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Low power efficiency is a critical reason that restricts the potential application of the vertical axis wind turbine
(VAWT) in offshore engineering. Hence, efficiency enhancement is an essential topic for the VAWT design. This
paper attempts to propose an improved active control strategy and a novel blade structure with a trailing-edge
flap for H-type VAWT to improve the power outputs at different tip speed ratios (TSRs). The orthogonal
experiment design (OED) method was applied to optimize the motion of pitch and flap at low and moderate
TSRs. Subsequently, the output characteristics, including the coefficients of power, torque, tangential force, and
thrust of the optimized pitch-flap (P-F) model and three other models, namely the base model, the pitch-only (P-
0) model, and the flap-only (F-O) model, were compared. Besides, the flow structures and static pressure dis-
tribution on the blade surface were studied to reveal the mechanism of power increase. It was found that the
synergic motion of pitch and flap could effectively suppress the flow separation and delay the dynamic stall
around blade. The result indicated that enhancement of the P-F model in torque coefficient was over 130% and
60% at low and moderate TSRs compared to the base model. In addition, the synergic motion of pitch and flap
was found able to reduce the load fluctuation of the VAWT. The improved active control strategy and the blade
structure with a trailing-edge flap may be helpful for the potential application of the H-type VAWT in offshore
engineering.

VAWT, with further exploitation of offshore wind resources, it is
receiving renewed concern, especially in the offshore environment,
because of the advantages of structural simplicity, offshore floating
suitability, and scalability [5-7].

Introduction

Ocean wind energy is one of the most promising sustainable alter-
native sources for expansion in the foreseeable future because of the
abundant energy resources, clean production, and easy availability
[1,2]. The wind turbine is the most critical component of a wind energy
system, whose configuration directly affects the efficiency of converting
wind energy into electricity. Modern wind turbine system mainly con-
sists of two categories, namely horizontal axis wind turbine (HAWT) and
vertical axis wind turbine (VAWT) according to the axial rotational di-
rection [3]. The HAWT remains the most widely used type due to its
higher power generation efficiency and reliable technology. Currently,
the commercial power of the offshore HAWT can be up to 8 MW [4]. For
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At present, the low conversion efficiency of VAWT is the key factor to
restrict the large-scale development of vertical axis wind turbines. The
periodic change of blade attack angle will lead to dynamic stall and
complex unsteady flows around blades. In this aspect, great effort has
been made to overcome the aerodynamic disadvantages of conventional
VAWT. The effects of rotor solidity [8,9], blade configuration [10,11],
and pitch angle [12] on aerodynamic characteristics of the VAWTSs were
investigated to determine the best settings for VAWT. In addition,
leading-edge micro-cylinder [13,14], slotted airfoil [15,16], vortex
generators [17], and other passive flow-control technology are widely
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Nomenclature ® Angular velocity
Fr Tangential force
Abbreviation and Symbols Fy Normal force
HAWT  Horizontal Axis Wind Turbine Cr Tangential force coefficient
VAWT  Vertical Axis Wind Turbine Cn Normal force coefficient
DMST  Double Multiple Stream Tube p Air density
TSR Tip Speed Ratio H Span length
OED Orthogonal Experiment Design Co Torque coefficient
P-F Pitch-flap Cp Power coefficient
P-O Pitch-only Q Torque
F-O Flap-only R Radius
FDG Flow Deflecting Gap Cihrust Thrust coefficient
CFD Computational Fluid Dynamics Fitrust Thrust
AOA Angle of Attack By Pitch angle
SIMPLE Semi-Implicit Method for Pressure Linked Equations B Flap deflection angle
D Diameter Xp Distance from the leading-edge to the rotate center
¢ ghlc?;('itlength xf Distance from the leading-edge to the rotational center of
c olidi
A Swept };rea the flap
Angle of Attack
w Relative local velocity / .
. a Equivalent angle of attack

o A.z1muthal angle of the blade & Ratio of power coefficient Cp and thrust coefficient Cyyys
A Tip speed ratio

. Re Reynolds number
Us Freestream velocity

used to improve the stall characteristic of VAWT. However, the opti-
mizing strategies should be different under different flow field condi-
tions. The limitation of these optimization and flow-control strategies is
that these strategies are hard to accommodate with different ambient
flow conditions.

