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Abstract: Vertical axis wind turbine (VAWT) is a competitive power generation device due to
structural simplicity, wind direction independence, no yaw mechanism required, easier maintenance,
and lower noise emission. However, blade tip vortex will be generated at both ends of the blade
during the rotation, resulting in torque loss and efficiency reduction. In this paper, computational
fluid dynamics is used to study blade tip vortex and its reduction technique of a single-blade VAWT
rotor in real scale. By monitoring the force and flow field at different heights of the blade, the influence
ranges of tip vortex are obtained. The reduction effect of the bulkhead obtained from the blade profile
curve is studied, and the size of the bulkhead is optimized. On the basis of adding the optimal
bulkhead, the influence of the supporting strut is also explored. The joint action is obtained by
changing the location of the supporting strut. The results show that the top supporting strut-bulkhead
structure is the optimal position. The power-extraction efficiency of the rotor with this integrated
structure is significantly improved at optimal tip speed ratios (TSRs) and higher TSRs.

Keywords: vertical axis wind turbine; tip vortex of blade; supporting strut; performance optimization;
computational fluid dynamics

1. Introduction

Wind power is one of the solutions to energy problem as a clean energy source with large reserves
in nature. According to the Renewables 2019 Global Status Report [1], in the whole year of 2018,
the installed capacity of wind power in the world exceeded 51 gigawatt (GW), with a growth rate
of 9%, and the total capacity reached to 591 GW. At present, the traditional horizontal axis wind
turbine (HAWT) is more popular in the wind energy market due to its advanced development and
high efficiency [2]. However, HAWT has difficultly achieving larger sizes because of the limitation of
blade length and strength. On the other hand, vertical axis wind turbine (VAWT) has attracted more
and more researchers’ and manufacturers’ attention due to its advantages of adaptiveness to wind
direction, convenient installation and maintenance, and the ability to be expanded to larger sizes [3,4].

Improving the efficiency of VAWT is an important target in wind energy generation. Tip vortex
is part of the three-dimensional unsteady flow, which constantly sheds in each blade revolution,
decreasing the torque and causing structural vibrations. Kudela and Malecha revealed that the
detachment of the vortex from the boundary layer leads to the sudden drop of the lift force, based on a
vortex-in-cell model [5]. Hofemann and Simao et al. [6,7] experimentally detailed and qualified the
evolution of the tip vortex in the near wake with 3D-Stereo Particle Image Velocimetry. Hamada et
al. [8], Howell et al. [9], and Lam and Peng [10] compared the torque generated by blade between 2D
and 3D computational fluid dynamics(CFD) models, and obtained the conclusion that the 3D effects
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significantly reduced the extraction rate of wind power. Yanzhao Y et al. [11] studied the effects of tip
vortex on the wake of a two-blade VAWT with different tip speed ratios (TSRs) by CFD simulations.
Balduzzi et al. [12] conducted a detailed 3D CFD analysis of H-type Darrieus single-blade rotor with an
aspect ratio (AR) of 17.5. Studies have shown that the torque loss caused by the three-dimensional effect
due to the finite blade length is equivalent to the blade length loss of 1.5c. Many researchers have made
efforts to reduce the tip loss. Zanforlin and Deluca [13] proposed that AR > 0.8 should be considered
in design to avoid the effect of tip vortex. Some others have proposed ways to change the blade shape
for tip vortex reduction, such as a helical blade [14,15] and elliptical blade tip [16,17].The installation of
a tip device is also a method to improve the turbine performance. Winglets and bulkheads are mostly
used in experiments and simulations [16-19]. Considering the 3D effect caused by supporting strut,
some research was undertaken in terms of the cross section and location of the strut [8,16,20-22]. The
results show that the more streamlined hydrodynamic strut section provides lower strut drag.

To date, most of the 3D effect studies of VAWT focus on the medium or small turbines. In this
paper, the 3D effects of blade tip vortex and supporting strut are studied by CFD numerical simulation
with a large turbine model in real scale. The objectives of this study are to explore the methods of
reducing tip vortex and optimizing the structure of the turbine, which could improve the performance
of the VAWT.

