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H I G H L I G H T S

• The V-shaped blade is implemented to improve the power performance of VAWT.

• The V-shaped blade is a kind of low drag blade that increases the lift-drag ratio.

• The mechanisms of dynamic stalling and flow structures are studied carefully.

• The V-shaped blade alleviates the damage caused by lateral loads to VAWT.
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A B S T R A C T

The vertical axis wind turbine (VAWT) is regarded as an important device to utilize the renewable offshore wind
energy to supplement the existing power systems. Hence, the demand for higher wind energy conversion makes
the research focus on the blade optimization of wind turbines. This paper attempts to propose a novel VAWT
structure with V-shaped blade to improve the power outputs at moderate tip speed ratios. The feasibility of the
Reynolds-Averaged Navier-Stokes SST −k ω turbulence model applied on the VAWT was verified against
available experiments at first. Then a comprehensive investigation on the aerodynamic performance of such V-
shaped VAWT was carried out using the SST k-ω model. The results indicated that the maximum enhancement in
power coefficient obtained in the optimal V-shaped blade was about 24.1%. In addition to the great improvement
of the power efficiency, the V-shaped blade was proven to alleviate the damage caused by lateral loads to the
wind turbine. Besides, the flow structures over the blade surface were studied to reveal the mechanism of
dynamic stall with the reason of power increase explained. Moreover, it was found that the V-shaped blade could
effectively suppress the flow separation and delay the dynamic stall in the middle of the blade, and the un-
desirable blade tip effect would not be more serious comparing to that of the conventional straight blade. It was
finally concluded that the current work could be practically applied to the design and optimization of the VAWT
blades.

1. Introduction

Since the reduction of greenhouse gases became the common goal of
the world, renewable energy has been considered as an important way
to generate electricity. The offshore wind resource is one of the most
important sustainable and clean energy sources due to its abundant
reserves and has been utilized for many years [1]. In the past several
decades, the horizontal axis wind turbines (HAWTs) have played an

important role in the wind energy conversion. In order to achieve a
higher energy efficiency ratio, great efforts have been made on the
improvement of wind turbines such as maximization of the power
production, optimization of the wind farm, and minimization of the
blade mass [2,3]. Compared with the traditional horizontal axis wind
turbine, the vertical axis wind turbine (VAWT) has been proved to be
potentially dominant in the offshore wind utilization due to its ad-
vantages in simpler structure, lower cost and large scale development
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[4].
One primary concern with the VAWT is that the conversion effi-

ciency of wind energy is relatively lower than that of the HAWT. This
may be a result of the complexity of the flow around VAWTs as well as a
comparatively minor quantity of researches they had received. Thus, in
recent years, researchers have made in-depth study to obtain a com-
prehensive understanding of the complex aerodynamic characteristics
of VAWTs under different environmental conditions [5–7]. Various
methods and techniques have been employed on the aerodynamics of
VAWTs, including the Double-Multiple Streamtube Model [8–10],
Vortex Model [11,12], Cascade Model [13], and Computational Fluid
Dynamics (CFD) simulation [14–16]. Among these methods, CFD si-
mulation is considered as a high-fidelity method which can provide
much insight into the complete flow field [17] while the others do
simplify the wake interaction, tip vortex and dynamic stall effects [18].
Besides, both wind tunnel and field experiments [19–23] have also
played an important role with respect to flow field modeling and
physical interpretations. All these methods and techniques have been
utilized to evaluate the effects of a series of geometric parameters, such
as pitch angle [17,24], symmetry [25], airfoil profile [26,27], solidity
[27], and rotor aspect ratio [28]. The aerodynamic performance under
various operational conditions, including different tip speed ratios [29],
Reynolds numbers [30], turbulence intensities [31,32], as well as un-
steady [33], skewed or vertical wind conditions [34,35], have also been
investigated.