Recently, the active control strategies represented by variable blade
pitch are widely used in VAWT. It was found that the controlling the pich
angle of wind turbine blade can improve the aerodynamic performance
of VAWTS, as well as the load distribution on the blades [18]. Several
studies have focused on forcing the blades to do specified pitch motion
while rotating. Sagharichi et al. [19] selected four pitch functions with
four amplitudes: 0°, 3°, 10°, and 20° to analyze the relationship between
the angle of attack and self-starting performance of an H-type VAWT.
The results show that the amplitude of 3° has better performance than
other amplitudes. Chen et al. [20] compared the performance of a fixed-
blade vertical axis turbine with a variable pitch turbine, whose blades
were forced to do sinusoidal pitching motions during rotation. The re-
sults showed that not only the power efficiency of the turbine increase,
but also the fluctuations in power output, rotation speed, and torque
outputs were suppressed. Jain and Abhishek [21] developed an aero-
dynamic model based on the Double Multiple Stream Tube (DMST) for a
small-scale VAWT. The study found that the suitable amplitude of si-
nusoidal blade pitch was around 10° when TSRs were higher than 2.0
and increased to 35° when the TSRs were less than 0.5. There were also
some new optimization methods for pitch control with the help of ma-
chine learning techniques [22,23].

However, for large-scale VAWT, the pitch control of a large blade
generally demands more power and needs to spend relatively longer
times to start and brake. Aimed at this problem, an effective solution is
proposed by using flaps. Early flaps were widely used in aviation-related
fields to increase the lift-to-drag ratio and delay stall at high angles of
attack [24,25]. In recent years, flap control as an effective method to
reduce blade load and increase blade lift has got a great evolution in the
application of VAWT. Zhu et al. [26] designed three kinds of novel flow
deflecting gap (FDG) blades. The results showed that compared with the
clean blade, the FDG blade increased the lift-to-drag ratio of blades at a
high angle of attack. Hao et al. [27] investigated the adaptive flap in
terms of improving its performance on VAWT. The results showed that
when TSR = 0.6 and 1.2, the flap significantly improved the power

coefficient and relieved the flow separation in VAWT. Liu et al. [28]
investigated the effects of the trailing-edge flap on the aerodynamic
performance of NACA0018 airfoil and VAWT. The results showed that
when TSR = 1.3 and TSR = 1.4, the power coefficients of VAWT blades
with trailing-edge flaps increased by 24.2% and 23.7% compared with
VAWT without trailing-edge flap.

While the concept of individual pitch control and trailing edge flaps
have been put forward in HAWT to reduce flapwise fatigue loads on
wind turbine blades [29], the relevant research in VAWT has not been
sufficiently investigated. The structure of VAWT is different from that of
HAWT, vortex shedding caused by flow separation can also lead to more
complex flow field and load fluctuations, reducing blade structural
safety. Therefore, the aerodynamic characteristics under the synergic
motion of pitch and flap need to be further studied.

In this paper, a VAWT with the synergic motion of pitch and flap will
be proposed. A series of two-dimensional CFD simulations were con-
ducted to evaluate the effects of the oscillation amplitude of pitch angle,
flap deflection angle, and the position of the flap on the aerodynamic
performance at different TSRs. The analysis process of the CFD meth-
odology and post processing in this paper is shown in Fig. 1.

Methodology
Geometric model

The present work utilizes the airfoil NACA0021 model as a base case,
which has been investigated in a lot of previous studies [30-32]. The
struts of the wind turbine were neglected to simplify the numerical
model [32]. Assuming that the the induced velocity is zero in this study
[33]. The original VAWT adopts the following parameters: Airfoil type
= NACA 0021, Blade number = 3, Diameter of wind turbine D = 1.030
m, Cho;d length ¢ = 0.0858 m, Solidity ¢ = 0.25, and Swept area A =
1.03 m“.

