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Abstract
Horizontal axis wind turbine (HAWT) often works under yaw due to the stochastic variation of wind direction. Yaw also can
be used as one of control methods for load reduction and wake redirection of HAWT. Thus, the aerodynamic performance
under yaw is very important to the design of HAWT. For further insight into the highly unsteady characteristics aerodynamics
of HAWT under yaw, this paper investigates the unsteady variations of the aerodynamic performance of a small wind turbine
under static yawed and yawing process with sliding grid method, as well as the there-dimensional effect on the unsteady
characteristics, using unsteady Reynolds-averaged Navier–Stokes (URANS) simulations. The simulation results are validated
with experimental data and blade element momentum (BEM) results. The comparisons show that the CFD results have better
agreement with the experimental data than both BEM results. The wind turbine power decreases according to a cosine law
with the increase of yaw angle. The torque under yaw shows lower frequency fluctuations than the non-yawed condition due
to velocity component of rotation and the influence of spinner. Dynamic yawing causes larger fluctuate than static yaw, and the
reason is analyzed. The aerodynamic fluctuation becomes more prominent in the retreating side than that in the advancing side
for dynamic yawing case. Variations of effective angle of attack and aerodynamic forces along the blade span are analyzed.
The biggest loading position moves from middle span to outer span with the increase of yaw angle. Three-dimensional stall
effect presents load fluctuations at the inner board of blade, and becomes stronger with the increase of yaw angle.
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Abbreviations

BEM Blade element momentum
CFD Computational fluid dynamic
SCADA Supervisory control and data acquisition
FAST Fatigue aerodynamic structure turbulence soft-

ware
URANS Unsteady Reynolds averaged Navier–Stokes

equations
T-SST Transient shear stress turbulence model
HAWT Horizontal axis wind turbine
D Wind turbine diameter
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γ Yaw angle
ϕ Azimuth angle
β Pitch angle
AoA Angle of attack
αgeom Geometric angle of attack
αeff Effective angle of attack
V0 Inflow velocity
Vrel Relative velocity
ω Rotation speed of wind turbine
t Time
f Shedding/meandering frequency
St Strouhal number
Re Reynolds number
C Chord length at the spanwise airfoil
λ Blade tip speed ratio
Cn Normal forces coefficient on the local airfoil
Ct Tangential forces coefficient on the local airfoil
Cl Lift forces coefficient
Cd Drag forces coefficient
CX Tangent forces coefficient on the rotational plane
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CZ Axial forces coefficient on the rotational plane
Cp Pressure coefficient
Cpo Power coefficient
Ct Thrust coefficient
T Wind rotor torque
Ft Wind rotor thrust

1 Introduction

Wind power has grown rapidly in past decades. The aerody-
namics of the wind turbine is the key point of wind power
generation. Due to the stochastic property of wind, the wind
turbine oftenworks under yawwhere the rotor disk is not per-
pendicular to the wind direction. Under a yawed condition,
the upstream wind has a velocity component that is parallel
to the rotational plane. Thus, the angle of attack (AoA) of
the blade has a periodic variation in one resolution [1]. The
aerodynamic performance of the wind turbine under yaw, as
well as the surrounding flow, shows highly unsteady char-
acteristics, resulting in high fatigue load and degrading the
operational life of wind turbine. Insightful understanding of
the unsteady characteristics of the aerodynamic performance
and surrounding flow of wind turbine under yaw is of great
significance for wind turbine design [2].

The aerodynamics of a wind turbine under yaw has
been investigated extensively using both experiments and
numerical simulations. The measurements on aerodynamic
performance along the blade in combinationwith the detailed
flow field help to understand the flow mechanism. Hand
et al. [3] performed wind tunnel experiments on National
Renewable Energy Laboratory (NREL) Phase VI, a two-
bladed wind turbine, providing a benchmark for numerical
simulations. Pressure and aerodynamic force coefficients at
different radial locations were obtained under five yawed
cases. The AoA was found varying with the blade azimuth
angle approximately in a sinusoidal function. Schepers et al.
[4] performed wind tunnel experiments on a three-bladed
wind turbine, MEXICO rotor under three yawed angles.
Sectional aerodynamic force and torque variations with the
azimuth angle were obtained. It is found that the sinusoidal
variation rule is not correct at the inner span of the blade
due to the velocities induced by the root vortices. Sant [5]
investigated the TUDelft reference rotor in an open jets wind
tunnel under both axial and yawed conditions. In their work,
the limitations of blade element moment (BEM) method to
the skewed wake under yawed conditions were assessed.
Based on the work of Schepers et al. [4], Micallef et al. [6]
performed stereo particle image velocimetry measurements
to study the blade aerodynamic performance and near wake
development. They found that under yaw the flow in wind-
ward region exhibited inboard motion due to rapid motion of
the tip vortices away from the blade. In field test, Ven et al.

