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a b s t r a c t

The floating vertical axis wind turbine (VAWT) is considered as a competitive device in the utilization of
offshore wind energy. However, the platform pitch motion would affect its aerodynamic behavior. In this
paper, the aerodynamic performance of a floating 4-type VAWT under pitch motion is investigated by
using the Improved Delayed Detached Eddy Simulation SST k� u turbulence model. After verifying the
feasibility of the numerical model, the effects of pitch motion amplitude and period on the aerodynamic
characteristics were evaluated, and the impacts of these observations were elucidated. The results
showed that the averaged net power coefficient increment of about 1.5%e15% could be obtained under
platform pitch motions, and the fluctuation of aerodynamic loads was found to increase. Besides, the
pitch motion pattern could be regarded as the combination of surge and heave motions, which explained
the similarity of their effects on the wind turbine aerodynamics. Furthermore, it was found that the
frequency of the peak torque coefficient would change under different periods of pitch motion, which
should be noticed in the design of floating wind turbine. Finally, it was concluded that the current study
provided additional information about the effect of pitch motion on wind turbine aerodynamics.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, with the continuous changes in the international
situation, the development of marine resources has become the
focus of strategic development of countries in theworld. There are a
great amount of wind energy resources in the offshore and deep-
sea areas. Compared with fossil fuel power generation, the ad-
vantages of wind power generation in the economic field gradually
become obvious [1,2]. In view of that it is increasingly difficult to
find areas with good wind energy potential on land [3], the need to
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further exploit the offshorewind energy resources is highlighted. In
this context, the offshore floating wind turbines have attracted
more public attention.

The wind turbine can be mainly divided into two categories:
horizontal axis wind turbines (HAWTs) and vertical axis wind
turbines (VAWTs). Due to the great amount of efforts made on the
HAWT, this kind of wind turbine has become the most acceptable
wind conversion device with the largest market in the world. On
the contrary, the lower power coefficient has hindered the appli-
cation of the VAWT. The small-scale VAWTs are usually installed in
the urban area [4], which has more complex wind flow conditions.
However, facing the trend of offshore wind resources utilization,
the VAWT has shown some advantages over the HAWT. It is known
that the gear box, generators, yaw device and other engine room
power equipment are installed in the nacelle on the top of the
HAWT tower. These heavy equipment installed in high places are
detrimental to the structural safety of the wind turbine tower, and
the installation and maintenance costs are quite high, especially in
the context of floating wind turbine applications. Compared with
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that, the generators and nacelle of VAWTare usually installed in the
bottom of the wind turbine tower. This approach, as well as other
benefits including lower maintenance cost, no yaw device and
suitability for turbulent wind flow [5], has made the VAWT suffi-
ciently competitive in the offshore wind utilization and brought
new impetus to its development.

It is generally considered that the bottom-mounted wind tur-
bines, including thosewithmonopile foundation, tripod support, or
jacket structure [6,7], are more preferable in the offshore region.
But for the deeper waters (>50 m water depth), the floating wind
turbine presents superiority in supporting structure and economics
compared with the former one [8]. Therefore, in the last decade, a
series of studies has been conducted on the feasibility of floating
wind turbine, especially for the HAWTs [9e12]. The scope of the
research mainly includes the platform motion patterns [9], aero-
dynamic performance [10], structural response [11,12], damping
effect [13], and active control [14].

Among these problems, the coupling effect of aerodynamic force
on the platformmotion is one of the most important issues that has
been studied in depth. Since the Froude and Reynolds scaling rules
cannot be satisfied simultaneously in the wind/wave basin test, the
floating wind turbine model is usually dominated by the Froude
scaling rule with the correction of aerodynamic loads [9]. To ensure
the similarity of wind turbines’ power and thrust and evaluate the
influence of aerodynamic force, many methods have been devel-
oped, including the redesigned shape of rotor blades, different
blade surface roughness, and controlled ducted fan [15]. After
basically solving the aerodynamic simulation problem, the motion
response of the floating wind turbine was analyzed under different
environmental conditions [16,17]. Besides, Koo et al. [18] experi-
mentally studied the motion response of a floating wind turbine on
three different floaters. It was found that the wind load would in-
crease the surge and pitch damping of the spar-buoy and semi-
submersible. Karikomi et al. [13] investigated the negative damped
response of floating wind turbines by wind tunnel testing. The ef-
fect of bandwidth of the rotor speed controller on the platform
stability was studied to suppress the negative damped response.
Furthermore, for the active wind turbine control scheme, Goupee
et al. [14] evaluated the effect of blade pitch and generator controls
on the global response of a floating HAWT. The results showed that
the variable speed control scheme effectively reduced the platform
pitch motions compared with that of the constant rotor speed
control. These active turbine controls were thought to be beneficial
to the floating wind turbine. Similarly, Madsen et al. [19] applied
different control strategies, including two closed-loop controllers
and one open-loop controller, to the floating wind turbine. It was
reported that the conventional onshore controller might cause high
oscillations in blade pitch.

