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Abstract: Renewable energy has received a lot of attention. In recent years, offshore wind power
has received particular attention among renewable energies. Fixed-type offshore wind turbines are
now the most popular. However, because of the deep seas surrounding Japan, floating types are
more preferable. The floating system is one of the factors that raises the cost of floating wind turbines.
Vertical axis wind turbines (VAWT) have a low center of gravity and can tilt their rotors. As a result,
a smaller floating body and a lower cost are expected. A mechanism called a floating axis wind
turbine (FAWT) is expected to further reduce the cost. FAWT actively employs the features of VAWT
in order to specialize itself in the area of offshore floating-type wind turbines. The lifting line theory
simulation was used in this study to discuss the performance of the FAWT under the tilted conditions
and its wake field. The results show that a tilted VAWT recovers faster than an upright VAWT. This
suggests that FAWTs can be deployed in high density and efficiently generate energy as an offshore
wind farm using VAWTs.

Keywords: vertical axis wind turbine; floating axis wind turbine; lifting line theorys; tilt of rotor; wake

1. Introduction

In order to achieve the Sustainable Development Goals, various renewable energies
have become an active area of research. Offshore wind power’s technical potential to meet
domestic electricity demands indicates that there is a significant amount of unutilized wind
energy [1]. Furthermore, 80% of the world’s offshore wind resource potential is located in
waters deeper than 60 m [2].

Wind turbines are classified into two types. The first is the horizontal axis wind turbine
(HAWT), and the second is the vertical axis wind turbine (VAWT). Each axis type has strong
and weak points that arise from structural features, and they are often compared in terms
of the power coefficient (Cp) [3,4]. The Cp of VAWT is commonly thought to be lower than
that of HAWT, but this is mainly for small wind turbines. In fact, the maximum Cp of the
SANDIA 34 m “Test Bed” Darrieus VAWT showed a maximum Cp of 0.41 to 0.42 [5,6]. On
the other hand, many studies have been conducted to improve the performance of VAWTs.
Daegyoum et al. [7] studied the effect of an upstream deflector plate on the power output.
Even though the specific model of wind turbine of high solidity was used for their study, the
deflector system could increase the local wind velocity around the turbine by tailoring free-
stream flow and the power output was proportional to the cube of the wind velocity. A wind
lens with several types of diffuser was experimentally studied by Watanabe et al. [8]. They
concluded that a wind lens with a Venturi shape, curved diffuser, and shorter flanges was
most effective in producing a greater power augmentation. The shapes of arms or strut also
have an effect on the performance of the turbines. Hara et al. [9] numerically investigated
the effects of arms with different cross sections, such as an NACAQ018 airfoil, rectangular
and circular, on the power loss of a small VAWT. They decomposed the tangential forces
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and resistance torques induced by the arms into pressure- and friction-based components.
Their results show that, apart from the manufacturing cost and structural strength, the
airfoil cross section is ideal for the arm cross section’s shape. Aihara et al. [10] compared
several numerical methods to investigate whether these methods could reproduce the strut
effect on the performance of a VAWT. Their target was 12 kW H-rotor VAWT and the blade
force was simulated using the RANS model, the ALM, and the vortex model. Their results
show that the strut influence was significant, especially at a high tip speed ratio, and the
RANS model was able to simulate the large influence of the strut better than the other two
methods. The effect of the blade’s cross-sectional shape was investigated by Hou et al. [11].
They numerically investigated the performance of NACA0012, modified NACA0012, and
fish skeleton airfoils. The modified NACAOQ012 airfoils have cambers which are 3, 5, and 7%
of the chord length. The fish skeleton airfoil is passively deformed by the pressure from the
fluid and it has a higher lift and lower drag coefficient compared to the NACA0012 airfoil.
The blade pitch angle is important for not only HAWTs but also VAWTs. Yang et al. [12]
studied, experimentally and numerically, the effect of blade pitch angle on aerodynamic
characteristics. Their target was a straight-bladed VAWT with two blades. They obtained
an optimum blade pitch angle where the power coefficient of their targeted turbine was the
largest. However, they concluded that the blade pitch angle for VAWTs had no significant
effect on the power coefficient compared to HAWTs. Because the attack angle of VAWTs’
blades continuously varies during one rotor rotation, the effect of active pitch angle control
on the power coefficient was investigated numerically by Horb et al. [13]. Their optimized
pitch laws could increase the power coefficient by more than 15% in maximum power point
tracking mode. Mohammed et al. [14] found that a fixed pitch of —2.5 [deg] could enhance
performance of a small-scale straight-bladed Darrieus-type VAWT, although its starting
torque capacity could not be improved. Their variable pitch angle of sinusoidal nature
could improve the power coefficient despite the low starting capacity.