In addition to the aforementioned researches, in response to the
growing appeals for novel configurations and optimized designs of
VAWT to improve its power performance, some new concepts of con-
figurations and blade profiles have been proposed recently. Xu et al.
[36] carried out an experimental and numerical investigation on a disc-
shaped wind rotor for a small-scale wind turbine. The influences of tip
speed ratio, pitch angle and opening angle were estimated and a higher
power coefficient of the wind rotor was obtained. Pérez-Torró and Kim
[37] investigated the stalled flow characteristics of a NACA0021 airfoil
with a wavy leading edge using the Large-Eddy Simulation (LES)
technique. The results indicated that the increased lift force and the
decreased drag force were achieved by using the wavy leading edge
instead of the straight leading edge. Afterwards, Wang and Zhuang [38]
applied leading-edge serrations to a VAWT at low tip speed ratios for
performance improvement. The power output results showed that the
improved configuration did reduce the impact of dynamic stall effect
and increase the positive torque generation. Arpino et al. [39] proposed
a new Darrieus-style VAWT with three couples of blades for the rotor,
each composed by a main and an auxiliary airfoil. The new config-
uration was proven to have higher power coefficient at the lower tip
speed ratios compared with the classical straight-bladed VAWT, which
was suitable for urban applications. Chong et al. [40] redesigned the
VAWT and proposed a cross axis wind turbine comprising three vertical
blades and six horizontal blades arranged in a cross axis orientation.
The deflectors were used to guide the oncoming flow upward which
would interact with the horizontal blades and improve the performance
of wind turbines. Besides, considering the advantages of Darrieus and
Savonius wind turbine, Liu et al. [41] proposed a hybrid VAWT in
which an inner modified-Savonius rotor was utilized to improve the
self-starting capability. Another hybrid wind turbine was designed by
Govind [42] who integrated a vertical axis wind turbine into a hor-
izontal axis wind turbine to improve the aerodynamic performance.

Furthermore, in order to improve performance of the wind turbine,
the helical blade was employed into VAWT, which was originally pro-
posed for hydrokinetic turbines by Gorlov [43]. Apart from the studies
of such turbines operating under water [44,45], the aerodynamic per-
formance of helical VAWT has been investigated by both experimental
measurements and numerical simulations. Scheurich and Brown [46]
compared the aerodynamic performance of three VAWTs with different
configurations, including straight-bladed configuration, curved-bladed
configuration and helically twisted configuration. The helical VAWT

was shown to be more efficient than the straight-bladed VAWT at
constant rotational speed in unsteady wind conditions. The helical wind
turbine experienced lower power loss when blade curvature and helical
twist were optimized which resulted in a lower gradient in the variation
of the power coefficient versus tip speed ratio. Cheng et al. [47] com-
pared the results of a two-dimensional study and a three-dimensional
simulation of a helical VAWT using the LES and the Reynolds-Averaged
Navier-Stokes (RANS) models. The results showed that the power
output was mainly affected by the variation of angle of attack and
blade-wake interaction. Recently, Marten et al. [48] conducted the
aero-elastic simulation for a helical VAWT built in Italy, in which the
aerodynamic predictions was performed with the lifting line free vortex
wake model. And the results were validated against experimental data
and a blade element momentum simulation.

In addition to the improvement on the configuration of VAWTs,
Zamani et al. [49] proposed a J-shaped profile as the blade airfoil for a
straight-bladed vertical axis wind turbine. By eliminating a fraction of
pressure side of the airfoil, the self-starting performance was improved.
Besides, Ismail and Vijayaraghavan [50] investigated the effects of
semi-circular dimple and Gurney flap at the airfoil surface on the
aerodynamics of a vertical axis wind turbine. The response surface
approximation was utilized to maximize the average torque and the
modified airfoil was found to improve the performance of the wind
turbine. After that, Sobhani et al. [51] made further investigation of
dimple effects on Darrieus vertical axis wind turbine. A series of dimple
shapes with different diameters, profiles, and locations were studied to
enhance the aerodynamic performance. The results showed that the
average efficiency and the optimal performance were 25% and 18%
improved when using the blade with a cavity.

While numerous efforts have been made to improve the perfor-
mance of the VAWT in previous studies, there is still more space for the
wind turbine configuration improvement. In addition, compared to the
complicated modification of blade profiles or configurations which
would cause high manufacturing cost, a simple blade structure needs to
be developed for practical application. And it would just slightly in-
crease the cost if the existing manufacturing process of traditional
straight blade could be utilized to manufacture the new blade config-
uration. Furthermore, detailed characteristics of the unsteady aero-
dynamics and the stall events, as well as the flow structure around the
blade, still require further investigation.