The paper is organized as follows. Section 2 introduces the numerical methodology and some
parameter settings. The independence verification of grid and time-step is also presented. Section 3
shows the numerical results and analysis. Section 3.1 analyzes the effect ranges of tip vortex in detail.
In Section 3.2, a bulkhead is added to reduce tip vortex, and the size of the bulkhead is optimized.
Section 3.3 considers the influence of supporting strut. Additionally, the optimal position and structural
form of supporting strut are found based on the addition of the optimal bulkhead. Section 3.4 compares
the gains on the presented structure with different TSRs.

2. Numerical Methodology

2.1. Computational Model

The subject of our study is a three-blade VAWT rotor whose rated power is 2.5MW. The rotor is
part of an offshore floating twin VAWT system, as shown in Figure 1. The ratio of the height and the
diameter for each rotor is larger than the conventional single-rotor VAWT. The main parameters and
the model diagram of the rotor are shown in Table 1 and Figure 2, respectively. The large chord length
of 7.2 m was chosen by directly scaling, based on our model-scale experimental results [23]. It is worth
noting that this chord length may not be the optimal one for this rated power output due to the scale
effects. In addition, a shorter blade chord will lighten the weight of the rotor, reduce the solidity of the
rotor, and tend to enhance the power coefficient. Finding the optimal chord length, one may need
to conduct a detailed investigation. Focusing on the objective of this work, the blade with the chord
length of 7.2m was chosen to be the study subject. Considering the computational resources in real
scale simulation, this paper simplified the model and only studied the single rotor with a single blade.

Table 1. Main parameters of the rotor.

Main Parameters

Blade profile NACAQ018
Blade chord, c(m) 72
Rotor height, H(m) 107.8

Rotor diameter, D(m) 57.8
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Figure 1. Concept design of an offshore floating twin vertical-axis wind turbine system.
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Figure 2. Model diagram of the rotor.

In the numerical calculation, we used the finite-volume Navier-Stokes solver in the STAR-CCM+
for simulation. In order to improve the accuracy and minimize the calculation cost, this study only
carried out a semi-basin calculation, and divided the computational domain into external flow field
and internal flow field, as shown in Figure 3. The internal flow field was a cylindrical region, including
the rotor part of the VAWT, which rotated. The external flow field was a rectangular region, including
the part outside the rotor. The center of the column in midspan was selected as the coordinate origin of
the computational domain. The velocity inlet was located at the 3D position in the upstream area from
the rotor center, and the pressure outlet was located at the 10D position in the downstream area. The
domain of the entire flow field was 13D long, 8D wide, and 1.5H high. The cylinder diameter and the
height of the rotor domain were 1.18D and 0.8H. These two computational domains were connected

by interfaces.
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Figure 3. Computational domain with boundary conditions and sizes.

The surface of blade was set as wall, and the remaining boundaries of the domain were set as
symmetrical plane. The turbulence model was SST k — @, commonly used in the numerical simulation
of VAWT [11,13,21,24-26]. The wind speed at the velocity inlet was set at 10m/s, and the pressure at
the outlet was set at 0 Pa. The blade tip speed ratio (TSR) was set at 3, so the rotation angular velocity
of the rotor was 1.038rad/s.

The grid form adopted in this study was the cut volume grid. Two layers of wake refinement area
were set in the outflow field whose basic size of the grid was 0.8 chord length. The grid size was 50% of
the basic size in the first layer and 25% in the second layer. In order to get a better transition between
the external flow field and the internal one, the basic size of the rotating domain was the same as the
size in the second layer of refinement area. The condition of the blade was defined as no-slip, and 20
layers of prismatic boundary layer cells were generated with growth ratio of 1.2. Local refinement was
carried out on the blade surface. The total number of grids was 5,694,103. The computational mesh of
the whole domain and near the blade are shown in Figure 4. Using implicit unsteady method, a time
step was set at 0.0168s, namely the time for the rotor turning 1 °.

(a)

Figure 4. Cont.
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(b)

Figure 4. (a) Computational mesh of the domain; (b) computational mesh near the blade surface.