However, Cp is one of the factors to consider when comparing wind turbine systems,
with power generation cost being the most important. If a wind turbine’s construction and
maintenance are expensive, the power generation cost is high even if a high-efficiency Cp
turbine is adapted for the system.

Akimoto et al. proposed a floating offshore wind turbine (FOWT) concept, called
the floating axis wind turbine (FAWT), that uses a VAWT to reduce power generation
cost [15]. There are several types of FOWT that use vertical axis wind turbines, including
semi-submersible [16,17] and spar [18,19]. In Akimoto’s concept, the latter was adapted to
actively utilize the features of VAWTs, such as the low center of gravity and the fact that
the power coefficient of VAWT: is difficult to decrease compared to that of HAWTs if the
turbine tilts. A straight-blade VAWT is attached to a spar and they rotate together. Power
take-off units are installed on the spar above the water’s surface, and the unit is moored so
as to keep the position of the FAWT and absorb the reaction torque resulting from power
generation. The smaller spar is all that is required for FAWTs because it assumes rotor axis
tilt, which reduces construction costs. As a result, it is critical to assess VAWT performance
under tilted conditions. Figure 1 depicts the conceptual diagram of the FAWT.

As for constructing a wind farm, the wake behind the turbines is important. Re-
searchers have also concentrated on and studied it experimentally and numerically for
HAWTs [20,21] and for VAWTs [22,23]. However, most of the object rotors are upright, and
there have been few studies on the wake behind tilted rotors. In a study by Guo et al. [24],
the center shaft of the rotor was in an upright condition, and only the blades were inclined
by using linkage systems. Meanwhile, in the case of FAWTs, the blades and the center shaft
of the rotor incline with the spar.

The performance of the FAWT under the tilted conditions was first discussed by the
lifting line theory simulation. Then, its wake field was discussed. The simulation results
show that a tilted VAWT recovers faster than both a HAWT and an upright VAWT. This
indicates that FAWTs can be deployed in high density at an offshore wind farm.



Energies 2022, 15, 6939

30f17

Rated inclination (20 [deg])

~h

Figure 1. Conceptual diagram of Floating Axis Wind Turbine.

2. Simulation Methods and Turbine Models

In this study, QBlade with v0.963 was used for estimating the performance and wakes
of VAWTs under various conditions. It is an open-source wind turbine calculation software
that includes 2-dimensional airfoil calculation and the lifting line free-vortex wake (LLFVW)
theory simulation which belongs to the vortex method [25]. By using the vortex method,
the flow field is modeled as inviscid, incompressible, and irrotational. The effect of fluid
viscosity is modeled by the vortices introduced into the flow field from turbine blades, in
this case. The rotor is represented by a lifting line which is located at the quarter chord
position of the airfoil cross section. The blades are modeled as a lattice of horseshoe
vortices using the vortex lattice method. Figure 2 depicts the modeling used in the LLFVW
algorithm.

rotorblade rotorblade shed
vorticity

quarter chord

) trailing
vortices vorticity

trailing
vorticity

Figure 2. Illustration of blade and wake modeling with the LLFVW algorithm [25].

The circulation of the bound vorticity, which forms the lifting line (dT'), is calculated
based on the Kutta—Joukowski theorem as follows.

dL = pV,udl 1)

dL is the sectional lift force and V,,; is the relative velocity. The relative velocity at an
arbitrary position in the analysis field is composed of the free-stream velocity, the velocity
of blade motion, and the induced velocity from all vortex elements on the blade and in
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the wake. The induced velocity from vortex line elements is known as the Biot-Savart law
below,

1 [ _rxdl
Ving = /

[
47 7|3 @

Meanwhile, the sectional lift force dL can be calculated from the relative velocity and
lift coefficient as follows:

1
szzipz;dAcL 3)

Then, dI' is obtained from Equations (1) and (3) with iteration steps. More details,
such as the iteration steps and the convection of vortex elements, can be found in the
references [26] and [27].