Schematic of the synergic motion of pitch and flap

In this study, an efficient combination control strategy is put forward
to adjust the AOA with the synergic motion of pitch and flap. The airfoil
with flap is illustrated in Fig. 2 (a), c is the chord length, x, is the
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Fig. 2. The schematic of airfoil and VAWT with flap during the revolution.

distance from the leading-edge to the rotate center of the pitch which is
equal to 0.25c in this study, x; is the distance from the leading-edge to
the rotational center of the flap, and the slot of the airfoil is 0.1 %c to
reduce the influence of slot on airfoil aerodynamic performance.

The VAWT with flaps is shown in Fig. 2 (b). During the rotation of
VAWT, the AOA is adjusted with the synergic motion of pitch and flap.

The chord line of the blade is defined as the connecting line between the
leading-edge point and trailing edge point. For blade without variation
of pitch angle and flap angle, the original pitch angle f, is the angle
between the original blade chord line aa’ and the circumferential
tangent of VAWT rotation. With the oscillation of pitch and flap, the
chord line of the blade changed from aa’ to bb’. The angle between the
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new chord line bb’ of the blade and the circumferential tangent of VAWT
rotation can be called equivalent AOA o (). To control the motion of
pitch and flap, three Lagrangian coordinates of the blades and three
Lagrangian coordinates of flaps were established, respectively, based on
the global coordinate as is shown in Fig. 3(b). The coordinates of flaps
were under the management of the coordinates of blades. The pitch
angle #, and flap deflection f; and are positive when they rotate coun-
terclockwise. Therefore, the equivalent AOA of the blade with the syn-
ergic motion of pitch and flap can be rewritten:

' sin sinf; (0)
0) = arctan(——— ) — | B,(6) —arctan | ————/
@ (9) = arctan (2 + cos€> $p(6) — arctan T+(1- %)cosﬂ_[(B)
(€]
The specific pitch motion function is as follows:
5
sin(30)0 < 6 < ’35 and?ﬂ <0<
0) = 2
0 pasin(20-1m)) Teo<t @
72 3 37773
where ,; and f,, are the amplitude of pitch angle.
Similarly, the motion function of the flap is:
By15in(36)0 < 6 < g and%” <9<2r
ﬁf(g) = 3

. (3 1 T Sm
—B.sinl Z(0 — = Z <=
ﬂfzsm(Z(H 37r)> 3 < 0 < 3

where f;, and f;, are the amplitude of flap angle.

To further understand and optimize the aerodynamic performance of
VAWT under the synergic motion of pitch and flap, four different models
are built to evaluate the effect of the synergic motion of pitch and flap.
The model without flap and motion of pitch of flap is called the base
model. The model with pitch-only motion, flap-only motion, and pitch-
flap synergic motion can be called the pitch-only (P-O) model, flap-only
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(F-O) model, and pitch-flap (P-F) model, respectively. The Specific
optimization design process is introduced in the next section.

The orthogonal experiment design (OED) method

The study of the parameters related to pitch and flap is beneficial to
improving the performance and load reduction ability of wind turbines.
However, due to the large number of parameters affecting the perfor-
mance of VAWT, the overall calculation workload is heavy, and it is not
easy to compare the influence of different parameters on results. The
orthogonal experimental design is a method of multi-factor test. The
orthogonal experimental design requires each influencing factor and
factor combination in the design to have equal opportunities to appear,
and the distribution of each factor combination is balanced. Therefore,
some representative points need to be selected from the comprehensive
test to carry out the test.

Range analysis is commonly a used analysis method in OED. The
OED requires the selection of appropriate test results to evaluate the
merits of the results, called the test index. By comparing the average
value of each index of this factor, the maximum value and the minimum
value are found and the range of factors can be obtained by subtracting
the two values, which is denoted by R. The greater R has a greater
impact on the corresponding factor. Through the above process, the
optimal factor and level combination for a certain test index can be
determined.