For the offshore floating VAWT, the progress of relevant research
work is relatively slow, while it was reported to achieve about 20%
reduction in cost of energy compared with that of HAWT by
Paquette and Barone [20]. Most of the existing research is focused
on the dynamic response of floating VAWT. Similar to the research
method of floating HAWT mentioned above, the VAWT model has
also been tested on different floating support structures by Borg
and Collu [21]. It was reported that the traditional spar and tension-
lag-platform could not sufficiently restrain the motion of floating
VAWT due to its complex aerodynamic load. Afterwards, the sto-
chastic dynamic response and wind-wave coupling effect of a
floating VAWT with the semi-submersible platform were analyzed
by Wang et al. [22] and Cheng et al. [23]. Recently, the coupling
motion of a 4-type VAWT with a redesigned truss spar was
investigated [24]. It was found that the regular wave frequency
dominated the frequencies of platform surge, heave and pitch
motions.
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Although there are numerous studies conducted on the dynamic
response of floating wind turbine, the effect of platform motion on
its aerodynamic characteristics was seldom investigated, especially
for the floating VAWT. In the previous studies, the methodology
utilized to simulate the aerodynamic force mainly includes the
blade element moment theory [25] and Cascade model [26]. In
recent years, a few studies investigating the aerodynamics of a
floating H-type VAWT by computational fluid dynamics (CFD) have
been reported [27,28]. For instance, Lei et al. [28] verified the
applicability of the Detached Eddy Simulation to the aerodynamic
performance of floating H-type VAWTs. The study found that
platform motion would enhance the interaction between the flow
field and wind turbine blades.

The 4-type VAWT is regarded as another typical wind turbine
configuration, which has advantages in terms of structural load
[29]. Due to its distinctive shape, the aerodynamic performance is
different from that of H-type wind turbine reported in previous
work [28]. However, the aerodynamics of the 4-type VAWT under
platform motion has rarely been investigated, and its increased
fluctuation of aerodynamic forces also requires further investiga-
tion. Furthermore, more attention should be paid to the change in
the frequency of aerodynamic load history caused by the platform
motion.

In the current study, the aerodynamic performance of a 4-type
Darrieus VAWT under pitch motion was studied. A typical small-
scale 4-type VAWT model was selected to investigate its aero-
dynamic characteristics under fixed and moving conditions. In
practical offshore wind farm project, the size of wind turbine is
usually over 100 m. Thus, the scale ratio was set as 1:20 in this
study, and all results could be processed to reflect the real re-
sponses of large-scale wind turbines according to the Froude and
Reynolds similarity criteria. In this study, a series of high-fidelity
CFD simulations were carried out using the Improved Delayed
Detached Eddy Simulation (IDDES) SST k� u turbulence model.
The geometric model and operational characteristics of the VAWT
were presented, and the computational model as well as numerical
settings was described in Section 2. The model validations,
including time step independence test, mesh scheme analysis, and
model verification, were conducted in Section 3. After that, Section
4 presented the comparison of aerodynamic performance of VAWT
under different conditions. Meanwhile, the effect of amplitude and
period of pitch motion was discussed. Besides, the results of the
studied 4-type VAWT were compared with the H-type wind tur-
bine. In addition, the result analysis in the frequency domain was
carried out to gain insights into the aerodynamic behaviors. The
reasons for the difference in the results of the two types of wind
turbine, as well as the influence of peak frequency were also dis-
cussed. Afterwards, a discussion on the correlation between the
pitch motion of wind turbine and the aerodynamics was conducted
in Section 5. Finally, several main conclusions were summarized in
Section 6.
2. Methodology

2.1. Geometric model

The prototype of the typical 4-type Darrieus VAWT tested by
Sheldahl et al. [30] was selected in this study. The profile NACA0015
was utilized to design the rotor blade. The details of geometric
parameters of the studied Darrieus VAWTare shown in Table 1, and
the model of the 4-type wind turbine is illustrated in Fig. 1. To
simplify the model, the shaft and struts are neglected in the current
study. Besides, considering the difficulties in constructing Darrieus
rotor with ideal Troposkein shape, the parabolic approximationwas



Table 1
The geometric parameters of the 4-type Darrieus VAWT.

Property Symbol Value

Airfoil profile e NACA 0015
Chord length c 0.1524 m
Angular speed U 162.5 rpm
Equatorial diameter D 5.00 m
Rotor height H 5.10 m
Swept area A 17.01 m2

Rated power e 2 kW

Fig. 1. The structure of the floating 4-type Darrieus VAWT.

Fig. 2. The top view of the equatorial section of the wind turbine.
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used to describe the relationship between the local radius and
altitude due to its superiorities in geometric similarity and
modeling simplicity [31]. In this study, the relationship between
local radius r and local altitude z is described by a parabolic equa-
tion, written as:

r¼ � R

ðH=2Þ2
�
z� H

2

�2

þ R (1)

where R is the equatorial radius and H is the rotor height. The range
of local altitude z is [0, H].

The power coefficient of the 4-type wind turbine can be written
as:

CP ¼
QtorqueU
1
2 rU

3
∞A

(2)

where Qtorque, U, U∞, A and r are the generated torque, angular
velocity, free-stream velocity, rotor swept area and air density,
respectively.