2.2. Mesh Convergence

Another two sets of mesh with coarser division and finer division were obtained by changing
the basic size. The three mesh sets are shown in Table 2. The instantaneous torque coefficient C; is
defined by Equation (1), where i = I due to the semi-basin simulation. The blade instantaneous
torque curves of the three mesh sets are shown in Figure 5. According to Equation (2), we could obtain
the work done by torque using the area under the curve. The deviation of the work done obtained
by medium mesh and fine mesh was 2%, much less than the deviation of medium and coarse mesh.
Moreover, the torque curves of medium and fine mesh showed more similar variation. Thus, the
medium mesh was considered to be converged and such set was used for subsequent simulations.

T
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Table 2. Mesh size and quantity.

Mesh Basic Size (m) Total Number

Coarse 6.79 2,659,364
Medium 4.80 5,694,103
Fine 3.39 12,621,404
0.40
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—=~ Fifi¢
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Figure 5. Instantaneous torque of a blade under three mesh sets.
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2.3. Time-Step Convergence

Balduzzi et al. [27] noted that in most studies of the VAWT simulation, the time-step is set to
the time in which the rotor makes a rotation between 0.5° and 2°. Three groups of time-step were
used to calculate, respectively, the rotor turning 1°, 2°, and 3°. For the 1°and 2° time settings, the
difference of the torque area under the curves (Figure 6) were less than 1%o, so the 2° turning for a
time-step converged.

0.40

—— At=time to turn 1°
— —  At=time to turn 2°

0.30 : |
— - — At=time to turn 3°

0.20

Ct

0.10

0.00

-0.10 1 1 1 1 1 1 1 1 H 1 1
0 60 120 180 240 300 360

Azimuthal Angle 0 /°
Figure 6. Instantaneous torque of a blade under three time-step sets.
2.4. Numerical Model Validation against Model-Scale Experimental Data

Before further investigating the numerical simulation results, it is necessary to check the reliability
of abovementioned modelling techniques against experimental data. However, there is no experimental
data available for full-scale 2.5MW VAWT. The model-scale experimental measurements were adopted
to validate our numerical model. More information on the wind tunnel experiments can be found in the
previous publication [23]. Y+ distribution and mesh generation along the blade of the numerical model
is shown in Figure 7. The average of the measured torque acting on the wind turbine rotor under the
wind speed of 7.7 m/s are plotted in Figure 8, together with the predictions of CFD simulations based
on the abovementioned modelling techniques. It can be seen that the torque predicted by numerical
simulation tends to be slightly larger than the experimental value at low rotational speeds and slightly
smaller at higher rotational speeds. Overall, the simulated torque curve agrees well with the one
obtained from the experiment, and is therefore considered valid.
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Figure 7. (a) Y+ distribution along the blade; (b) numerical mesh on the blade.
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Figure 8. Experimentally obtained and numerically simulated torque as a function of rotational speed
of an isolated vertical axis wind turbine (VAWT).

3. Results and Numerical Analysis

3.1. Influence of Tip Vortex

In order to better calculate and monitor the influence range of tip vortex on the blade surface,
the blade length was divided based on the chord length. Airfoil sections with a height of 0.05m were
intercepted at positions 0.05¢, 0.25¢, 0.5¢, 1c, 2¢, 3¢, 4c, 5c, 6¢, and 7c from the tip of the blade. As shown
in Figure 9, the initial position angle of blade is 0°. From 0° to 180° is upwind region in a rotating cycle
(upstream), and 180° to 360° is downwind region (downstream).

The instantaneous torque curves of the fourth cycle were selected for analysis, as shown in
Figure 10. The ordinate is the instantaneous torque coefficient per 0.05m height section, which is
defined by Equation (3). Here, T, denotes the instantaneous torque per unit section. It can be seen that
the torque at section 0.05c is negative for most of the cycle. In the upwind region, the closer the section
is to the blade tip, the smaller the torque contribution will be. The sections below 3c from the tip of
the blade are slightly affected by tip vortex. In the downwind area between 300° and 340°, the torque
curve shows a steep fall. It can be observed from the three-dimensional vortex diagram that this steep
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drop is caused by the collision between the blade and the vortex shedding in the previous cycle, as
shown in Figure 11.