In the present study, a novel VAWT with V-shaped blade will be
proposed to improve the performance of the conventional straight-
bladed Darrieus VAWT. A series of high-fidelity three-dimensional CFD
unsteady simulations were performed to evaluate the effects of different
V-shaped blades on the aerodynamics at a moderate tip speed ratio. The
wind turbine model and the schematic of the V-shaped blade were
presented in Section 2, then the details of computational domain and
solver settings were demonstrated. The study was carried out using the
RANS SST (shear stress transport) −k ω model, and the validation of
the numerical model was achieved by comparing power coefficients at
different tip speed ratios and dynamic torque as a function of azimuthal
angle with experiments as shown in Section 3. In Section 4, the aero-
dynamic characteristics and performance of the V-shaped blade VAWT
were investigated with respect to power coefficient, tangential and
normal forces, torque coefficient, and the flow field. Besides, a deep
insight into the cross-flow structure along the blade span was given by
comparing the phenomena occurred on the surfaces of straight blade
and V-shaped blade. Moreover, the pressure distributions over the blade
at the middle section, the 3/4 span section and blade tip were compared
for different azimuthal positions. Futhermore, the characteristics of the
turbine wake were investigated. Finally, several conclusions were de-
rived from the research results in Section 5.

The contributions of this work can be summarized as follows: (1) In
the present study, a series of V-shaped blades were constructed and
implemented on the rotor to greatly improve the power performance of
VAWT. It would provide a new way for the design of wind turbines,
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which could also be exploited in structure optimization. (2) The pre-
vious studies mainly focused on how to increase the lift of blade, while
the present study provides a kind of low drag blade which can also
improve the lift-drag ratio. (3) In previous studies, the aerodynamic
loads, including torque, thrust and normal force, were investigated for
different configurations or airfoil profiles. However, only a few studies
reported the findings about the lateral force on VAWT, and to our
knowledge, few study has shown the capability in decreasing lateral
force. In the current study, the results cast a new light on the reduction
in the damage to the VAWT caused by lateral force which prolongs the
service life of wind turbines. (4) The current study provides a com-
prehensive comparison between the dynamic loads on the V-shaped
blade and that of the conventional straight blade. The complete de-
scription of force-time history provides a detailed insight into the
change of aerodynamics. (5) The present study would add to the
knowledge of stalling mechanism by investigating the flow structure
around blade, which has rarely been performed in previous study. And
the comparisons of flow structure and pressure distribution at different
positions along the blade span surely help to identify which part con-
tributes to the performance improvements.

2. Methodology

2.1. Wind turbine model

A typical three-bladed vertical axis wind turbine is shown in Fig. 1,
and the detailed geometric parameters of the studied VAWT are pro-
vided in Table 1. An equal scale prototype of the straight-bladed VAWT
was selected from Castelli et al.’s study [19]. The NACA 0021 airfoil is
used to produce the rotor blades, and the struts and shaft are neglected
to simplify the model.

The solidity σ of the VAWT is defined as:

=σ Nc
D (1)

where N is the blade number, c is the chord length and D is the rotor
diameter.

Fig. 2 shows the mechanical characteristics of the blade during one
revolution. Assuming that the freestream velocity is the same in the
downwind region as in the upwind region [52], which means the effect
of flow induction is not considered in the current study. Therefore, the
relative local velocity W can be written as:

= + +

= + +
∞ ∞ ∞

∞

W U λU cosθ λU sinθ

U λcosθ λ

( ) ( )

1 2

2 2

2 (2)

The angle of attack α can be written as:

= ⎛
⎝ +

⎞
⎠

α sinθ
λ cosθ

arctan
(3)

where θ is the azimuthal angle of the blade, and the region ranged from
= °θ 45 to = °θ 135 is defined as the upwind region following the work

of Ferreira and Geurts [53], from = °θ 135 to = °θ 225 is the leeward
region, from = °θ 225 to = °θ 315 is the downwind region, from

= °θ 315 to = °θ 45 is the windward region. Here λ is the tip speed ratio,
defined as:

=
∞

λ R
U

Ω
(4)

The directions of tangential and normal forces, and the lift and drag
are also shown in Fig. 2. The tangential force coefficient CT and normal
force coefficient CN can be calculated as follows:

=C F
ρcHW

T
T

1
2

2
(5)

=C F
ρcHW

N
N

1
2

2
(6)

where F F ρ c H, , , ,T N , and W are the tangential force, normal force, air
density, chord length, span length and relative local velocity, respec-
tively.

The power coefficient of the wind turbine is defined as:

=
∞

C Q
ρU A

Ω
P 1

2
3

(7)

where ∞Q ρ U, Ω, , and A are the rotor torque, angular velocity, air
density, free-stream velocity, and swept area of the rotor, respectively.

Besides, the torque coefficient CQ, thrust coefficient Cthrust andFig. 1. The structure of a typical three-bladed vertical axis wind turbine.

Table 1
Geometric properties of the VAWT model [19].