[7] applied an in-fieldmeasurements to investigate the yawed
turbine inflow. Along the blade spanwise, an imbalance in
the crossflow fraction is shown between azimuth angles of
90° and 270°. This phenomenon is caused by yawed inflow
that leads an inwash and outwash on the blade surface. Dai
et al. [8] gave a detailed investigation of yaw effect based on
the supervisory control and data acquisition (SCADA) data,
presenting the characteristics of power coefficient and rotor
torque under yaw. Wang et al. [9] investigated the layout of
wind turbine site using the control strategies of wake devia-
tion to optimize the utilization efficiency of the offshorewind
farm. The above experiments and wind field tests focus had
support the development of the numerical simulationmethod
under yaw.

The numerical methods to evaluate the aerodynamic per-
formance of wind turbine mainly include BEM, vortex
theory and computational fluid dynamic (CFD). The most
commonly used method is BEM, which is fast and low com-
putational costly. Ryu et al. [10] developed a successive
under-relaxation technique based on the classical BEM to
compute the specified radial locations of the blade, and found
the yawerror causes the periodic change of the angle of attack
on different span sections. Yaw has influence not only on the
wake flow behind the wind turbine, but on the surface flow
of blade and three-dimensional (3D) aerodynamic character-
istics of rotor [11]. However, the non-uniform flow between
blades is still modeled with a simplified wake model based
the Prandtl tip loss factor. Moreover, the use of a dynamic
inflow model would introduce a time lag to the inflow and
load response, complicating the reduced frequency analysis.
Both the tip loss model and dynamic inflow model can be
possibly improved by free vortex wake method, which com-
bines the blade aerodynamic and wake flow computational
model. Qiu et al. [12] investigated the dynamic variation of
aerodynamic loads of the wind turbine blade during yaw pro-
cess with an improved lift line method that introduces a wake
model comprising vortex sheet model and tip vortex model,
finding that the yaw rate and dynamic wake have obvious
effects the shaft thrust and torque of wind turbine. Micallef
et al. [1] performed experimental setup and numerical inves-
tigations on the topic of tip vortex generation of horizontal
axis wind turbine (HAWT) under yaw, and found that vortic-
ity strength on suction side under non-yawed condition were
observed to becomemore concentrated than yawed condition
where the vorticity spreads over a small region at the tip.

More accurate numerical models under yaw are presented
on the literature. Several aerodynamic correction models,
such as the yaw correction by Pitt and Peter [13, 14], dynamic
inflow model by Suzuki [15], tip loss model by Prandtl [16],
3D stall delayed model by Du and Selig [17] and wake cor-
rection by Buhl [18], have been proposed and widely used,
but classical BEM and free wake vortex method (FWM) are
still not sufficiently reliable for predicting the aerodynamic
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load distributions on the wind turbine blades, especially for
the yawed and stalled rotor conditions. Some investigations
were performed to investigate the complicated yaw aerody-
namic problem of wind turbine using more accurate CFD
simulations, with the visualization of detailed three dimen-
sional flow [19]. Tongchitpakdee et al. [20] investigated
aerodynamic characteristics of the NREL Phase VI case at
several wind speeds under yaw using the Beddoes-Leishman
(BL) model, finding that at low wind speeds (<7 m/s) under
low yaw angles the flow remains attached over most region
of the rotor. Yu et al. [21] performed time-accurate aero-
dynamic simulations of the NREL Phase VI wind turbine
rotor under yawed flow conditions. They found that periodic
fluctuation of blade loads at the retreating side has higher
magnitudes than that at the advancing side. However, the
3D unsteady stall effect at the different yaw angles was not
studied. Schulz et al. [22] investigated a generic 2.4 MW
wind turbine with the yaw angle ranging between − 50°
and 50° using the FLOWer CFD solver, revealing load varia-
tions along the blade spanwise. Jeong et al. [23] investigated
the effects of yaw errors on the aerodynamic and aeroelastic
behaviors of NREL 5 MW HAWT blade, and pointed out
that the impacts of yaw misalignments adversely influenced
the dynamic aeroelastic stability of the blade. Dai et al. [24]
performed aeroelastic investigations on the Tjæreborg wind
turbine under yaw, finding that the fluid–solid coupling gives
higher averaged power and thrust, as well as a violent oscil-
lation amplitude.

We found that the unsteady aerodynamic characteristics
of the wind turbine blade under yaw considering full 3D
rotational effects are still a questionable topic.

Yaw is a continuous moving process with a constant or
variable rotational velocity. Few numerical models can be
found for the dynamicprocess.Qiu et al. [12] developed a free
vortex method and investigated the torque of the blade and
spiral wake flowunder a dynamic yawing processwith differ-
ent constant yaw rates (5°/s and 20°/s) for theNRELPhaseVI
wind turbine. For large utility-scale wind turbines, these yaw
rates seem to be unreasonable owing to the larger moment of
inertia of the rotor-nacelle subsystem due to enlargement of
the blade radius and tower length. Leble et al. [25] carried out
a series of CFD simulations to investigate the performance
of the DTU 10-MWwind turbine and modeled the turbine as
a structured grid with moving boundaries. Simulations were
performed with a yaw rate of 0.3°/s and the yaw angle ampli-
tude of 3°. The results showed that the overall power under
the dynamic yawing condition was much larger than that of
the static yawed case. Then,Wen et al. [26] developed another
free vortex method and investigated the NREL 5-MW yaw-
ing dynamic sinuous motion with an averaged yaw rate of
1.2°/s and 2.4°/s for the case of f � 0.1 Hz and f � 0.2 Hz,
respectively. The result shows that the dynamic yaw motion
induced the upwind and downwind yawing effect,which con-