Similarly, the torque coefficient CQ , lateral force coefficient
Clateral, and thrust coefficient Cthrust can be calculated as:

CQ ¼ Qtorque
1
4 rU

2
∞AD

(3)
3

Clateral ¼
Flateral
1
2 rU

2
∞A

(4)

Cthrust ¼
Fthrust
1
2 rU

2
∞A

(5)

where Flateral and Fthrust are the forces exerting on the rotor, and the
directions are along cross-wind direction and stream-wise direc-
tion, respectively.

For the studied 4-type VAWT, the definition of azimuthal angle
of 0+ is shown in Fig. 2. The region from q ¼ 90+ to q ¼ 270+ can be
defined as the upwind region, while the region
q ¼ 270+ � 0+ � 90+ is the downwind region.

Besides, to simulate the pitch motion of the 4-type VAWT, the
whole rotor was assigned the motion rules by using a user-defined
function. A prescribed pitch motion with a harmonic displacement
against time was introduced. The pitch motion can be represented
as:

bpitch ¼Aamp,sinð2pftÞ (6)

The angular velocity induced by the pitch motion can be written
as:

upitch ¼2pfAamp,cosð2pftÞ (7)

where Aamp, f, and t are the angular amplitude, frequency of pitch
motion, and time, respectively.

2.2. Computational model

As shown in Fig. 3, an elaborate three-dimensional computa-
tional domainwas built to analyze the aerodynamic performance of
the 4-type VAWT. To meet the requirements of blocking rate in the
simulation and ensure the full development of wind turbine wake
as recommended by Th�e and Yu [32], the length, width, and height
of the computational domain were set as 20D, 10D, and 4H [33],
respectively. The wind turbine was located 5D downstream from
the inlet boundary. Besides, the computational model was divided
into two regions: the rotational region and the stationary region.
The rotational region was elaborately designed to reduce the
computational cost. The quadratic curve of the bladewas utilized to
create such a spindle-shaped region as illustrated in Fig. 3. The size
of the cross section of this region was 10c� 10c.

Besides, to simulate the pitch motion of the wind turbine, the
overset mesh technique was utilized. The surfaces between these
two regions were set as interfaces, where the linear interpolation



Fig. 3. The three-dimensional computational domain built in this study.

Fig. 4. Comparison of torque coefficient variations under three different time steps.
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method was selected to exchange the data after each time step. For
the boundary conditions, the surface of blade, the inlet and outlet
boundary were set as no-slip wall condition, velocity inlet (U∞ ¼
8:5 m/s), and pressure outlet (0.0 Pa), respectively. The turbulence
intensity in this model was 0.01, and the turbulent viscosity ratio
was set as 10. Besides, the other four sides of the model were
assumed as slip walls.

2.3. Numerical settings

In the current study, the three-dimensional incompressible flow
was simulated by the commercial software STAR-CCMþ (version
13.04). The implicit unsteady segregated flowmethod was selected
to solve the discretized continuity and momentum equations. The
IDDES SST k� u turbulence model was adopted to solve the flow
field due to its superiority in solving the flow field around the wind
turbine [27,34]. The second-order difference formula was per-
formed for the discretization. The SIMPLE schemewas used to solve
the pressure-velocity coupling equation and the IDDES turbulence
model. To make the residuals small enough, a maximum of 20 it-
erations were performed in each time step. To improve the
computational efficiency, 40 parallel CPU cores were utilized to
solve the model. All the simulations were performed on a small-
scale Server with two Intel(R) Xeon(R) CPUs (E5-2630 v3), 128 GB
memory, and 2T hard drive. It takes about 576 h to complete twelve
revolutions calculation.

3. Model validation

3.1. Time step independence test

Different time steps will affect the calculation accuracy and
computational efficiency. Thus, it makes sense to determine the
appropriate time step size. Three different time step schemes
(Dt1 ¼ T=90;Dt2 ¼ T=180;Dt3 ¼ T=360) were selected to evaluate
their effects on the target function, torque coefficient CQ , at tip
speed ratio l ¼ 5.0.

The variations of toque coefficient are shown in Fig. 4. It can be
found that with decreasing the time step size, the torque coefficient
curves of Dt2 and Dt3 are almost overlapped while the curves of Dt1
is different. For the calculation efficiency, therefore, the time step
scheme Dt2 ¼ T=180 was select for the simulations.

3.2. Mesh independence analysis

To find out an efficient mesh scheme for the model, the mesh
independence test was carried out. The mesh topology of the
4

computational domain is illustrated in Fig. 5. The orthogonal pris-
matic meshes were created on the blade surfaces while the volume
meshes were made by trimmed mesher. Three mesh schemes with
different resolutions in the rotational region were analyzed at tip
speed ratio l ¼ 5.0 as shown in Table 2. There are 154 grid points
around the wind turbine blade in the medium mesh scheme, and
the maximum surface growth rate was 1.2, which controls the grid
point distribution. Besides, there are 20 layers of prismatic layer
cells created on the blade surfaces, and the thickness of the first
layer cell was 7� 10�6m with growth ratio of 1.25. In this way, the
obtained wall function yþ was approximately equal to 1. In this
study, the Reynolds numbers are about Re ¼ 1:5� 105 � 5:0� 105.