The authors of [28] compared power coefficients obtained by using QBlade and exper-
imental results, such as SANDIA 34-m “Test Bed” Darrieus VAWT [3] and 1 KW DeepWind
turbine test model [29], and validated simulation conditions to obtain sufficient results.
Based on it, the simulation conditions in this research were determined. In QBlade, users
should design the airfoil first and then simulate its polars, such as lift and drag coefficient,
within an adequate attack angle (x) range by using XFOIL, which is integrated into QBlade.
The simulated polars can be extrapolated by using the Viterna or Montgomery method.
Then, the rotor is designed with the airfoils. The blade forces are calculated by using the
lifting line theory. The circulation of the blade is placed at the 1/4 chord positions and its
strength is calculated from airfoil data and «, which is calculated from the induced velocity
of free wake. The wake is represented by the freely floating vortices which are shed from
the trailing edge of the blades during every simulation time step. As the simulation time
increases, the total number of vortices shed into the flow field also increase and it results in
time-consuming calculation of the induced velocity from the vortices. The wake count can
be set as rotor revolutions, time steps, or time. The effect from wake in 8 rotor revolutions
was considered in this study.

This study employed two turbine models. One has three straight-blade VAWTs. This
model was employed to validate the simulation conditions prior to verifying the tilt effect
on the performance of VAWTs. Table 1 summarizes its main features. Despite the fact
that NACAO0018 was used for the blade profile, the lift (C;) and drag coefficient (Cp) were
defined as the equations that were used in the simulation by Tavernier et al. [30], defined
below. Thus, two extrapolated methods described above were not used in this study:.

Cr =211 sina 4)

Cp=0 @)

Table 1. Principal particulars of Model 1 (two straight-blade turbines).

Property Value
Solidity 0.085
Tip Speed Ratio 3
Radius of Rotor [m] 2.5
Aspect Ratio 05,1,2,5
Number of Blades 3
Blade Profile NACAOQ018

The other model is a VAWT for testing the tilt effect on its performance and discussing
the wake field. The constant tilt of the rotor is assumed to be approximately 20 [deg]. Thus,
the angle varied from 0 to 40 by 5 degrees. The C; and Cp were calculated by using XFOIL
and extrapolated into 360 [deg] using Montgomerie’s method in the 360 Polar Extrapolation
Module. Table 2 summarizes the main characteristics of this mode. The corresponding
Reynolds number based on the blade chord length and tip speed is approximately from
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1.8 x 10% to 3.4 x 10* for both Model 1 and 2. Flow around the turbine is turbulent under
such Reynolds number regions.

Table 2. Principal particulars of Model 2 (VAWT under tilted conditions).

Property Value
Tilt angle of rotor [deg] 0:5:40
Solidity 0.085
Tip Speed Ratio 3
Radius of Rotor [m] 2.5
Aspect Ratio 1,2
Number of Blades 3
Blade Profile NACAQ018

In QBlade, the viscous effect is tuned by using the parameter “initial core size”. 1/8 of
the blade chord length was used in the simulation for both models. This core size is also
used in the simulation of CACTUS.

3. Results
3.1. Validation of Simulation Conditions

The power (Cp) and thrust (Cr) coefficients of Model 1, which are defined as the
following equations, were compared with Tavernier’s work.

Power
Cpr=5—— (6)
JoV32RH
Thrust
Cr = 1 1/29RH @)
1pV22RH

They compared the results from several simulation methods, including the 2D ac-
tuator cylinder model (AC2D) [31], the 2D actuator cylinder with near-wake correction
(HAWC2-NW) [32], CACTUES, free- or fixed-wake vortex model [33], and the Actuator Line
OpenFOAM model (TurbinesFoam, end effects) [34]. In CACTUS, “fixed-wake” means
that the wake convection velocity is kept constant in time, whereas “free-wake” means that
the velocity is calculated at each time step based on the induced velocity. Table 3 depicts
the comparisons of such simulation results with those of this study. The aspect ratio of the
rotor was 1.0 for these calculations. Compared to other calculation methods, appropriate
values were estimated by QBlade.

Table 3. Comparisons of Power and Thrust Coefficients.

