for the overall discrepancy between the RANS solutions and measurements. It is difficult to accurately
predict the tangential forces of the rotor blade using the LLM approach as single vortex element in the chordwise
direction cannot sufficiently represent the three-dimensional geometry and various planform shapes of the rotor blades.
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Comparing the averaged shaft torque and root flap-wise bending moment (RFBM) against the measured data are
shown in Fig. 5. The NVLM results show that the predicted torque and RFBM are well-matched with the measurement
for all yaw angles. It can be observed that their magnitude gradually decreases with increasing yaw angle as a result
of a reduction in the axial flow velocity owing to yaw misalignment. It indicates that yaw inflow directly affects the
global aerodynamic performance acting on the entire rotor system.

(a) 𝛽𝛽 = 0°

(b) 𝛽𝛽 = 30°

(c) 𝛽𝛽 = 45°

(d) 𝛽𝛽 = 60°

Fig. 3. Time-averaged normal force coefficients depending on yawing angles
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(a) 𝛽𝛽 = 0°

(b) 𝛽𝛽 = 30°

(c) 𝛽𝛽 = 45°

(d) 𝛽𝛽 = 60°

Fig. 4. Time-averaged tangential force coefficients depending on yawing angles

(a) Shaft torque

(b) Root flap-wise moment

Fig. 5. Time-averaged shaft torque and root flap-wise moment depending on yawing angles
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3.3 Evolution of skewed wake structures
In the present study, the wind turbine wake shed from the full span of the rotor blades was represented by vortex
particles, rather than vortex filaments. Fig. 6 shows the developed wake geometries of wind turbine under axial and
yawed flow conditions. The axisymmetric wake structure propagated downstream and its helical shape has remained
up to 16 times of rotor radius for the non-yawed flow condition. It implies that the wake has evolved with azimuthallysymmetrical characteristics, except for far downstream where the initially generated wake during the slow rotation
exists. On the contrary, it clearly appears as an asymmetrical wake structure for the yawed rotor configuration. Yaw
misalignment leads to induced velocity and momentum in the spanwise direction (positive y-direction in Fig. 6 for
positive yaw angle), and these are mainly responsible for deflecting the wake geometry towards the downwind side.
Because of the skewed wake geometry, the wake behavior and propagation patterns became more unstable. Moreover,
the helical wake structure has only remained up to about 6 times of rotor radius, after which it began to breakdown
due to a strong interaction between tip and hub wake vortices. The downstream wake structure and flow field became
extremely complex after the tip vortex breakdown phenomenon.

(a) 𝛽𝛽 = 0°

(b) 𝛽𝛽 = 30°

Fig. 6. Wake structure modeled by vortex particles depending on yawing angles (top view)
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Fig. 7 and Fig. 8 show the vorticity contours in the z-direction at the different downstream locations and the
streamwise (axial) velocity contour on the planes at the hub height of the wind turbine exposed to axial flow condition,
respectively. The streamwise velocity contour is normalized using free stream velocity and the contour planes (x-y
planes) are placed at z/R = 4, 8, 12 and 16 downstream. The contours also include the velocity vectors, which are
associated with the velocity components in terms of the spanwise (radial) and tangential velocities. The symmetrical
velocity deficit, with a circular wake flow around the rotor area, and vorticity fields can be clearly observed in Fig. 8.