The comparison of power coefficients CP obtained at l ¼ 5.0
under the three mesh schemes is presented in Table 2. The results
indicate that the error of averaged power coefficient decreases
when the meshes around the blade are refined. The difference in CP
between the medium mesh and fine mesh is less than 2.5%.
Therefore, the mediummesh schemewas considered an acceptable
mesh resolution, and it was used in the following simulations.
3.3. Validation test

To verify the capability of numerical model in simulating wind
energy conversion efficiency of the studied 4-type VAWT, the
validation test was conducted at different tip speed ratios, and the



Fig. 5. The mesh topology of the computational domain: (a) refined mesh; (b) boundary layer cells.

Table 2
Comparison of power coefficient under different mesh schemes (l ¼ 5.0).

Mesh Scheme Total number of grids Power coefficient CP Relative error

Coarse 18.0 million 0.2974 8.63%
Medium 20.0 million 0.3177 2.40%
Fine 22.7 million 0.3255 e
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results were compared against the experimental data [30]. The
numerical settings are consistent with the experimental conditions,
and all the other parameters used in the simulation are the same as
mentioned in Section 2.3.

Fig. 6 illustrates the comparison of the current results and the
experiments, where the power coefficient CP was utilized to eval-
uate the errors. Here, the relative error is defined as the ratio of the
absolute error between current results and the experiments to the
experimental value. It can be found that the trend of power coef-
ficient CP of the present study is basically in line with the experi-
mental data. The minimum relative error is 1.98% while the
maximum relative error of 11.01% occurs at tip speed ratio l ¼ 2.0.
The error may be partly due to the parabolic approximation of the
wind turbine, and this approximation is generally accepted [31,35].
Besides, the simplification of the computational model, as well as
the difference between simulation and field test, would also cause
errors.

In addition, another numerical validation for the aerodynamics
Fig. 6. Comparison of the current results and the experimental data [30].
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of the wind turbine under pitch motion was conducted due to lack
of experimental data on floating wind turbines. The three mesh
schemes mentioned in Section 3.2 were also tested for moving
wind turbine shown in Table 3. The results indicate that the relative
error of averaged power coefficient of pitch VAWT decreases when
themeshes are refined. Overall, the results indicate that the current
numerical model could be considered an acceptable approach to
investigate the aerodynamic performance of such 4-type VAWT for
the rest simulations.
4. Results

The pitch motion of the 4-type VAWT follows equation (6)
described in Section 2.1. In one period of pitch motion, the spatial
position of wind turbine changes as shown in Fig. 7. The sequence
of pitch motion is defined as 1/2/3.

According to the literature [36,37], the inclination angle of
offshore platform should be controlled within 15+. Thus, the
maximum pitch angle of 15+ was selected while the period of pitch
motion Tpitch was set to four times T (T is the rotor rotation period)
in this subsection. The variations of pitch angle and angular velocity
are shown in Fig. 8. To evaluate the effect of pitch motion on the
aerodynamics of wind turbines, all the simulations were conducted
at tip speed ratio l ¼ 5.0. Besides, it should be noticed that the
azimuthal angle of blade I was set to q ¼ 0+ at t ¼ 0 in one pitch
period.

In addition, the results of the present study could be utilized to
evaluate the performance and responses of large-scale wind tur-
bine according to the Froude and Reynolds similarity criteria. It
should be noted that the size of real life large-scale wind turbine is
usually over 100 m in practical offshore wind farm project. Thus,
the scale ratio was set as 1:20 in this study. The wind turbine was
simulated under given platform motion. It was assumed that the
platform motion patterns set in this study were caused by the real
waves. According to the Froude and Reynolds similarity criteria, the
rotor revolution period is 0.370s and the pitch motion period is
1.478 s at tip speed ratio of 5 for the small-scale model, while the
rotor revolution period is 1.653s and the pitch period is 6.612s for
Table 3
Comparison of power coefficient of the pitching VAWT under different mesh
schemes (l ¼ 5.0, Aamp ¼ p=12, Tpitch ¼ 4T , T is the rotor rotation period).

Mesh scheme CP of pitching VAWT Relative error

Coarse 0.3373 7.16%
Medium 0.3530 2.84%
Fine 0.3633 e



Fig. 7. The pitch motion pattern of the 4-type VAWT.

Fig. 8. The variation of pitch angle and angular velocity (Aamp ¼ p= 12; Tpitch ¼ 4T).
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the large-scale model. Besides, the effect of tip speed ratio on the
wind turbine performancewas also studied. It means that the range
of rotor revolution period is 0.308s�0.924s and the pitch period is
1.232s�3.696s for the small-scale model, while the rotor revolution
period is 1.377s�4.132s and the pitch period is 5.510s� 16.529s for
the large-scale wind turbine.
Fig. 9. The variations of torque coefficient in one period of pitch motion: (a) the whole

6

4.1. Aerodynamic performance

The variations of torque coefficient of the wind turbine versus
time are illustrated in Fig. 9. It can be found that the fluctuation of
torque coefficient CQ of the 4-type wind turbine in pitch motion is
much greater than that of the fixed VAWT. In the first stage of pitch
motion (t ¼ 0 � 1=4Tpitch), the torque coefficient of the moving
VAWT is smaller than that of the fixed one. After that, the torque
generated by the moving wind turbine dramatically increases, and
the maximum CQ occurs at t ¼ 2=4Tpitch, where the VAWT returns
to the equilibrium position. After t ¼ 2=4Tpitch, the generated tor-
que decreases. This fluctuation is due to the effects of the induced
velocity caused by the pitch motion. During the time [0, 1/4Tpitch]
and [3/4Tpitch, 4/4Tpitch], corresponding to the phases 1 and 3 of the
pitch motion defined in Fig. 7, the direction of horizontal compo-
nent of induced velocity is consistent with that of the free-stream
wind. Thus, the incoming flow velocity decreases for the VAWT,
resulting in the lower relative local velocity for the blade. On the
contrary, the direction of horizontal component of induced velocity
is opposite to that of wind during the time [1/4Tpitch, 3/4Tpitch]
(phase 2 of the pitch motion). Therefore, the relative local velocity
increases and the torque output is larger.