siderably influenced the AoA of blade sections. As the blade
is yawing upwind, the AoA increases and vice versa. With
the assumption of the rigid body, Wang et al. [27] gave a
research on the start and stop process of wind turbine yaw-
ing with the specification of yaw rate ranging from 0°/s to
0.3°/s. The result showed that a faster start and stop process
of yawing would cause much more loads fluctuation.

In summary, the unsteady aerodynamic characteristics of
wind turbine blades under yaw considering full 3D rota-
tional effects are still unclear. With the assumption of the
rigid body, the main contribution of this paper is the proposal
of a new grid model methodology for analyzing the overall
performance using URANS simulation, aerodynamic loads,
and flow field of wind turbines in several static yawed and
dynamic yawing processes. The method can be used to ana-
lyze interactions between transient aerodynamic phenomena
associated with the wind turbine control system. The main
objective of this study was to investigate the effects of yaw
on the dynamic output power, rotor thrust, and the blade
sectional aerodynamic characteristics caused by continuous
changes in the yaw angle. The main novelty of the current
work is the 3D stall effect analysis under yaw and the inclu-
sion of the dynamic yawing simulation of wind turbine with
the multiple structured domain sliding mesh. In the present
paper, unsteady CFD simulations are performed to investi-
gate the unsteady aerodynamic characters of a wind turbine
blade during the rotational resolution using full 3D wind tur-
bine model.

The paper is organized as follows. Section 2 describes the
geometry model and computational method. In Sect. 3, the
simulation results under several yaw angles are compared
with experimental data. After the work of validation, the dis-
cussions mainly focus on the sectional azimuthal variations
of aerodynamic force coefficients, as well as the pressure
distribution of the blade. Furthermore, the dynamic analy-
sis of overall performance under yawing is interpreted with
the comparison of the aerodynamic performance under yaw.
Section 4 summarizes the conclusions drawn in this paper.

2 Numerical model

2.1 Case study

Although large-scale multi MW wind turbines have been
widely used in recent years, the NREL Phase VI wind tur-
bine still gained many research attentions since detailed
measurement data are available for model validation, which
is also used for investigation in this paper. The Phase VI
wind turbine is a two-blade wind turbine with the airfoil
of S809. The rotor diameter is 10.058 m, and hub height
is 12.192 m. The rotational speed is 71.9 rpm. The experi-
ment was performed in NASA Ames wind tunnel, which has
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Fig. 1 Computational domain for the simulation of yawed cases

Fig. 2 Boundary conditions used in the simulation

been considered a benchmark for evaluation of the wind tur-
bine aerodynamic model. Detailed geometry parameters and
experimental description can be found in NREL report [3].

2.2 Computational domain and boundary
conditions

According to the simulation results from Yu et al. [21], the
loads are almost the same for rotor-alonemodel and full wind
turbine model. To reduce the computational cost and time,
only the wind turbine rotor is modelled in this paper.

The computational domain as shown inFig. 1 is a rectangle
zone with 9.5D in length and 8D in width [24, 28], where D
stands for the rotor diameter. The computational domain is
divided into two zones: a rotational zone and a stationary
zone. The rotor is located at the center of the rotational zone.
The rotational zone is a cylinder with the diameter of 1.5D
and the height of 0.5D. The distance between the inlet and
the rotational cylinder is 3D.

Figure 2 shows the boundary conditions used in the simu-
lations. Uniform wind speed of 7 m/s is set as the inlet of the
domainwith a turbulence intensity of 5%. The boundary con-
ditions for the top and down plane in the domain are free-slip
and no-sip walls. The blade surface is set to no-slip wall. A
pressure outlet condition is assigned to the outlet of domain.
The inlet velocity direction varies to generate different yaw
angles.

2.3 Computational grid

As shown in Fig. 3, a multi-block structured grid is gener-
ated in the rotational zone using AutoGrid from NUMECA
software. The grid number for this zone is about 4.79 mil-
lion. The total grid number including stationary zone is about
6.7 million. In order to resolve the boundary layer, the grids
around the blades are refined to keep the y+ less than 5 on
the blade surface.

2.4 Numerical methods

Commercial software CFX is used to solve the unsteady
URANS. The slidingmesh is used for data exchange between
the rotational zone and the stationary zone. For the time-
accurate calculations, a dual-time implicit time integration
algorithm is used. The time-step size is equivalent to an
azimuthal angle increment of 2.5°, coupled with 20 pseudo-
time sub-iterations. The residual of the continuity equation
is reduced by at least three orders throughout the calcula-
tions. For comparison and validation,BEMsimulations using
FAST software were also performed.