Fig. 7. Vorticity contours in the z-direction downstream at 𝛃𝛃 = 0°

(a) z/R = 4

(b) z/R = 8

(c) z/R = 12

(d) z/R = 16

Fig. 8. Normalized streamwise (axial) velocity contour and velocity vector at 𝛃𝛃 = 0°
On the other hand, asymmetric vorticity and velocity fields were developed as a result of the skewed wake
geometry, as can be seen in Fig. 9 and Fig. 10, respectively. The asymmetric vorticity field arising from the yawed-
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rotor configuration yielded a highly complex flow field in the downstream. It is notable that the counter-rotating vortex
pair were present at the top and bottom sides of the rotor area where the azimuth angles are 0° and 180°. Counterrotating vortices were a major source of wake deflection toward the downwind side, and were responsible for the
instability of wake propagation. Furthermore, a set of the counter rotating vortices transported the wake flow in the
negative y-direction at the top and bottom edges of the rotor area, while they also developed a strong spanwise velocity
component in the opposite direction (positive y-direction) at the center of the rotor area, as shown in Fig. 10.
Consequently, counter-rotating vortex pair have a strong effect on the development of a curled velocity deficit, also
referred to as a kidney-shaped velocity deficit [25]. Asymmetrically curled velocity deficit is much more pronounced
and the wake shape dramatically deformed, as the wake evolved downstream. In a wind farm, if the upstream wind
turbine is exposed to yawed flow, the skewed wake structure originating from the upstream wind turbine will play a
crucial role in the determining of the inflow condition and aerodynamic performance of the subsequent wind turbines.
Therefore, wake effects should be taken into account in order to evaluate an overall power output of a wind farm, and
design its optimal layout.

Fig. 9. Vorticity contours in the z-direction downstream at 𝛃𝛃 = 30°
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(a) z/R = 4

(b) z/R = 8

(c) z/R = 12

(d) z/R = 16

Fig. 10. Normalized streamwise (axial) velocity contour and velocity vector at 𝛃𝛃 = 30°

3.4 Effect of skewed wake structure
At yawed-rotor configuration under low wind speed conditions, the skewed wake effect becomes a dominant factor
in determining the azimuthal aerodynamic loads as it leads to the variation in the axial induced velocity. Hence,
investigating the impact of a non-axisymmetric wake on the unsteady aerodynamic behavior of the wind turbine blade
is needed to accurately predict unsteady blade loading. Fig. 11 and Fig. 12 show the azimuthal distribution of axial
velocity, the effective angle of attack on the rotor blade, and the thrust force at the axial and yawed flow conditions,
respectively. It is noted that the effective angle of attack on the rotor blades does not exceed the stall onset angle of
the S809 airfoil for all azimuth positions. Therefore, the flow conditions used in this study will not lead to the flow
separation or dynamic stall phenomena. Stall delay model and dynamics stall model were not included when
calculating the aerodynamic loads.
Under axial condition, the wind turbine wake was developed in a form of a helical geometry, and was transported
downstream without the skewness, as already shown in Fig. 9. Helical wake structure leads to the azimuthally
symmetric distribution of the wake-induced velocity and aerodynamic load as a function of only the radial position.
On the contrary, a strong radial and azimuthal dependency on the axial velocity, effective angle of attack, and thrust
force were clearly observed under yawed conditions, as depicted in Fig. 12. Under yawed conditions, the wake was
deflected in the direction of the downwind side, thus resulting in a strong expansion downwind of the rotor and a weak
expansion upwind of the rotor. Because of the skewed wake geometry, the distance between the trailing tip vortices
and rotor plane is closer at the downwind side of the rotor blade (𝜓𝜓 = 90°) compared to the upwind side (𝜓𝜓 = 270°).
The closer the trailing tip vortices are placed on the rotor plane, the lager the magnitude of the induced velocity normal
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to the rotor plane is induced. Hence, the rotor blade on the downwind side experiences a smaller axial velocity and
effective angle of attack than the rotor blade on the upwind side, leading to smaller load. Yawed rotor blades eventually
suffer from the aerodynamic loading unbalance between the upwind and downwind sides of the rotor plane. For the
outboard region, this consequently yields a restoring moment, referred to as a stabilizing moment. However, the
opposite trend is obviously captured at the inboard region. A lower aerodynamic loading is found at the upwind side
of the rotor blade compared to the downwind side. This is attributed to the root vorticity in the skewed wake and yields
the destabilizing moment. It implies that the root vortices shed from the hub should be modeled to take into account
the impact of the skewed wake structure on an asymmetric flow field and the unsteady aerodynamic behavior of the
rotor blades, in particular, for low wind conditions. Yaw aerodynamics associated with a skewed wake effect were
also confirmed in literature [6, 12].