Similarly, the trend of torque coefficient of one single blade can
be found as shown in Fig. 9 (b). In this case, the period of pitch
motion Tpitch was set to four times the rotor rotation period. Thus,
four complete cycles of the torque coefficient variation can be seen.
It is clear that the torque coefficient curves in each rotation cycle
are basically the same for the fixed VAWT, while the coefficient
curve of the moving wind turbine varies greatly in different rota-
tion cycles. The peak value of torque coefficient occurs in the up-
wind region (about q ¼ 182+), and the lowest torque occurs at
about q ¼ 88+. The similar phenomena were also reported in the
investigations of H-type VAWT conducted by Lei et al. [28]. It in-
dicates that the energy extraction for the pitching VAWT is more
unbalanced during rotor rotation compared with the stationary
wind turbine. It would also increase the fatigue load of the blades
and exacerbate the durability problems of the wind turbine.

To make further investigation on the aerodynamic behavior, the
static pressure coefficient on the blade surface were calculated. Due
to the characteristics of pitch motion, the induced velocities are
different at different altitudes. Thus, the pressure coefficient dis-
tributions on different sections along the blade span at different
rotor; (b) blade I (l ¼ 5, Aamp ¼ p=12, Tpitch ¼ 4T , T is the rotor rotation period).



Fig. 10. The pressure coefficient distributions around the blade surface at different sections along the blade span at different azimuthal angles.
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azimuthal angles in pitch motion were compared as illustrated in
Fig. 10. It is noticeable that the difference in pressure coefficient
distribution in the leading edge region is much more obvious than
that in trailing edge region of the blade in different pitch motion
7

periods. Besides, it can be found that the pressure coefficient dif-
ference between the pressure side and the suction side of the lower
section is significantly greater than that of the upper section at q ¼
180+ in the period of [1/4Tpitch, 2/4Tpitch] and [2/4Tpitch, 3/4Tpitch]. It



Fig. 11. Iso-Surface of turbulent vortex structure around the wind turbine for Q ¼
100s�2 contoured by the velocity magnitude at l ¼ 5.0: (a) non-pitch; (b) pitch mo-
tion, equilibrium position; (c) pitch motion, position of pitch amplitude.

Fig. 12. The vorticity distributions at the equatorial section around

J. Su, Y. Li, Y. Chen et al. Energy 225 (2021) 120202
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mainly attributes to the higher induced velocity at the top section
of the blade, which results in the larger relative attack angle. These
results are similar to the findings reported by Lei et al. [28,37].
However, the configuration of 4-type wind turbine make the
pressure distribution quite different at the equatorial section. The
approximate parabolic outline determines that the tip speeds of the
upper and lower sections of the blade are relatively small. In
addition, there are also the effects of blade-tip vortex and span-
wise energy dissipation, resulting in the larger pressure coeffi-
cient difference at the equatorial section. Furthermore, by
comparing the pressure coefficient distributions of the same blade
section at different azimuthal angles, it can be seen that the pres-
sure coefficient difference at q ¼ 0+ is smaller than that at q ¼ 180+

in the upstream region. This is consistent with the results presented
in Fig. 9.

The turbulent vortex structures around the wind turbine blade
are shown in Fig. 11. It can be observed that the vortex structure of
the fixed wind turbine is more stable and regular than that under
pitch motion. The massive separated flow occurs over the blade
span, and two strip vortices formed and shed from the blade
trailing edge. For the wind turbine under pitch motion, however,
numerous inclined vortex structures developed and moved
downstream. Compared with the fixed wind turbine, the vortex
structure around the blade tip region under pitch motion is more
complicated at the equilibrium position as shown in Fig. 11(b). Due
to the stronger interaction between moving blades and flow field,
the vortex may break and cause a complex flow at the position of
pitch angle amplitude.

Fig. 12 illustrates the vorticity distributions at the equatorial
section around the two blades at different stages in one pitch
motion period. It can be observed that the mild flow separation
occurs on the blade surface when the blade I rotates to the position
the two blades at different stages in one pitch motion period.



Fig. 13. The variations of force coefficients of the wind turbine under different am-
plitudes of pitch motion: (a) torque coefficient; (b) thrust coefficient; (c) lateral force
coefficient (l ¼ 5, Tpitch ¼ 4T).

Table 4
Comparison of averaged power coefficient of the wind turbine under different
amplitudes of pitch motion, l ¼ 5, Tpitch ¼ 4T .

Amplitude Non-pitch Aamp ¼ p=18 Aamp ¼ p=12 Aamp ¼ p=9

CP 0.3177 0.3328 0.3530 0.3746

Fig. 14. The variations of angular velocity of pitch motion with different amplitudes,
Tpitch ¼ 4T .