Method Power Coefficient (Cp) Thrust Coefficient (Cr)
AC2D 0.510 0.653
HAWC2-NW 0.400 0.570
CACTUS, fixed-wake 0.509 0.647
CACTUES, free-wake 0.486 0.643
TurbineFoam 0.522 0.660
TurbineFoam, end effects 0.469 0.578
QBlade (this study) 0.503 0.665

Figure 3 depicts the comparison of the tangential force acting on a blade in relation
to the azimuth angle. Because its Cp and Ct were closest to those of this study, the result
of CACTUS with fixed wake was cited from reference [26]. In Figure 3, “HD” denotes the
rotor’s aspect ratio and the wind comes from 90 [deg]. Thus, azimuth angles of 0~180 and
180~360 [deg] indicate the upwind and leeward side of the blade, respectively. The same
trend with respect to the aspect ratio can be seen in both figures. The blade mainly obtains
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the energy from wind at around 90 [deg] and also at around 270 [deg]. The results of this
study, however, were not smooth on the leeward side. This implies that the initial core size
should be adjusted in each case, despite the fact that they were fixed as 8/chord for all
aspect ratio cases in this study for comparison.
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Figure 3. Tangential blade force with respect to the azimuth angle (a) CACTUS, fixed-wake [26];
(b) this study (QBlade).

Figure 4 depicts tangential blade forces as a contour graph with respect to the azimuth
angle and blade height. This turbine is a 1.0. It is the same as Figure 3 in the sense that
azimuth angles 0~180 and 180~360 [deg] indicate upwind and leeward sides of the blade’s
position, respectively, and wind comes from 90 [deg]. The tangential force is symmetric
in a blade spanwise direction, and the ground effect is not taken into account in these
simulations. There is no discernible difference between Figure 4a,b.

1 Tangential 10 0de
force, F, 0.4000
N/m
0.8 [ ]0.4 08 0.3333
E
% 06 0.3 T os 0.2667
£ :S) 0.2000
% 0.4 0.2 £ 04
T 0.1333
0.2 01 0.2
0.0667
0 0 0.0 0.0000
0 50 100 150 200 250 300 350 "0 30 60 90 120 150 180 210 240 270 300 330 360 max: 0.453
Azimuth angle, ¢ [deg] Azimuth angle [degree] min: 0.000
(@) (b)

Figure 4. Contour graph of tangential blade force: (a) CACTUS, fixed-wake [30]; (b) this study
(QBlade).

These results demonstrate that the simulation conditions used in this study are appro-
priate and that such conditions will be used in the following simulations.

3.2. Tilt Effect on the Performance of VAWT
3.2.1. Power and Thrust Coefficient of Tilted VAWT
A FAWT is built with the assumption that its rotor will be at a 20-degree tilt under-

rated operation; Cp and Cr for Model 2 were estimated to assess the tilt effect on VAWT
performance. The values are shown in Table 4, and Figure 5 depicts the differences in the
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upright condition. These results show that the power coefficient slightly increases at a
10-degree tilt for a rotor with a 1.0 aspect ratio. The decrease in Cp at a 20-degree tilt is
only 4% from the upright condition. This is because the swept area of the VAWT increases
when the rotor tilts to some extent [35]. Concerning the rotor with 2.0 aspect ratio, the
decrease in performance at a 20-degree tilt is 10% from the upright condition. The decrease
in performance for the 2.0 aspect ratio is larger than that for the 1.0 aspect ratio. This is
explained by the fact that the rotor radius contributes to the increase in swept area, which
becomes relatively small as the aspect ratio increases.

“—— ' D
B
4
tilt angle
‘ Wind
- D  —— i
N :
Wind 4 | 2H
I fohy
|
|
J
/
Hl
AR (H/D)=1.0 AR (H/D)=2.0
(a)
0 0
= o
S 10 2. -10
g -15 € -15
E -20 g -20
& -25 Q25
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-50 -50
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Tilt Angle [degree]

(b)

5 10 15 20 25 30 35 40
Tilt Angle [degree]

(c)

Figure 5. Difference in Power and Thrust Coefficients of a tilted rotor compared to an upright one:
(a) configuration of the simulation; (b) power coefficient; (c) thrust coefficient.
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Height, z/H
o
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Table 4. Power and Thrust coefficients with respect to tilted angle.