In this paper, the oscillation amplitude of pitch angle, flap deflection
angle, and the position of the flap that affect the aerodynamic perfor-
mance of the VAWT were chosen as three factors of OED. Three levels
were selected for each factor as shown in Table 1. For the original blade,
the near-wall blade boundary layer separation is well developed near 4/
5 chord length. Thus, the investigation of the slot location (Factor A) is
performed for three slot positions of 0.75c, 0.85¢, and 0.95c to control
separation properly. The reasonable range of variable pitch was 2° to
20° for different TSRs [12,23,34,35]. Therefore, in this research, the
levels of maximum pitch amplitude (Factor B) were 4°, 6°, and 8°
considering the TSRs in this study were moderate. The flap amplitude is

A Slip wall
5D Background
= Rotation T =
1 | e 2
2 Interface™ i Z
o) g
> &
5D 10D
Y Slip wall
—~= 5D 7|< 15D -

Fig. 3. Schematic layout of the computational domain.
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Table 1
The factor used in the OED analysis.

Location of slot Maximum pitch amplitude Maximum flap amplitude

(Factor A) (Factor B) (Factor C)
0.75¢ 4° 10°
0.85¢ 6° 15°
0.95¢ 8° 20°

another important parameter. Xiao [36] investigated an oscillating flap
with an oscillating amplitude of 15° to reduce the blade wake vortex
interaction. In this paper, the maximum flap amplitudes (Factor C) of
10°, 15°, and 20° were chosen to be investigated.

The purpose of the synergic motion of pitch and flap is to optimize
the power output and reduce the load on VAWT. Therefore, the ratio of
power coefficient Cp and thrust coefficient Cypyse was used as a
comprehensive index & to evaluate the quality of optimized results:

Cr
Crhmsz

= 4

Computational model and its validation

Computational domain and boundary conditions

The computation cost of 3D and 2.5D CFD simulations is much
higher than 2D CFD simulations in the optimization problem presented
in this study. Therefore, a 2D topology structure of the computational
domain was established as shown in Fig. 3 to conduct the simulation,
which consists of eight regions, namely, the rotational region of pitch P1
to P3, rotational region of flap F1 to F3, rotational region of VAWT, and
background region. The boundary of the rotational region of VAWT
which was connected to the background region was set as an interface
boundary condition to simulate the rotational motion of the VAWT
through sliding mesh. The mesh size on both sides of the interface was
kept constant to ensure data interaction between meshes. Regions P1 to
P3 and F1 to F3 were circular rotatable subdomains around the blades.
The individual motions of pitch and flap were simulated by rotating
overset mesh regions. Besides, regions around the flap and behind the
VAWT were refined. For the boundary conditions, the upstream side of
the flow field was set as an inlet boundary condition, the uniform
freestream velocity Uy, = 9 m/s. The downstream side of the flow field
was set as an outlet condition, the relative pressure of the outlet is O Pa.
In addition, the density of air p = 1.225 kg/m® and the turbulence in-
tensity I = 5% in the inlet [32]. The wall condition on the surfaces of
blades was no-slip wall condition. As the tip speed ratio A = (R®)/U is
defined as a dimensionless parameter, only the uniform freestream inlet
was considered.

Numerical settings

The selection of the turbulence model has a considerable effect on
the accuracy and the computational efficiency to simulate the VAWT
modeling. In this study, the finite volume-based computational fluid
dynamics software STAR-CCM + is used to numerically simulate un-
steady incompressible two-dimensional flows. The SST k-w turbulence
model was applied to solve the Navier-Stokes equations [37]. The SST k-
 turbulence model can correctly duplicate VAWT experimental results
with two-dimensional and three-dimensional models [32,38,39]. The
SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algo-
rithm was applied for coupling the pressure-velocity equation and the
RANS model.

Validation

To evaluate the accuracy of the CFD results, this study uses wind
tunnel experimental dates of the power coefficient Cp obtained by Cas-
telli et al. [32,40], which has been widely used in many VAWT studies
[12,35,41]. The current results compared with experiments and nu-
merical data [12,40] is shown in Fig. 4. The power coefficient Cp is
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Fig. 4. Comparison of the current model against experimental and numerical
data [12,32,40].

slightly overestimated for moderate to high TSRs. This may due to that
the 2D CFD simulation does not take into account the effect of tip losses
[42]. In addition, the value of the drag of the blades cannot be ignored
for high TSRs [43]. However, the power coefficient Cp of the current
results is slightly lower than the experimental data for low to moderate
TSRs. It suggests that the model tends to underestimate the Cp at these
operating conditions due to the geometric simplification from 3D to 2D
neglecting the effect of tip losses. Another possible reason may lie on the
use of SST k-w turbulence model which would inevitably bring about
numerical error for the solution of the Naiver-Stokes equation. Ismail
et al. [44] also reported this tendency of underestimating airfoil per-
formance in their studies.