J. Su, Y. Li, Y. Chen et al. Energy 225 (2021) 120202
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q ¼ 0+ at t ¼ 0 in one pitch motion period. At t ¼ 1=4Tpitch, stronger
vortices shed from the suction side of the blade I at the same
azimuthal angle of q ¼ 0+. Afterwards, the massive flow separation
can be found at t ¼ 2=4Tpitch when the wind turbine returns to the
equilibrium position. The massive flow separation is caused by the
higher angle of attack resulted from the induced velocity. Similarly,
the strongest vortices shedding from the surface of blade II at
q ¼ 180+ occurs at t ¼ 2=4Tpitch.
4.2. Effect of pitch motion amplitude

For the offshore floating wind turbine, the platform would be
subjected to different wind and wave conditions. The environ-
mental loads would be one of the main factors affecting the pitch
motion characteristics of the whole VAWT, including amplitude
and period. Therefore, the aerodynamic characteristics of the
4-type VAWT under different amplitudes and the same period of
pitch motion are investigated in this subsection.

There are three different amplitudes of pitch motion tested in
the study, including Aamp ¼ p=18, Aamp ¼ p=12, and Aamp ¼ p=9.
The period was set as Tpitch ¼ 4T and all the other parameters were
kept the same in these three cases. Under these conditions, the
induced velocity of the VAWT is larger at the equilibrium position
as the pitch amplitude increases.

The variations of force coefficients of the wind turbine under
different amplitudes of pitch motion are illustrated in Fig. 13. For
the torque coefficient, the fluctuation of the coefficient curve in-
creases with the pitch amplitude as shown in Fig. 13(a). However,
the increase in torque ripple is not proportional to the increment in
amplitude. The amplitude of the angular velocity for Aamp ¼ p=9 is
twice that of Aamp ¼ p=18, while the amplitude of the torque co-
efficient fluctuation of Aamp ¼ p=9 is about 1.5 times that of Aamp ¼
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p=18. Besides, in the time period of [0, 1/4Tpitch] and [3/4Tpitch, 4/
4Tpitch], the generated torque coefficient is lower as the pitch
amplitude increases, while the torque coefficient increases with the
pitch amplitude in the period of [1/4Tpitch, 2/4Tpitch] and [2/4Tpitch,
3/4Tpitch]. The variations of thrust coefficient and the lateral force
coefficient are shown in Fig. 13 (b) and (c). The trend of the thrust
coefficient Cthrust is similar to that of torque coefficient. As for the
force in the cross-wind direction, the maximum values of lateral
force coefficient are almost the same for different pitch amplitudes.
The main differences in Clateral can be found in the period of [0, 1/
4Tpitch] and [3/4Tpitch, 4/4Tpitch].

To compare the power output of the studied 4-type VAWT un-
der different amplitudes of pitch motion, the averaged power co-
efficients of the wind turbine were calculated as listed in Table 4. It
can be seen that the pitch motion can increase the power coeffi-
cient of the wind turbine to a certain extent. The power coefficient
increases with the pitch amplitude, and the net CP increments
corresponding to Aamp ¼ p=18, Aamp ¼ p=12, and Aamp ¼ p=9 are
1.51%, 3.53% and 5.69%, respectively.

Besides, the effect of pitchmotion amplitudewas investigated at
different tip speed ratios as shown in Fig. 14. It can be observed that
the variation in averaged power coefficient due to wind turbine
pitch motion is quiet small at low tip speed ratios. On the contrary,
the platform pitch motion would effectively increase the power
coefficient of wind turbine at moderate and high tip speed ratios. In
addition, it is found that the influence of the pitch motion ampli-
tude on the power output is the same under different rotation
conditions.
4.3. Effect of pitch motion period

In addition to the effect of pitch amplitude, the influence of the
period of pitch motion on the aerodynamic performance of the
4-type VAWT was evaluated. Three different periods of pitch mo-
tion (Tpitch ¼ T , Tpitch ¼ 2T , Tpitch ¼ 4T , T is the rotor rotation
period) were set for the wind turbine, while the pitch amplitudes
were kept the same (Aamp ¼ p=12). It suggests that as the pitch
motion period decreases, the induced angular velocity fluctuates
more intensely and the peak value increases.

Fig. 15(a) presents the variation of torque coefficient under
different periods of pitch motion. The results show that as the pitch
motion period decreases, the fluctuation of CQ increases. Compared
with the effect of pitch amplitude, the peaks of the three torque
coefficient curves with different pitch periods have obvious phase
difference. For the studied wind turbine without pitch motion, the
frequency of the peak torque coefficient is about 2f (f ¼ 2p=T),
namely the blade pass frequency [38]. However, the fluctuation
frequencies of these CQ curves with different pitch periods are
inconsistent. This phenomenon will also be discussed later. The
comparisons of thrust coefficient and lateral force coefficient under
different periods of pitch motion are shown in Fig. 15 (b) and (c).
The results indicate that the thrust and lateral force change
dramatically when the pitch motion period is equal to the rotation
period (Tpitch ¼ T). The negative value of Cthrust is mainly caused by
the high induced velocity due to the pitch motion. As mentioned
above, the induced velocity in the stationary coordinate system is
much higher than the free-stream wind speed. Besides, the period
of pitch motion also makes great difference in the lateral force
exerting on the wind turbine. Thus, more attention should be paid
Fig. 15. The variations of force coefficients of the wind turbine under different periods
of pitch motion: (a) torque coefficient; (b) thrust coefficient; (c) lateral force coefficient
(l ¼ 5, Aamp ¼ p=12).