The definition of dynamic yawing with the moment of
sinusoidal is depicted below. Following the prior researches
[25–27], a sinusoidal pitching motion is specified for the
dynamic yawing of NREL Phase VI:

Ω � RPM sin(ωt + ϕ0), (1)

where Ω is the wind turbine yaw velocity, RPM � 5°/s (the
amplitude). According to the description of extreme wind
direction change in the IEC61400-5, the duration is 6 s (which
means wind turbine will yaw from 0° to 30° within 6 s). ω

is the circular frequency, and it is also denoted as ω� 2πf,
where f is the yawing frequency (which is equal to 1/24). t
is the time. ϕ0 is the initial phase. It is assumed that ϕ0 �
0. Variation of the yaw rate is shown in Fig. 4a. Owing to
the change of yaw rate, the yaw angle changes with certain
law like Fig. 4b. The free-stream velocity V0 is constant and
equals to 11.4 m/s for all simulation cases.

2.5 Extracting sectional physical variables

Figure 5 illustrates the definition of the yaw angle and
azimuth angle of wind turbine rotor. The yaw angle is defined
as the angle between inflow and the rotational axis. The wind
turbine rotates counter-clockwise, defining Blade 2 at top
position with azimuth angle ϕ � 0°.

In order to evaluate the sectional variations of the aero-
dynamic loads, the blade will be divided into a number of
spanwise sections. At each section, the pressure is integrated
along the chord-wise direction and resolved in the global
coordinate system to produce the spanwise variation of the
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Fig. 3 Far field mesh and blade region mesh in the rotational zone

Fig. 4 Illustration of the yawing process: a variation of yaw rate, b vari-
ation of yaw angle

normal and tangential forces coefficient (Cn and Ct), as
shown in Fig. 6. Here, the axial force coefficient refers to
the force component parallel with the global Z axis, and the
tangential force coefficient, refers to the force component
parallel to the global X axis.

If the yaw angle is zero, the syntactic velocity keeps the
same during revolution, which can be calculated as follows,

Vrel �
√

(V0)2 + (ωr)2. (2)

When the yaw angle is not zero, the syntactic veloc-
ity needs to be updated with the change of azimuth angle.
For yawed cases on one revolution, as shown in Fig. 7, the

a b

Fig. 5 a Yaw angle γ of wind turbine rotor and b azimuth angle ϕ of
blade

Fig. 6 Definition of aerodynamic force coefficients

azimuth angle is defined as the angle from the red solid arrow
line to the black solid arrow line. At zero azimuth angle, the
blade is retreating the tangent component of inflow velocity,
leading to a lower synthetic velocity and a higher angle of
attack. On the other hand, with the azimuth angle of 180°,
the blade is advancing toward the velocity component aligned
tangent to the rotor plane, leading to a higher syntactic veloc-
ity and a lower angle of attack. Neglecting the torsional
deformation along the blade spanwise, the trend of angle of
attack relative to the azimuth angle should be identical to the
inflow angle. Consequently, for the current case, the angle of
attack reaches themaximum andminimum at azimuth angles
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Fig. 7 Aerodynamic analysis on one revolution

Fig. 8 Definition of AoA α

of 0° and 180°, respectively. The syntactic velocity and the
angle of attack at different spans will change continually in
one revolution. The AoA α is defined in Fig. 8, α,αamp,Vrel ,
Vrel−amp are the averaged AoA, azimuthal AoA, mean syn-
tactic velocity, and azimuthal syntactic velocity, respectively.
The syntactic velocity Vrel can be calculated as follows

αgeom � arctan

[
cosβ cos γ − sin β(λ − sin γ cosϕ)

cosβ(λ − sin γ cosϕ) + cos γ sin β

]
,

(3)

Vrel �
√

(V0 cos γ )2 + (ωr − V0 sin γ cosϕ)2, (4)

where β, γ , ϕ stand for the pitch angle, yaw angle, azimuth
angle, respectively.

When the azimuth angle is between 90° and 270° (advanc-
ing side), the absolute velocity become bigger than that when
the azimuth angle is between− 90° and 90° (retreating side).

Fig. 9 Torque calculated with different numbers of grid

On the advancing side, the wind velocity component aligned
tangent to the rotor plane is opposite to the linear velocity, so
that the synthetic velocity becomes higher. On the retreating
side, the wind velocity component is in the same direction
to the linear velocity, thus the synthetic velocity becomes
smaller.

3 Results and discussions

Nine simulation conditions with yaw angle of 0°, 5°, 10°,
15°, 20°, 25°, 30°, 45° and 60° are investigated. The dynamic
yawing with the law of sinusoidal is also carried out in the
paper. The total aerodynamic performance and frequency
characteristics are discussed first for results validation. In
what follows, the aerodynamic characters and 3D stall char-
acters at different span sections are discussed.

3.1 Verification and validation

3.1.1 Grid independence

Figure 9 shows the calculated torque of wind turbine at yaw
angle of 30° using different numbers of grid (2.24–6.22 mil-
lion for the rotor mesh). Unsteady computations were per-
formed to study the grid independence. It is seen that the
difference between calculated torques is very small when
the grid number is over 4 million. Thus, the middle size grid
(4.53 million) is selected at the end.