(a) Effective axial velocity

(b) Effective angle of attack

(c) Thrust force

Fig. 11. Contours of effective axial velocity, effective angle of attack, and thrust force at 𝛃𝛃 = 0°

(a) Effective axial velocity

(b) Effective angle of attack

(c) Thrust force

Fig. 12. Contours of effective axial velocity, effective angle of attack, and thrust force at 𝛃𝛃 = 30°
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Yawed flow exerts an unsteady aerodynamic force on the rotor blade and introduces an azimuthal variation in the
root flap-wise bending moment (RFBM) over a revolution, as illustrated in Fig 13. It is observed that the magnitude
of the RFBM gradually decreases, while the amplitude of the fluctuation in the RFBM increases as the yawing angle
increases. Time-dependent variations of the RFBM with different yawing angles have been converted to the frequency
domain to find the frequency components of a periodic signal of the RFBM using a fast Fourier transform (FFT)
method. Harmonics of the rotor rotational frequency corresponding to 1P, 2P, 3P, and so on, are captured, as shown in
Fig. 14. Although only two harmonics corresponding to the blade passing frequency are observed at the yaw angle of
10°, several harmonics appear with increasing yaw angles. It indicates that a large yaw misalignment leads to a nonsinusoidal oscillation and nonlinear variation in the RFBM due to strong influences from the highly skewed wake
structure behind the rotor. These could have a negative effect on the aeroelastic behavior and fatigue lifecycle of wind
turbine blades.

Fig. 13. Time history of root flap-wise moment depending on yawing angles

Fig. 14. Root flap-wise moment depending on yawing angles in frequency domain
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4. Conclusion
In the present study, the impacts of the skewed wake on the unsteady aerodynamic behavior and performance of
a wind turbine under yawed flow conditions were numerically investigated. For this purpose, the numerical simulation
of the NREL Phase VI wind turbine model under yawed flow conditions was carried out using nonlinear vortex lattice
method (NVLM) with vortex particle method (VPM), and predicted results were compared against the experiment.
Comparison results showed that the NVLM predictions for the time-averaged normal and tangential loads, and overall
aerodynamic performance of the wind turbine, were well-matched with the measurements, even for highly yawed flow
conditions. It implies that the NVLM is capable of accurately predicting the cyclic variation in the induced velocity
and unsteady aerodynamic behavior on the rotor blades caused by skewed wake geometry. It can also be observed that
the rotor blades eventually experienced unbalanced loads between the upwind and downwind sides, thus incurring the
stabilizing moment at the outboard sections and destabilizing moment at the inboard sections. Furthermore, a higher
harmonic of the root flap-wise bending moment was clearly captured as the yaw angle increased, as non-sinusoidal
oscillation and nonlinear variation behavior were more pronounced with increasing wake deflection angles. Under
yawed flow condition, the wind turbine wake was deflected toward the downwind side of the rotor blade due to an
induced cross-streamwise momentum. Skewed wake structure became considerably unstable and its geometry
completely broke down as the wake propagated downstream due to the strong wake interaction between hub and tip
vortices. A set of counter-rotating vortices placed at the top and bottom side of the rotor area was observed in the
skewed wake structure. It turned out that counter-rotating vortex pair played a dominant role in the development of
deflected wake geometry and asymmetrically curled velocity deficit. Discussion in the current work can help to acquire
a better understanding of the unsteady wake characteristics and wake evolution mechanism.
The engineering models for correcting the airfoil data, such as the dynamic stall and stall delay models, can be
applied to the NVLM. It is possible to take into account the dynamic stall effect and three-dimensional rotational
effect, in particular, which are more predominant at the inboard section of the rotor blade. Hence, the numerical study
on the yaw aerodynamics of a wind turbine using the NVLM can be extended to high wind speed conditions, where
the advancing and retreating blade effect plays an important role in the variation in aerodynamic loads and flow
behaviors around rotor blades. In addition, the transient wake behaviors, depending on the downstream position, can
be captured. This provides a scope for further research to predict the overall power output and analyze the unsteady
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wake dynamics of a wind farm where a great number of wind turbines will be installed in close proximity to each
other.
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