Fig. 16. Comparison of the frequency spectra of rotor torque under different periods of
pitch motion (l ¼ 5, Aamp ¼ p=12).

Table 5
Comparison of averaged power coefficient of the wind turbine under different pe-
riods of pitch motion, l ¼ 5, Aamp ¼ p=12.

Amplitude Non-pitch Tpitch ¼ T Tpitch ¼ 2T Tpitch ¼ 4T

CP 0.3177 0.4703 0.3838 0.3530
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to the fatigue load on the components of offshore VAWT.
Fig. 16 presents the generated torque of the wind turbine under

different conditions in frequency domain. To obtain the character-
istics in frequency domain, another 28 time-domain rotor revolu-
tions were calculated. It is obvious that the largest amplitude of
generated torque occurs at 34 rad/s, corresponding to the n� P
frequency, where n is the number of blades and P is the rotational
speed of wind turbine. For the studied 4-type two-bladed VAWT in
the fixed state, there is only one peak point at 34 rad/s. However,
the pitch motion of wind turbine causes many local peaks in the
torque spectrum, especially the peaks occurring at integer multi-
ples of the P frequency at Tpitch ¼ T (represented by the red dotted
line). For other periods of pitch motion, the smaller peaks can also
be found at several different frequencies, while these frequencies
have not shown a certain regularity. In the preliminary design of
floating wind turbine, the characteristics calculation of turbine and
floating platform is usually within a quasi-static framework [39],
where only the P and n� P frequencies were taken into consider-
ation. However, the current results indicate that the coupling effect
of platform motion and wind turbine rotation on aerodynamic
force is a potential resonance-inducing factors.

Table 5 presents the averaged power coefficient of the 4-type
VAWT under different periods of pitch motion to evaluate its power
performance. The results show that the pitch motion would in-
crease the power coefficient of wind turbine. The net CP increments
corresponding to Tpitch ¼ T , Tpitch ¼ 2T , and Tpitch ¼ 4T are 15.26%,
6.61% and 3.53%, respectively. It is noted that lesser negligible
increment in turbine performance can be found with higher
Table 6
Comparison of averaged power coefficient increment of the wind turbine under differen

Parameters Optimal tip speed ratio Aamp ¼ p=12, Tpitch ¼
4-type VAWT 2.245 20.81%
H-type VAWT 5.0 4.97%
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pitching period. Similar trends for the change in power coefficient
were also reported in the H-type VAWT [37] and the HAWT [40].
The increased swept area and the higher wind velocity in the
downstream region could partly interpret this phenomenon
[37,41]. Under the premise of ensuring the safety of the wind tur-
bine, the increased power output can be utilized.

Finally, the increments of power coefficient of the current
4-type VAWT under pitch motion was compared to that of H-type
VAWT reported in literature [37] as shown in Table 6. The two types
of floating wind turbines are evaluated at the optimal tip speed
ratio l, where T corresponds to their respective rotation period. The
results show that under the same amplitude and period of pitch
motion, the increments of averaged power coefficient of the 4-type
VAWT are higher than that of H-type VAWT. It might be due to the
different structures of the two wind turbines. The movement of the
straight blade caused by pitch motionwould enhance the spanwise
flow, resulting in greater blade tip dissipation. However, due to the
curved structure of the 4-type wind turbine blade, the movement
of the curved blade does not squeeze the air too much to the blade
tip region. This may explain the higher power coefficient increment
found in the 4-type VAWT.
5. Discussion

In the current study, the aerodynamic performance of a 4-type
VAWT under pitch motion is investigated. The pitch motion pat-
terns of model-scale wind turbine given in this study could be
converted by utilizing the Froude scaling, which is typically used in
the scaling of offshore structures [16]. On the other hand, the
Reynolds similitude is usually achieved by using the same lift and
drag coefficients of blade or ensuring that the measured Reynolds
number is basically at the same magnitude [42, 43]. While the
computational models reported for offshore HAWT in recent years
are large-scale wind turbines [44,45], the results from the up-
scaled model should be the same as that of the small-scale wind
turbine if the scaling laws are consistent [43]. But it should also be
acknowledged that the ratio of the pitching period to the revolution
period of a small-scale wind turbine is not exactly the same as that
of the large-scale wind turbine. The operating characteristics of
wind turbine set in this study are just one of the practical engi-
neering cases. However, the changes in the aerodynamic charac-
teristics found in this study might be still significant in actual
engineering conditions, although the Reynolds number would not
be fully consistent when the Froude scaling was applied.