T
Ce = ———, )
5pV*Dh;R
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U, Upwind Downwind
90° &‘ <\ 270°

180°

Figure 9. Upwind and downwind paths during a rotation.
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Figure 10. Instantaneous torque of sections at different heights during a rotation.

These instantaneous torque curves can be divided into two modes according to the downwind
variations at different heights. The distances of 0.05¢, 0.25c, and 0.5¢ from the blade tip are in the first
mode, and distances of 1c to 7c from the blade tip are in the second mode. In the first mode, the torque
is greatly reduced due to severe influence of tip vortex and severe damage of flow field. Additionally,
the closer the section is to the blade tip, the greater the torque reduction will be. It can be said that
for height above the 0.5c-section, tip vortices are more likely to disturb the flow field, as shown in
Figure 12. However, in the second mode, there is a larger torque of section closer to the blade tip in a
specific azimuthal angle range, which could be explained as follows. The geometrical relationship
between angle of attack and blade azimuthal angle is shown in Figure 13, and the lift coefficient (angle
of attack of NACA(Q018) is shown in Figure 14. The data is obtained by applying the Xfoil software,
and published on the website, http://airfoiltools.com/polar/details?polar=xf-naca0018-il-1000000. To
make sure the predicted install angle is adequately accurate, we also conducted our 2D numerical
simulations to predict the lift coefficient corresponding to several angles of attack of NACAQ018 airfoil.
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The predicted results are compared with the published data in Figure 14. The predicted lift coefficient
is slightly lower, but trends of two results are close, and both results show that the stall angle of
NACAO0018 at high Reynolds number is around 17°. From Figure 13, we can obtain the geometrical
relationship between angle of attack and azimuthal angle, as shown in Equation (4). For simplicity, the
induction factor 4 was ignored [28]. It can be derived that (224.3°, 281.7°) in the downwind is a zone
for the blade stall by Equation (4). At a height close to the tip of the blade, due to the existence of tip
vortex, a downwash angle is generated [12], which reduces the attack angle of the blade and fails to
reach the critical angle of stall. Thus, in the range of 220° to 280° shown in Figure 10, the higher the
height from 1 c to 7 ¢, the greater the torque value will be.

Ueo(1-a)sin®
@R + Uw (1-a)cosO’

tanae =

4)

Tip vortices ~

e Sy

Top view

i Velocity: Magnitude (m/s)
Tip vortices 0.00000  2.4000 44¥ono 9 7.2000  9.6000  12.000

v,

Figure 12. Streamline at the blade tip.
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Figure 13. Geometrical relationship between angle of attack and blade azimuth. 0 is the azimuthal
angle, a is the angle of attack, a is the axial induction factor.

1.0

0.5 F

Cl

0.0 |

Xfoil predicted
0.5 F A Present study

-1.0 |

O N VN NN S NN Y SR NN TN NN N N S |
-20 -15 -10 -5 0 S 10 15 20

Alpha

Figure 14. NACAQ018 airfoil lift coefficient (angle of attack).
3.2. Bulkhead Inhibition of Tip Vortex

In order to restrain the influence of tip vortex on blade surface, a tip device was added. The
bulkhead was obtained by expanding the blade profile curve. The edge of the bulkhead was 2m away
from the blade surface, and the thickness was 0.2m. The edge was set as a round angle with a radius
of 0.1m. Figure 15 shows the streamline at different heights of the blade sections when the bulkhead
is added or not. The azimuthal angle is 88°.It can be seen from Figure 15a that the closer the height
is to the top of the blade, the more disordered the streamline is. Figure 15b shows the streamline
is smoother under the action of the bulkhead. The comparison of instantaneous torque at different
heights is shown in Figure 16. It can be seen that the instantaneous torque of the blade with a bulkhead
is much larger than that of the blade without a bulkhead above the height of the 1c-section. That is, the
inhibition of the bulkhead on tip vortex is obvious above the height of 1c-section, and there is basically
no effect below the height of 3c-section.
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Figure 15. The streamline at different heights of the blade sections when the azimuthal angle is 88°: (a)

without a bulkhead; (b) with a bulkhead.
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Figure 16. Instantaneous torque with or without a bulkhead at height of (a) 0.25¢; (b) 0.5¢; (¢) 1c; (d) 3c¢;
(e) 5¢; (f) 7c.