Aspect Ratio 1.0 2.0
Tilt Angle [deg] Cp Cr Cp Cr

0 0.503 0.665 0.500 0.662
5 0.504 0.667 0.497 0.660
10 0.505 0.667 0.489 0.655
15 0.498 0.662 0.476 0.647
20 0.483 0.652 0.455 0.632
25 0.462 0.638 0.431 0.614
30 0.431 0.618 0.394 0.588
35 0.394 0.592 0.356 0.559
40 0.350 0.559 0.313 0.524

Figure 6 depicts the tangential blade forces as a contour graph in relation to the
azimuth angle and blade height. Because the blade height is normalized, the height effect
appears in a 2.0 aspect ratio. These figures depict that in the case of a tilted rotor, the lower
part of the rotor on the leeward side effectively obtains energy from wind. Under the
upright condition, wind velocity on the leeward side decreases from the top to the bottom
of the blade height. Meanwhile, when the rotor is in the tilted condition, the wind velocity
on the lower part of the rotor on the leeward side stays strong because the blade does not
pass the wind on the upwind side. Then, the lower part of the rotor obtains energy from
the wind on the leeward side. Even though the smallest part of the rotor can effectively
generate the tangential force on the leeward side, the airfoil performance degrades with
increasing rotor tilt angle. This may be indicated in the results of the 30- and 40-degree-tilt
tests. Based on these findings, it stands to reason that the FAWT rotor is at a 20-degree tilt
under the rated operation.

Ode
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Figure 6. Cont.
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Figure 6. Contour graph of tangential blade force for 0-, 10-, 20-, 30-, and 40-degree-tilted rotors.

3.2.2. The Wake Field of the Tilted VAWT

The installation interval of wind turbines is an important factor to consider when
building a wind farm. As a result, the wake field of a VAWT was assessed. The target
VAWT is Model 2 with a 1.0 aspect ratio. Figure 7 depicts the instantaneous velocity field
center section (XZ-plane) of an upright, 20-degree-tilted VAWT and an upright HAWT. The
X-axis is in the direction of the wind, and the coordinate system (O-XYZ) is right-handed.
The rotor is represented by a yellow circular cylinder, and the contour color indicates the
magnitude of in-plane wind velocity nondimensionalized by uniform flow. The result for
the HAWT was simulated by using a sample project of a HAWT contained in QBlade by
default. In the case of the upright VAWT and HAWT, the wake goes straight to the leeward
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side. Meanwhile, in the case of a 20-degree-tilted VAWT, the wake goes upward. The
inclination angle is approximately 6 [deg].

(b)

(©)

Figure 7. Magnitude of in-plane wind velocity: (a) upright VAWT; (b) 20-degree-tilted VAWT;
(c) upright HAWT.

Figure 8 depicts the vertical component of wind velocity corresponding to Figure 7.
The colors red and blue represent the upward and downward velocity components, respec-
tively. Compared to the flow field of an upright VAWT, the upward velocity component
may be seen just behind the rotor, as opposed to the flow field of an upright VAWT. The or-
ange lines denote the position at four times the rotor diameter’s (D) distance from the rotor
center, and Figure 9 depicts the wind velocity vector in the YZ-plane at that location. The
yellow circular cylinder represents the rotor’s position, which is located 4D anteriorly. The
color of the contour indicates the magnitude of the velocity in this plane. The colors blue
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and red represent low and high velocity, respectively. There are upward and downward
vectors at the top and bottom of the rotor in both cases. Then, the vectors head into the
center region from both sides of the top of the rotor. Figure 10 depicts 3D streamlines of an
upright and 20-degree-tilted VAWT. In these figures, the blades of the rotor are shown in
black. Under the upright condition, most of the streamlines behind the turbine go straight
to the leeward side. On the other hand, the streamlines go obliquely upward under the
20-degree-tilted condition. These results indicate that the momentum is being transferred
between the lower- and the higher-velocity region. As a result, the wind velocity at rotor
height recovers to its initial velocity faster than that of a HAWT. This allows us to install
VAWTSs in a dense manner.

(b)

Figure 8. Contour of the vertical component of wind velocity: (a) upright; (b) 20-degree tilt.