Property Symbol Value

Airfoil profile – NACA 0021
Blade number N 3
Chord length c 0.0858 m
Rotor diameter D 1.030 m
Span length H 1.456 m
Swept area of rotor A 1.236 m2

Solidity σ 0.25

Fig. 2. The mechanical characteristics of the blade during one revolution.
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lateral force coefficient Clateral can be defined as:

=
∞

C Q
ρU AR

Q 1
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2
(8)
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∞
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2

2
(9)

=
∞

C F
ρU A
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lateral

1
2

2
(10)

And the directions of the thrust and lateral force are along stream-wise
direction and cross-wind direction, respectively.

2.2. Schematic of the V-shaped blade

The sketch map of the VAWT with V-shaped blade is shown in
Fig. 3. The position of the middle cross section of the blade moves
forward (backward) along the tangential direction of the rotor, which
may form an angle γ between the spanwise line and the vertical line
(also called swept angle in aeronautics). The distance between the
leading edge of the V-shaped blade and the leading edge of original
straight blade is defined as VΔ , and the leading edge is kept parallel
with the trailing edge for all blades. The averaged chord length of the V-
shaped blades in spanwise direction is maintained as the same to that of
the straight blade, which ensures the same solidity in all cases. Without
increasing or decreasing the projected area of blade and rotor, the ef-
fects of moving distance VΔ on the blade middle section will be re-
vealed in Section 4.

Besides, it should be noticed that for the rotor with V-shaped blade,
the swept area increases in the middle part compared with the straight
blade. The radius of the moving trajectory of V-shaped blade in the
middle part can be calculated as:

= +R R VΔmiddle
2 2 (11)

Thus, the increment of swept area AΔ is written as:

= − = + − =
+ −

A A
A

R R H
RH

Δ 1 ( )
2

1
1 1

2
V middle

V
R

Δ 2

2

(12)

Because VΔ is much smaller than R, even for the max =V cΔ 1.2 in
the current study, AΔ calculated is only about 0.989%. This increment is
small enough and the influence of the difference in swept area would be
ignored in the study.

2.3. Computational domain and boundary conditions

As shown in Fig. 4, a three-dimensional computational domain was
built to conduct the simulation. The length of the computational do-
main was 20D. The distance of the inlet boundary to the wind turbine
center was 5D, and the outlet was located 15D downstream from the
turbine center to make the flow field fully developed. The width and
height of the computational domain were set as 10D and 4H, respec-
tively. The sliding mesh technique was used to simulate the rotational
motion of the VAWT. The computational domain was divided into a
rotational region and a stationary region by setting interfaces. The data
of the flow within these two regions were transferred through interfaces

Fig. 3. The sketch map of the VAWT with V-shaped blade: (a) modification of the blade; (b) transformation of the three-dimensional model; (c) top view of the rotor.
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at each time step during the simulation. Besides, two refined regions
were created to obtain the detailed information of the flow field. For the
boundary conditions, the types of the inlet and outlet were set as uni-
form freestream velocity inlet and pressure outlet (0.0 Pa), respectively.
The velocity of the free flow and the density of air were taken to be

=∞U 9 m/s and =ρ 1.225 kg/m3 with a turbulence intensity of 5 % in
accordance to the experiments [19]. Finally, the other four sides of the
computational domain were assumed as slip walls, while the surfaces of
the blades were set as no-slip wall condition.

2.4. Numerical settings

The numerical settings utilized to solve the flow field are presented
in this subsection. The three-dimensional unsteady incompressible flow
was simulated by a finite volume-based CFD software STAR-CCM+ in
this study. Implicit unsteady segregated flow method was chosen to
solve the model. The SST −k ω turbulence model was utilized to solve
the Navier-Stokes equations. The SST −k ω model has been widely
applied in the aerospace industry, and it is suitable for solving the flow
field around the wind turbine [51,54] due to its superiority in the so-
lution of boundary layer flows.

The second-order upwind scheme was performed in the convection
terms and the second-order central difference scheme was used for the
temporal discretization. The SIMPLE algorithm was applied for cou-
pling the pressure-velocity equation and the RANS model. The rota-
tional motion of the VAWT was realized using sliding mesh. The azi-
muthal increment was set as 2°, which was proven to be sufficient for
the simulation of VAWT [32,55]. Therefore, a determined time-step size
T/180 (T is the period of one revolution) was employed during the
calculation at different tip speed ratios, and 20 iterations were per-
formed in each time step to ensure that the residuals were small en-
ough. In each case, eight revolutions were calculated and data sampling
for the average torque was conducted in the last two revolutions. All
simulations were performed on a small-scale Server with two Intel(R)
Xeon(R) CPUs (E5-2673 v3, 2.40 GHz), and about 168 h were taken to
calculate the eight revolutions.