3.1.2 Turbulent model independence

Three turbulence models, k−ω model, shear stress transport
(SST) model, and transitional SST (T-SST) model, are ana-
lyzed to check the model dependence. Table 1 shows the
calculated torque of wind turbine rotor at γ � 30°. It is seen
that in the k−ωmodel andSSTmodel the aerodynamic losses
of wind turbine were over predicted due to the full turbulence
assumption. The T-SST model gave much better prediction
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Table 1 Rotor torque (N·m) calculated using different turbulence mod-
els

Exp Turbulent models

k−ω SST T-SST

571.42 485.58 480.65 548.01

Table 2 Rotor torque (N·m)
calculated using different time
step size

Exp Time step

72 144 360

571.4 548.01 524.87 540.6

Fig. 10 Residual convergence curve at γ � 30°

with the relative error of about 4%. So the T-SST model is
chosen for our study.

3.1.3 Verification for the unsteady time steps

In the unsteady computations, the time step size may have
influence on the calculated aerodynamic performance. Three
different time step sizes with step number of 72, 144, and
360 in one revolution were studied. Table 2 shows that cal-
culated rotor torque under 30° yaw angle. It illustrates that
the time step size has a small influence on the torque. The
difference between results is less than 4%. Considering the
computational cost and accuracy, time step of 72 is selected
for following studies.

3.2 Averaged results

The convergence history of mean square residual for mass
and momentum equations at γ � 30° are shown in Fig. 10.
The unsteady computation started based on 600 steady iter-
ations. The convergence errors are below 10−4. The residual
curves for other yaw cases are similar to the curves in this fig-
ure. Figure 11 show the thrust convergence distribution under
different yaw angles. After about 20 revolutions computa-

800

600

400

200

0

-200

0 360 720 1080 1440 1800 2160 2520
Time step

Fig. 11 Thrust convergence curve under yaw

Fig. 12 a Power and b thrust generated for wind turbine rotor running
at different yaw angles

tion, the curves show periodic oscillations and keep stable.
The computations are considered as converged.

Figure 12a shows the calculated wind turbine power for
nine yaw conditions. The experimental data, the BEM results
with and without Beddoes stall model are also presented.
It is seen from the comparison that the CFD results give
better agreement with experimental data than BEM results,
especially for largely yawed conditions. The Beddoes model
improves the BEM results under small yaw angles. However,
it over amended the BEM results under large yaw angles.
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Fig. 13 Pressure coefficient distributions at four spanwise sections under non-yawed condition: a r/R � 0.3, b r/R � 0.47, c r/R � 0.63, d r/R �
0.95

Comparingwith the result for non-yawed condition, the aver-
aged powers under yaw angles of 10°, 30° and 60° decrease
by 4.265%, 29.9% and 86.8%, respectively. Under yawed
conditions, the velocity component of the incoming flow nor-
mal to the rotor plane decreases by cos γ . While, the power
varies approximately in cos2 γ ~cos3 γ due to the combined
effect of wind component normal to the rotor plane and wind
component aligned tangent to rotor plane.

The variations of axial thrust for different yaw angles are
shown in Fig. 12b. Compared with the result of non-yawed
condition, the thrust decrease by 2.32%, 20.37% and 73.98%
under yaw angles of 10°, 30° and 60°, respectively, which
decreases in cos γ function. For the thrust, the experimental
data only for non-yawed condition is available. The BEM
method over predicates the thrust by about 18%. Same to the
power curves, the Beddoes model improves the BEM perfor-
mance under small yaw angles. However, it over-amends the
BEM results obviously under large yaw angles comparing to
CFD results.

Figures 13 and 14 show the distributions of pressure coef-
ficient on blade surface at four different span sections under
γ � 0° and γ � 30°. In these figures, the pressure is averaged
over one rotor revolution. In general, the comparison shows

that CFD results have good agreement with the experiment
data. When wind turbine operates in yawed conditions, the
wind velocity component vertical to the rotational surface
decreases, reducing the airfoil aerodynamic performance,
which can be seen from the decreasing of the maximum Cp,
especially at inner and middle span sections.

In Figs. 15 and 16, the radial distribution of the azimuthal-
averaged normal force coefficient (Cn) and tangential force
coefficient (Ct) are presented for four yaw angles. The error
bar shows the standard deviation of measurement. It is seen
that the computational results have good agreements with
experimental data in general, excepting that for γ � 60°. The
standard deviation of measurement at the blade root is larger
than that at the blade tip, due to the strong flow separation
and the 3D effect of the centrifugal and Coriolis force at the
root. The CFD result exceeds the measurement error bar at
outer span when yaw angle reaches 60°, which means RANS
simulations have not predicted aerodynamic forces well at
the high yaw angle. For small yaw angles, the maximum Cn

locates at around 40% span. With the increase of yaw angle,
Cn decreases and the location of maximum Cn moves to
outer span. The curve of Cn is getting flat. With the increase
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Fig. 14 Pressure coefficient distributions at four spanwise sections under γ � 30°: a r/R � 0.3, b r/R � 0.47, c r/R � 0.63, d r/R � 0.95

Fig. 15 Comparison of Cn at different span sections under different yaw angles: a γ � 0°, b γ � 10°, c γ � 30°, d γ � 60°
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Fig. 16 Comparison of Ct at different span sections under different yaw angles: a γ � 0°, b γ � 10°, c γ � 30°, d γ � 60°

of yaw angle,Ct also decreases and the location of maximum
Ct moves to inner span.