(a) (b)

Figure 9. Wind velocity vector in the YZ-plane (a) upright; (b) 20-degree tilt.
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Figure 10. 3D Streamlines (a) upright; (b) 20-degree tilt.
3.2.3. Ground Effect

The ground effect was not considered in the previous section’s simulations, so as to
verify only the tilt effect on its wake field. Even if the FAWT is properly designed so that
the blades do not hit the sea surface when the rotor inclines, the clearance between the rotor
blade bottom and the sea surface will affect the wake field when the tilted condition occurs.
QBlade implements the ground effect by mirroring the rotor blade and wake vortices at
the ground plane. The clearance has been changed from 1.0D, 0.8D, 0.6D, and 0.4D. For all
cases, the rotor tilt angle was kept constant at 20 [deg]. The instantaneous velocity field at
the center section (XZ-plane) of a 20-degree-tilted VAWT with various ground clearances is
depicted in Figure 11. The orange lines represent the position at 4D from the rotor center,
and Figure 12 depicts the wind velocity vector in the YZ-plane at that location. In all cases,
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the upward wind may be seen behind the VAWT, but the smaller the clearance becomes,
the greater the distance that velocity recovers.

S R S R A T e |

i
N

O ey O O ey

O ey O O ey

Figure 11. Magnitude of in-plane wind velocity behind a 20-degree-tilted VAWT with different
ground clearance: (a) 1.0D; (b) 0.8D; (c) 0.6D; (d) 0.4D.




Energies 2022, 15, 6939

14 of 17

velocity Magnitude
velocity Magnitude

velocity Magnitude
velocity Magnitude

(0) (d)

Figure 12. Wind velocity vector in the YZ-plane behind a 20-degree-tilted VAWT with different
ground clearance: (a) 1.0D; (b) 0.8D; (c) 0.6D; (d) 0.4D.

4. Conclusions

The performance and wakes of VAWTs were simulated in this study using liftingline
theory simulation. The simulation conditions were validated using a VAWT model with
three straight blades. When compared to the results of the other simulation methods, the
simulation conditions used in this study were found to be appropriate. Then, the tilt effect
on the performance and wake field of VAWTs were evaluated with the other VAWT model,
and the following results were obtained:

At a 10-degree tilt, the power coefficient of a 1.0 aspect-ratio rotor increases slightly.
Then, at a 20-degree tilt, the decrease in Cp is only 4% from the upright condition. This
increase in the power coefficient with respect to the tilt is in agreement with Balduzzi’s
work [35], and it is explained by the contour graph of the tangential force on the blade,
which shows that in the case of a tilted rotor, the lower part of the rotor at the leeward side
effectively obtains the energy from wind. Meanwhile, as the rotor tilt angle increases, so
does the performance of the airfoil. Because the increased swept area becomes relatively
small as the aspect ratio increases, the performance for the 2.0 aspect ratio decreases more
than that for the 1.0 aspect ratio. This, as a result, it is important for VAWTs that the
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relationship between the increase in swept area and the decrease in airfoil performance be
maintained.

The VAWT wake field was then simulated in order to evaluate the installation interval
of wind turbines. The upward velocity component appears just behind the rotor, and the
wake goes obliquely upward approximately 6 [deg] from the horizontal plane, whereas
the wake for the upright VAWT and HAWT goes straight to the leeward side. The velocity
field of the plane perpendicular to the wind direction indicates that there are upward and
downward velocity components at the top of the rotor’s height and the bottom side of the
VAWT, respectively. Furthermore, the velocity components at the top of the rotor head into
the center region from both sides of the rotor. They result in a momentum exchange. The
wind velocity at the top of the rotor of a tilted VAWT recovers to its initial velocity faster
than that of a HAWT, allowing us to install VAWTs more densely.

Even though the ground effect was taken into account, the wake goes upward for
tilted VAWTs. However, the smaller the clearance between the sea surface and the blades
of a tilted VAWT becomes, the further the distance that velocity recovers.
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Nomenclature

Cp  power coefficient

CL lift coefficient

Cp  drag coefficient

Cr thrust coefficient

D rotor diameter [m]

dA  cross-sectional area [m?]
dL sectional lift force [N]

dl line element vector [m]

dr sectional circulation [m?2/s]
H rotor height [m]

0 air density [kg/ m?]

R rotor radius [m]

r relative position vector [m]
Ving  induced velocity from vortex line element [m/s]
Vier  relative velocity [m/s]

Voo free-stream velocity [m/s]
o attack angle [deg]
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