In order to study the effect of bulkhead size on turbine performance, six cases (A = 0, 0.18c, 0.35c,
0.56¢, 0.76¢, and 1c) were selected for calculation, where A represents the distance between the edge of
the bulkhead and the blade surface. The geometric models are shown in Figure 17.

In the simulation, the total torque, torque of the blade, and torque of the bulkhead were monitored,
respectively. Work done by the blade with six sizes of bulkhead were calculated from the torque data
and are shown in Figure 18. We used a non-dimensional quantity W’ to represent the work W. The
total work concludes both the bulkhead and the blade work. It can be seen from Figure 18 that, as the
size of the bulkhead increases, the blade work shows an increasing trend. However, the larger the
bulkhead size is, the greater the resistance will be. The growth trend of the total work starts to slow
down after the corresponding point of A= 0.35c, and A= 0.35c is considered as the preferred size. At
this time, the total work increases by 4.25% compared with the blade without a bulkhead.
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Figure 17. Perspective view of six bulkhead sizes: (a) A = 0; (b) A = 0.18¢; (c) A = 0.35¢; (d) A = 0.56¢;
(e) A= 0.76¢; (f) A = 1.0c.
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Figure 18. Total work, blade work, and bulkhead work under six sizes of bulkhead.

3.3. Influence of Supporting Strut
The supporting strut connecting the blade to the central column also produces a three-dimensional

effect that affects the performance of the rotor. The cross section of supporting strut usually has several
forms, such as rectangle, circle, and airfoil. In this part, a streamlined airfoil section was selected for

the modeling and calculation.
The NACAQ018 airfoil, the same as the blade, was selected for the supporting strut, and the chord

length was 0.5¢, as shown in Figure 19.
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Figure 19. Blade-supporting strut rotor model.
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On the basis of installing a bulkhead with size A= 0.35c, four cases where the supporting strut
was located at 4c, 2.5¢, and 1c from the blade tip and at the top were selected for calculation, as shown

in Figure 20.

(D Strut at 4¢

3 Strutat lc

@ Strutat 2.5¢

@ Strut at the top

Figure 20. Supporting strut at different heights.

Table 3 lists the total work and the work of blade in each case, also presented by W’. When the
supporting strut is 4c, 2.5c, and 1c away from the blade tip, it performs negative work. Therefore, the

total work is less than the work generated by the blade. However, in the process of the supporting
strut moving up, the difference between the total work and the work of blade becomes smaller and
smaller, which indicates that the resistance of the supporting strut together with the bulkhead gradually
decreases. When the strut is at the top, the total work is even greater than that of the blade part. As
can be seen from Figure 21, a forward torque is generated when the strut is at the top. Such results can
be attributed to the windward angle of attack generated by the incoming flow when the strut is at the
top of the turbine, thus generating lift.
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Table 3. Total work and work of the blade with a strut at different heights.
Total Work (W’) Increased Work of Blade (W’) Increased
Percentage Percentage
Blade with strut at 4c 0.2215 - 0.2222 -
Blade with bulkhead 0.2308 4.23% 0.2338 5.20%
and strut at 4c
Blade with bulkhead 0.2306 4.11% 0.2334 5.02%
and strut at 2.5¢
Blade with bulkhead 0.2336 5.46% 0.2356 6.04%
and strut at 1c
Blade with bulkhead 0.2415 9.05% 0.2404 8.20%
and strut at top
0.008
strut at 4¢
-« — — strut at the top|

0.004

Ct

0.000

-0.004
0

60

120 180 240
Azimuthal Angle 6 /°

300

360

Figure 21. Instantaneous torque of the supporting strut at the top and at the height of 4c.