Result and discussion

The results of the turbine performance under the proposed motion
strategies are provided in this section. Firstly, the significance of the
influence of three factors on power performance is discussed in section
3.1 through OED results. Then, in section 3.2, by adopting optimized
motion strategies, the improvements in the aerodynamic features of
VAWT are analyzed.

Results of OED

The optimized motion of pitch and flap can not only help improve the
self-starting capability at low TSRs but also maximize the power gen-
eration at moderate TSRs. Therefore, the simulation experiments were
carried out at TSR = 2.05 and TSR = 2.65 as representative points which
are close to the experimental values. Further, the point of TSR = 2.05
corresponds to the starting point and the one of TSR = 2.65 to the
maximum value point of the experiment in [40]. Higher discrepencies
were observed at other TSR points between the experiment and nu-
merical study, and they were not selected for further investigation.

The average values of different levels for the different factors are
shown in Fig. 5 (a). Both at low TSR and high TSR, the optimal flap
position is 0.95c. Therefore, in subsequent studies, the flaps were fixed
at 0.95c. However, there is a significant difference in the effect of pitch
amplitude on index £. The range values R can be obtained as is shown in
Fig. 5 (b). At low TSR, with the increase of pitch amplitude from 4° to 8°,
the mean values of different levels change from 0.285 to 0.359, which
increase 25.9%. But at high TSR, the maximum mean values of pitch
amplitude appears at 6°, which only increase 2.8% compared with pitch
amplitude = 4°, and there is no significant difference between the pitch
amplitude of 6° and 8°. Therefore, it is necessary to adopt different
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Fig. 5. The average values and range of different levels for the different factors: (a) Average values; (b) Range R.

control strategies to improve the overall efficiency of the VAWT under
different TSRs. Under the low TSR, pitch control should be the primary
control strategy and under the high TSR, flap control is more efficient.

Analysis of aerodynamic performance

In this section, the numerical results of VAWT with optimized P-F
models for TSRs equal to 2.05 and 2.65 are compared with the P-O
model, F-O model, and base model. Considering the incoming flow was
disturbed in downstream half cycles of rotation, the analysis mainly
focused on the upstream half cycles of rotation to help better understand
the effect of the synergic motion of pitch and flap on the aerodynamic
performance of VAWT.

Instantaneous force comparison

Fig. 6 (a) shows the torque coefficient versus azimuthal angle of
different models at TSR = 2.05. As it was plotted, the enhancement
mainly attributes to advanced performance in the first-half cycle. In
most regions, the torque coefficients of the P-F and P-O model are higher
than the F-O model and base model, especially in the azimuth range
from 60° to 120°, where a dramatic decrease appeared in the curve of
the base model due to dynamic stall. More obvious patterns can be
observed at TSR = 2.65 in Fig. 6(b). In more regions, from 60° to 180°,
the torque coefficient of the P-F model is higher than the other three
models obviously. In addition, the torque coefficients of the F-O, P-O,
and P-F model are slightly higher than the base model in the azimuth
range from 0° to 60° both at TSR = 2.05 and 2.65, because the motion of
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pitch and flap increases the AOA faster in this region. As the assumption
of design in Section 2.2, the current scheme overcomes the drawbacks of
the early stall and mitigates the torque loss during this period.

However, on the other hand, the effect of adopting P-O and F-O
model is different for low and moderate TSRs. In both low and moderate
TSRs, using the P-O model scheme also enhances the overall perfor-
mance. While for the F-O model, it does not always have positive effects.
At low TSR, a subtle reduction of power performance can be observed by
using the F-O model compared with the base model (Fig. 6(a)), indi-
cating that the severe stall cannot be effectively alleviated at low TSR
through the F-O model. Therefore, using pitch motion to adjust the AOA
of the blade is a necessary strategy to delay stall at low TSR.