The effect of pitch motion on the 4-type VAWT is noticeable for
both instantaneous force coefficients and averaged loads on the
rotor. It is found that the force-time history curve changes peri-
odically during the pitch motion of the wind turbine. The ampli-
tude of the torque coefficient ripples shows periodic characteristics.
The averaged power output of the VAWT under pitch motion is
larger than that of the fixed wind turbine, and the net power co-
efficient increment is about 1.5%e15%. The similar conclusions
were reported in other studies on offshore wind turbines
[37,46].This means that the offshore floating wind turbine could
extract and convert more wind energy into electricity without
considering the structural dynamic response.

In the six-degree-of-freedom of offshore VAWT, it is generally
t periods of pitch motion.

2T Aamp ¼ p=12, Tpitch ¼ 4T Aamp ¼ p=18, Tpitch ¼ 4T

11.11% 4.57%
3.32% 2.21%
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considered that the pitchmotion, surgemotion and yawmotion are
typical motion patterns. From the existing literature, it can be found
that the effects of surge motion and pitch motion on wind turbine
aerodynamics had similar laws [28,37,47]. Besides, the equivalent
wind shear induced by pitch motion was found to make severer
fluctuations to the apparent wind speed and aerodynamic loads on
the rotor [40]. However, the relationship behind these phenomena
has not been clearly demonstrated. In fact, the effect of pitch mo-
tion on the aerodynamics of wind turbine can be regarded as the
combined effect of surge motion and heave motion. In the pitch
motion, the tangential linear velocity of the blade relative to the
axis of pitch motion can be decomposed into the velocity in surge
direction and heave direction. When the amplitude of pitch motion
is small (<p=12), the velocity in heave direction is much lower
than that in surge direction. Therefore, the effect of pitch motion on
aerodynamic forces was found to be similar to that of surge motion.
In addition, although the instantaneous angular velocity of the
entire rotor caused by the pitch motion is the same, the relative
velocity along the height of the blade is different due to the induced
vertical wind shear effect. It increases the fluctuation of aero-
dynamic forces on the blade which might introduce fatigue dam-
ages to the wind turbine components [40].

The pitch motion of VAWT is found to increase the fluctuation
amplitude of the generated torque. How to maintain the stable
output and suppress the fatigue loads on floating wind turbine has
always been a key issue. For this problem, researchers have done a
lot of work for the HAWTs, and many mature control technologies
have also appeared [48]. However, due to the complicated aero-
dynamic characteristics of VAWTs, many technologies that have
been successfully applied to HAWTs are still in the experimental
stage on VAWTs. Only a few control schemes were proposed and
have not been applied to practical engineering [49]. This means
that more attention should be paid to the servo control system of
floating VAWT in future research.

Furthermore, the effect of pitch period on the aerodynamic
forces of wind turbine is found to be more significant than that of
pitch amplitude. Compared with the value of aerodynamic forces,
more attention should be paid to the changes in the peak frequency
due to the pitchmotion. This is because it involves the vibration and
resonance issues to be considered in the design process [50]. As we
known, it is important to separate the natural frequencies of the
wind turbine from the excitation frequencies to avoid resonance
and reduce vibration. The n� P frequency of the VAWT is relatively
closer to the wave spectra peak frequencies, while the n� P fre-
quency of the HAWT is usually much higher than the typical wave
spectra peak frequencies [47]. This brings more difficulties to the
design of offshore VAWT. In the previous studies [22,51], research
was more focused on the power spectra of six degrees of freedom
motion of floating wind turbine. However, the current study shows
that the frequency of the peak torque coefficient would change
under different periods of pitch motion which has been rarely
noticed. It means that more limitations should be imposed on the
designed natural frequency range of the offshore wind turbine. In
addition to the structural design of the main components of wind
turbine, for both offshore VAWT and HAWT, the correlation be-
tween the unsteady aerodynamic phenomena and the non-
stationary dynamics vibration should also be considered in the
generator system, including in the mechanical gearing system [52].
6. Conclusions

The effect of pitch motion on the aerodynamic performance of
4-type VAWT was investigated in this study by using the validated
IDDES SST k� u turbulence model. A series of pitch motion
12
patterns were analyzed, and the effect of the amplitude and period
of pitch motion was discussed. The main conclusions can be drawn
as follows.

� The pitch motion of VAWT increases the power output of the
wind turbine. The averaged net power coefficient increment is
about 1.5%e15%. The fluctuation of the peak torque coefficient is
mainly caused by the variation of the relative local velocity.

� The effect of pitch motion on the aerodynamics of wind turbine
can be regarded as the combined effect of surge motion and
heave motion, inwhich the surge-like motion plays a major role.
It explains the similarity of the effects of pitch motion and surge
motion on wind turbine aerodynamics.

� While increasing the averaged power output of VAWT, the pitch
motion greatly increases the aerodynamic fluctuations,
including torque, thrust and lateral force, which is not conducive
to structural safety. This needs to be improved with more
advanced controllers to maintain a stable output in the future
study.

� The effect of pitch period onwind turbine aerodynamics is more
significant than that of pitch amplitude. It is found that the value
and frequency of peak force of VAWT change under pitch mo-
tion. The change in frequency would put greater restrictions on
the designed natural frequency of floating wind turbine to avoid
resonance and reduce vibration.

Overall, the results of the current study provide additional in-
formation about the effect of pitch motion on wind turbine aero-
dynamics. As also recommended above, future research on the
effect of the unsteady aerodynamics caused by wind turbine mo-
tion on structural response is warranted.
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