As can be seen from Figure 22, when the supporting strut is at the top, the torque value of the
0.05c-section to 0.5c-section increases compared with that when only the optimal bulkhead is installed.
That is, the supporting strut enhances the effect of tip vortex reduction. From Figure 23, it can be seen
that the streamline is smoother when the supporting strut is at the top. We call this structure the top
supporting strut-bulkhead structure. Therefore, the supporting strut at the top has two advantages:
firstly, it generates forward torque rather than resistance; secondly, it enhances the effect of reducing
tip vortex. As can be seen from Table 3, the top supporting strut-bulkhead structure has a work

performance gain of 9.05%.
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Figure 22. Comparison of instantaneous torque among three different blade tip shapes at height of (a)
0.05¢; (b) 0.25¢; (c) 0.5¢.
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Figure 23. The streamline at different heights of the blade sections when the azimuthal angle is 88°:
(a) with a bulkhead; (b) with a top supporting strut-bulkhead structure.

3.4. Performance of the Top Supporting Strut-Bulkhead Structure under Different TSRs

In the previous study, only the calculation and analysis at TSR = 3 were carried out. Since the
aerodynamic performance varies under different TSRs [29], other cases were calculated under TSR = 1,
2, and 4. Figure 24 shows the work done by the whole structure under four TSRs. TSR = 1 and 2
are low tip speed ratios, while TSR = 3 and 4 are good and high ones. When TSR is low, blade stall
is serious and the top supporting strut-bulkhead structure does not perform well. However, under
higher TSRs, it can be seen that the work done by the top supporting strut-bulkhead structure is much
larger. When TSR = 3 and TSR = 4, compared with conventional blade-and-strut structure, the work
done by the proposed structure is increased by 9.05% and 10.48%, respectively.

0.28
conventional blade-and-strut structure
— = top supporting strut-bulkhead structure
0.24 H 7'~
~
=
o
(\IQ 0.20 H
>
Q.
*
7
g 0.16 H
i
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0.08 -
004 1 " 1 " 1 1 1
1 2 3 4
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Figure 24. Work done by torque of the whole structure under four TSRs.
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4. Discussion

In this paper, a numerical model for predicting the aerodynamic performance of a real-scale
VAWT was established. The influence of blade tip vortex was analyzed, and the supporting strut
at different heights was considered together with the action of the bulkhead. The structure of the
rotor was optimized with the selected bulkhead size and strut position, which greatly improved the
performance of the rotor.

First, the torque and flow field at different heights of the blade were monitored to analyze the
influence ranges of tip vortex. In the upwind area of rotation, tip flow was mainly manifested as
the destruction of flow field. The torque of the blade section less than 3c away from the tip of the
blade decreased to different degrees, and the closer it was to the tip, the more obvious the reduction
was. The overall torque of the blade section at a height less than 0.05c away from the blade tip was
negative work.

Second, a bulkhead was added to reduce blade tip vortex. The effect was more obvious when
the bulkhead was enlarged. However, a larger bulkhead could generate resistance, which limited the
improvement of the total torque. When the bulkhead size increased to a certain extent, the total torque
of the blade changed slowly. In the six cases of A = 0, 0.18¢, 0.35¢, 0.56¢, and 0.76¢ selected in this
study, it was calculated that A = 0.35c was the best extension size, and the torque power of the blade at
this time increased by 4.25% compared with the blade without a tip device.

In addition, different heights of the supporting strut were considered in the calculation. When
the position of the strut moved from the 4c-section to 1c-section, the total power of the rotor kept
increasing. The supporting strut could reduce tip vortex when it was located at the blade tip together
with the bulkhead. At this time, the total power increased by 9.05% compared with the conventional
structure whose supporting strut was at the height of 4c-section and no bulkhead.

Moreover, the effect of the top supporting strut-bulkhead structure was compared under different
tip speed ratios. Atlow TSRs, because of the serious stall, the supporting strut-bulkhead structure
did not show performance gain. While at higher TSRs, the torque of the whole structure was
significantly improved.

The design of this supporting strut-bulkhead structure provides an option for the design and
optimization of large VAWT structures in the future. Further studies can consider the interaction
between several blades and whether multi-blades will limit the installation of tip devices.
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