Fig. 6(c) shows the increments in torque coefficient for different TSRs
with different strategies. Steady improvements of C, can be found by
using F-O, P-O, and P-F motion, where the ACq is more than 60% by
using P-F motion at high TSR and impressively reaches nearly 140% at
low TSR.

Fig. 7 shows the variations of the thrust coefficient Cyppg. Although
the lowest thrust coefficient has no significant change both at TSR =
2.05 and 2.65, the maximum thrust coefficient of the optimized P-F
model is lower than base model and F-O model obviously, especially at
TSR = 2.65, which is helpful to reduce the load fluctuation on VAWTs
during the operation.

Flow structure

Flow visualization can help understand the effect of the blade pitch
and flap control on blade. The comparison of vorticity distributions at
different azimuthal angles of the blade of base model and pitch model at
TSR = 2.05 isillustrated in Fig. 8 (a). At the azimuthal angle 6 = 30° and
6 = 60°, it can be observed that the flows are attached to the blade
surface for four models. When the blade rotates to the position = 90°,
the AOA of blades began to exceed the stall AOA, and different degrees
of separation vortices began to appear on the blade surface of the four
models. As the VAWT continued to rotate, the energy of the trailing edge
reverse induced vortices gradually increased, resulting in two continu-
ously expanding vortices at the leading edge and trailing edge of the
blade. The shedding vortices generated at the leading edge of the blade
gradually fall off and dissipate in the process of developing towards the
middle of the blade. These separation vortices, as well as the dynamic
stalling, can partly explain the torque loss of the wind turbine. The F-O
motion even shows a larger vortex when 6 is around 120°, explaining the
corresponding drop of Cq and Cy in Fig. 6 (a). However, the P-O model
and P-F model show superiority in suppressing flow separation, and the
strength of shedding vortices is smaller compared with the other models.
In addition, the strongest vortex shedding of the P-F model happens
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around 6 = 150°, but other three models happens around ¢ = 120°,
indicating the dynamic stall is delayed.

Fig. 8 (b) illustrates the ambient vortex of blade for TSR = 2.65. The
complex and chaotic vortex environment gradually becomes clear and
regular by adopting F-O model, P-O model, and P-F model step-by-step.
The flow separation has already been suppressed by adopting F-O model
at the azimuthal angle § = 120°, which is different from the condition at
TSR = 2.05. The detached point moves back to the trailing edge as the
motion scheme evolves.

Conclusion

The aerodynamic performance of VAWT based on synergic control of
pitch and flap was numerically investigated by using the SST k-» model
and OED methods. The effects of the pitch and flap on the aerodynamic
performance of VAWT were evaluated. The coefficients of forces,
instantaneous vorticity contours, and static pressure distribution were
investigated. Computational analysis shows that the optimized synergic
motion of pitch and flap can improve the aerodynamic performance of
VAWT compared to the conventional VAWT, some key findings and
conclusions are listed as follows.

(1) The best aerodynamic performance of VAWT was achieved at flap
position = 0.95c, pitch amplitude = 8°, and flap amplitude = 15°
at TSR = 2.05, and flap position = 0.95c, pitch amplitude = 6°,
and flap amplitude = 10° at TSR = 2.65, respectively.
The improved sinusoidal pitch and flap motion significantly im-
proves the characteristics of power efficiency of the VAWT at
both low TSR and moderate TSR. Compared to the base model,
the enhancement in torque coefficient is more than 130% and
60% for low TSR and moderate TSR, respectively.
For different TSRs, it is necessary to adopt different control
strategies to improve the overall efficiency of the VAWT. At low
TSR, the power efficiency of the VAWT cannot be effectively
improved by F-O motion. However, power efficiency improves
more than 30% with F-O motion at moderate TSR. Therefore,
under the low TSR, pitch control should be the primary control
strategy and under the high TSR, flap control is more efficient.
(4) The improved sinusoidal pitch and flap motion can effectively
inhibit the flow separation under different TSRs, and significantly
improve the pressure distribution on the blade surface.

(2)

3)
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