3.3 Time dependent analysis

The results of twelve rotor revolutions are analyzed. In each
revolution, 72 samples of torque are collected. Fast Fourier
transformation is applied to get the rotor aerodynamic fre-
quency. Figure 16 shows the torque spectra of single blade
under different yaw angles. The blade passing frequency is
1.198 Hz (base frequency). When the yaw angle is zero, the
fluctuation is negligible. The possible reason for the fluctua-
tion is the excitation of crossflow and inflow direction, which
has beenmentioned byVey et al. [7] andShirakashi et al. [29].
The main frequency is about 4.7878 Hz, four times of blade
passing frequency. Under lightly yawed conditions, a fluctu-
ation with the passing frequency is observed. The reason for
this fluctuation is that the rotational velocity has a compo-
nent parallel to the incoming velocity. The direction of this
component is positive in advancing process and negative in
retreating process, leading to the relative velocity and out-
put power decreasing in advancing process and increasing
in retreating process, as can be seen from Fig. 17. With the
increase of the yaw angle, the fluctuated amplitude is get-
ting larger, and more harmonics with higher frequency are

observed, which are mainly caused by the variation of the
rotational velocity component. To investigate the root vor-
ticity effects further, the blade is divided into nine spanwise
segments with equal length. Figure 18 shows the torque vari-
ation respecting to the azimuthal angle at each span section.
The sum of torque at all segments equal to the total torque of
thewhole blade. For non-yawed case, it is seen that the torque
components at middle and outer span keep constant. While,
small fluctuations of torque component can be observed at
inner span,<30% for the current case, which is identified
in the frequency spectrum Fig. 16. Actually the variation of
torque is direct related to the velocity. Wang et al. [30] found
that nacelle wind speed is mainly influenced by the dynamic
inflow, which is similar to the current analysis. It is also seen
that the major contribution of torque output is from middle
span segments, i.e., sections of 8, 7, 6, 5 in this case. The
inboard torque distribution presents more fluctuations under
yaw, especially at high yaw angles. For instance, as shown in
Fig. 17 γ � 10°, obvious fluctuations of torque can be seen at
middle and outer span sections. The frequency equals to the
blade passing frequency. For higher yaw angle, sharp drops
of torque are observed at inner sections of 2, 3, 4, which
is the influence of spinner. Figure 19 presents the spectrum
of rotor torque using FAST computation results. Only the
two periodic (2p) pulse is observed for all conditions. The
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Fig. 17 Frequency of single blade torque under different yaw angles

fluctuations due to 3D vortices and spinner effect cannot be
captured.

The azimuthal variations of AoA at four span sections
are shown in Fig. 20. At the non-yawed condition, the
AoA keep constant during revolution. For yawed cases, the
AoA decreases among the process of azimuth angle from
0° to 180° (downstroke) and increases among the process
of azimuth angle from 180° to 360° (upstroke). With the
increase of yaw angle, the variation of AoA becomes larger.
And the variations of AoA at inner span and middle span
are much larger than that at outer span, which means the
decrease of aerodynamic performance is more severe at the
middle and inner span.

Figure 21 shows normal force coefficient distribution at
the radial position, r/R� 0.3 varying with the azimuth angle

under nine different yaw angles. Three simulation results of
CFD, FAST computations with and without Beddoes model
are presented. The aerodynamic force coefficient curves are
similar in general. CFD result shows a higher magnitude of
theCn at the zero azimuth angle than that of other two results.
Due to the influence of spinner, there is a large drop of Cn at
around the azimuth angle of 90°. The azimuth angle of the
minimum blade loading becomes larger with the increase of
the yaw angle.

The azimuthal variations of aerodynamic force coefficient
for one blade under yaw angle of 0°, 10° and 30° are shown in
Figs. 22 and 23 respectively. For the non-yawed condition,
the AoA and other variables almost keep the same in one
revolution.
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Fig. 18 Torque components along spanwise varying with azimuth angles

Fig. 19 Frequency response of rotor torque distribution under different yaw angles by FAST without Beddoes
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Fig. 20 AOA variations in one revolution under yaw: a r/R� 0.3, b r/R� 0.47, c r/R� 0.63, d r/R � 0.8

Fig. 21 Normal force coefficient distribution in one revolution under yaw by three computedmodels (r/R� 0.3): a CFD, b FAST (without Beddoes),
c FAST (with Beddoes)
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Fig. 22 Normal force coefficient variations in one revolution under yaw: a γ � 0°, b γ � 10°, c γ � 30°

Fig. 23 Tangent force coefficient variations in one revolution under yaw: a γ � 0°, b γ � 10°, c γ � 30°
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At the zero azimuth angle, the blade is in retreating
process, leading to a higher magnitude of relative veloc-
ity and a lower angle of angle attack. On the other hand,
at the 180° azimuth angle, the blade is in advancing pro-
cess, leading to a lower magnitude of relative velocity and
a higher angle of attack, shown in Fig. 20. Neglecting the
change of pitch angle due to torsional deformation, the
trend of angle of attack relative to azimuth angle should
be identical as the inflow angle. Consequently, the angle
of attack usually reaches the maximum and minimum at
azimuth angles of 0° and 180°, respectively. Both the tan-
gential and normal force coefficients variation function with
the azimuth angle are the same with the local angle of
attack.

The variation of aerodynamic performance at different
sections along the blade is different due to the yaw effect.
The variations ofCn in one revolution at outer spans, i.e. 80%
and 95% spanwise sections, are negligible.Cn at 47% span is
largest, while the Cn at 95% span is smallest. At other three
spans, Cn curves show slight fluctuations. With the increase
of yaw angle, the variations of Cn at inner spans increase.
Comparing to non-yawed condition, the Cn increases when
the azimuth angle is between 180° and 360°; it decreases
when the azimuth angle is between 0° and 180°. Theoreti-
cally, the minimum Cn is at the azimuth angle of 180°. The
Cn curves at outer span sections agree well with theoretically
analysis. As discussed before, there is a large drop of Cn at
around the azimuth angle of 90° for 30% and 47% span sec-
tions since the blade is just at downstreamof the spinner. Also
at the inner side of the blade, more separated flow occurs and
cosine distribution of aerodynamic force coefficients become
more obvious with the increasing of the yaw angle. The vari-
ations of Ct shown in Fig. 23 are similar to that of Cn. The
two figures show that aerodynamic load variation occurs at
inner span of the blade under yaw,which has significant influ-
ence on the blade fatigue life. The largest load happened at
0° azimuth angle.

However, the azimuthal variation of aerodynamic force
efficiency is a combined effect of change of relative velocity
magnitude and orientation of velocity component tangential
to rotor plane, even the three dimensional stall effect in the
rotation periodic etc. However, the azimuthal variations of
tangential and normal force efficiency can be different. Sant
[5] carried out the numerical simulation on Mexico wind
turbine, and a different azimuthal variation of aerodynamic
loads was presented. Lower magnitudes of normal and tan-
gent force coefficient were observed by Sant [5] in region
where the blade is retreating toward the wind velocity com-
ponent aligned tangent to the rotor disk plane (which are
higher in current simulation).

The normal force coefficient varying along the blade span-
wise are mainly due to the effect of yaw, which leads to the
variation of the angle of attack with the azimuth angle at the

local airfoil section. Figure 24 shows the radial transient dis-
tributions of Cn under nine yaw angles. With the increase of
yaw angle, Cn decreases at each span section. The variation
ofCn at blade root is larger than that at blade tip. Under small
yaw angles (0°, 5°, 10°), the maximumCn is located at about
40% span section. With the yaw angle increasing, the max-
imum Cn moves from mid span to outer span. For azimuth
angles from − 45° to 45°, Cn decreases almost linearly from
inner span to outer span since the radial component effect of
inflow is rather small. While, for azimuth angles from 45°
to 315°, Cn increases first and then decreases gradually from
inner span to outer span. When yaw angle is 30°, the maxi-
mum Cn moves to about r/R� 0.6, and at higher yaw angles,
the maximum load keep stable at the r/R� 0.7. At low wind
speed, the flow remains mostly attached to the blade surface,
except that the small separation at the blade root. The radial
flow is also not pronounced.

3.3.1 3D stall effect

Under yawed conditions, 3D rotational stall effect is getting
severe, including the dynamic stall and radial flow caused by
rotation. Figure 25 shows the normal force coefficient dis-
tribution respecting the angle of attack during revolution at
yaw angles of 0°, 10°, 25°. The abscissa is the AoA. The
red dashed arrow line shows the revolution process with
the azimuth angle from 0° to 360°. Label 1 indicates the
0° azimuth angle, i.e. the starting point of the revolution. For
comparison, the experiment data from two-dimensional (2D)
measurement performed by Somers [31] of Delft University
is also presented. The Reynolds number for the experimental
data is around 1.0×106. The variation range of Reynolds
number along the spanwise is between 0.6×106 and 1.3×
106. Figure 28a shows that at the non-yawed condition all
Cn have almost no variations during revolutions, except that
at the span of 0.3, since the angle of attack does not change.
The slight rotational stall effect is observed at the span of 0.3.
Comparison with the experimental data, the aerodynamic
performance at outer and inner span sections have consid-
erable decrease due to the three dimensional vortices at tip
and root. The value of Cn at middle span has good agree-
ment with the experimental data. The 3D effect becomemore
prominentwith the increase of the yaw angle. Hysteresis loop
occurs firstly at inner span. In the downstroke process, Cn

decreases due to the decreasing of AoA; in upstroke process,
Cn increases due to the increasing of AoA. The value of Cn

in upstroke process is obvious lower than that in the down-
stroke process at the sameAoA. The reason is that the flowon
suction surface remains attached during the upstroke process.
While, during the downstroke process, the flow starts to sepa-
rate from the suction surface, and the scale of shedding vortex
increases continually with the increase of azimuth angle, till
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Fig. 24 Cn variation along the spanwise of blade under different yawed conditions at different azimuth angles

about the azimuth angle of 65°–70°. After that, the scale of
shedding vortex decreases during the second half downstroke
process, and the flow recovers to attachment. When the yaw
angle is large, Cn at inner span may exceed the 2D measure-
ment value under high AoA due to the combination effect of
dynamic stall and 3D rotational effect.

Figure 26 shows the dynamic variation ofCn on other sec-
tions during revolutions. With the increase of yaw angle, the
variations of aerodynamic coefficients become much larger.
The range of the loop extends to low AoA. When flow is
at the 10° fixed yaw angle, the minimal AoA in one revo-
lution is about 11°. Up to the fixed yaw angle of 25°, the
minimal AoA in one revolution decreases to about 5°. The
wind turbine operates in a long range of low AoA, which
decreases the power extraction efficiency of wind turbine
largely.

3.4 Comparison of power variation between yawed
and yawing simulation

Figure 27 shows the variation of power coefficient between
yawed and yawing conditions. The period of the rotation is
0.8344 s. The yawing computational contains aerodynamic
performance result of 14 revolutions with the total physics
time of 12 s. The result of yawed condition is noted by solid
black dot with error bar, while the grey with blade edge dot
is identified as the result of yawing case.

With the increase of the yaw angle, the power will
decrease, and the fluctuation of the power or torque becomes
larger. The additional yaw velocity caused by the dynamic
yawing will raise the magnitude of flow velocity vertical to
the rotor rotational plane, resulting in a higher value of the
power coefficients.
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Fig. 25 Hysteresis loop of Cn at three fixed yaw angles: a 0°, b 10°, c 25°

Fig. 26 Hysteresis loop of Cn at different yaw angles: a 5°, b 15°, c 25°, d 30°
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Fig. 27 Comparison of power coefficients of blade between yawed and
yawing conditions

Fig. 28 Comparison of power coefficients of blade between yawed and
yawing conditions

Figure 28 shows the variation of power coefficient of the
blades between yawed and yawing conditions. It is clearly
seen that the power coefficient present larger fluctuation with
the variation of yaw angle. The variation law is the same
under yawed and yawing condition. At the yaw angle of 30°,
the maximum and minimum power coefficients fluctuation
of dynamic yawing is 0.48 and 0.27, respectively; while the
maximum and minimum power coefficients fluctuation of
static yawed is 0.41 and 0.295. The difference is much larger
fluctuation of the power coefficients on blade under yawing
than that under yawed condition, especially under the non-
yawed condition, the variation of the load on blade present
much larger than that of yawed case, due to the maximum
yaw rate at 0° yaw angle in the process of yawing.

4 Conclusions

Unsteady numerical simulations have been performed in this
paper to investigate the unsteady aerodynamic characters
of a HAWT under yaw and dynamic yawing conditions.
The numerical simulation results show good agreement with
measurement data. The aerodynamic characteristics during
revolution at different span sections are analyzed in detail.
The conclusions can be summarized as follows:

1. Unsteady CFD simulation results give better prediction
of aerodynamic performance of HAWT under yaw than
BEM method. Transitional SST model has good perfor-
mance on simulation wind turbine aerodynamics under
large yaw angles. The blade load has an obvious fluctua-
tion with the blade passing frequency, and the amplitude
increases with the yaw angle. CFD simulation captures
the fluctuations with high frequencies due to 3D flow
at inner span, which cannot be captured by BEM type
methods.

2. The maximum aerodynamic load of the blade moves
from the middle span to outer span with the increase
of yaw angle. The blade transient loading of 0° azimuth
angle nearby is almostmonotonically decreased, while in
other zone the load increases firstly, then decreases. 3D
stall effect presents load fluctuations at the inner board of
blade, and becomes stronger with the increasing of yaw
angle. Since the variation of angle of attack increases
and the value moves towards small value during revolu-
tion, the aerodynamic characteristics at all span sections
decreases substantially. The averaged powers under yaw
angle of 10°, 30° and 60° decrease by 4.265%, 29.9% and
86.8%, respectively. Compared with the result of non-
yawed condition, the thrust decrease by 2.32%, 20.37%
and73.98%under yawangles of 10°, 30° and 60°, respec-
tively, which decreases in cos γ function.

3. The power coefficients under dynamic yawing show
much larger power coefficient fluctuations of 0.095 than
that of yawed cases, due to the variation of the yaw rate
and the additional velocity caused by the dynamic rota-
tion along yaw axis.

The investigation in this paper is performed on a small-
scale wind turbine. Further studies have been performed on
a large-scale wind turbine. Cross comparisons will be pre-
sented in the near future.
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