3. Numerical model validation

3.1. Mesh independence analysis

The mesh generation was performed in the software STAR-CCM+,
where the trimmed mesher and prism layer mesher were utilized to
generate volume meshes and orthogonal prismatic cells next to the wall
surfaces of blades. To obtain an efficient mesh resolution scheme for the
simulation, the mesh independence analysis was conducted with three
computational meshes at the tip speed ratio =λ 2.60 where the max-
imum power coefficient CP was obtained in the experiments. Fig. 5 il-
lustrates the mesh topology and the boundary layer cells used in this
study. The properties of the three meshes, named as coarse mesh,

medium mesh, and fine mesh, are presented in Table 2. The main dif-
ference between three mesh schemes is the grid size around the blade.
The minimum sizes of the grid around the blade are × −12.5 10 4 m,

× −5.0 10 4 m, and × −2.5 10 4 m corresponding to the coarse, medium,
and fine mesh. For the boundary layer meshes, 30 layers of prismatic
boundary layer cells with a total thickness of 0.0064 m were created.
The growth ratio was set as 1.20 so that the wall function y+ during
the calculation was approximately equal to 1. The Reynolds numbers
calculated for this study are about = × ×Re 1.1 10 ~2.2 105 5.

Fig. 6 shows the instantaneous torque history for one blade during
the last two revolutions. It can be observed that the torque curves of the
medium mesh and fine mesh are almost overlapped while the torque of
coarse mesh is lower. As shown in Table 2, the power coefficient CP
defined in Eq. (9) was used to evaluate the performance of the three
mesh schemes.

The results show that with increasing the number of grids, lower
error is obtained in the simulation. The average deviation of torque is
small enough when the mesh is refined from medium to fine mesh,
resulting in 1% errors in power coefficient. And the solution on the
medium mesh is found to be sufficiently independent of mesh resolu-
tion. In this mesh topology, there are 170 points around the airfoil and
182 points along the spanwise direction. Thus, considering the com-
putational time, all the rest of the simulations were based on the
medium mesh scheme.

3.2. Validation

In order to evaluate the accuracy of the CFD results, the experi-
mental measurements conducted by Castelli et al. [19] was used to
validate the current model. The data of this experiment has been widely
used in the investigation of aerodynamic performance of VAWT
[51,17]. The validation study investigated a straight-bladed VAWT with
three symmetric NACA0021 airfoils. The wind turbine operated at
different tip speed ratios with the freestream velocity of 9 m/s and a
turbulence intensity of 5%. The boundary conditions of the solution
domain were set in line with that of the experiments to reproduce the
experimental conditions as much as possible. All the other computa-
tional settings were kept as the same as described in Section 2.4. The
target function, power coefficient CP, was chosen to evaluate the results.

The comparison of the current results of CP against experiments and
numerical data [19,51] is shown in Fig. 7. It can be observed that the
present study replicates the trend of power coefficient CP versus tip
speed ratio well, and a good agreement with the experiments can be
found although small discrepancies are observed. Besides, it should be
mentioned that after the experiment, only the data of average power
coefficient versus tip speed ratio were published by the authors.
Therefore, the dynamic torque coefficient variation obtained in the
current study was also compared with that of the numerical results
conducted by Castelli et al. [56] (see Fig. 8). It can be found that the
present study successfully replicates the variation of instantaneous

Fig. 4. The three-dimensional computational model and boundary conditions.
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toque coefficient.
There is a small overestimation of power coefficient CP for moderate

to high tip speed ratios. This can be partly due to the geometric sim-
plification of VAWT which can cause high obstruction effect at high
rotational speeds. For low to moderate tip speed ratios, the calculated
power coefficient CP is relatively lower than the experimental data. It
suggests that the model tends to underestimate the CP at these operating
conditions where the effect of geometric simplification is small. And
this trend of underestimation of airfoil performance was also reported
in the study by Ismail et al. [50].

Overall, based on the validation study, the numerical model is
proved suitable to reflect the aerodynamic characteristics of the VAWT
in wind tunnel, and is able to accurately replicate the experimental
results. Therefore, it suggests that the current numerical model can be
applied as a reliable approach in the simulations in following studies.

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

Table 2
Mesh topology around the blade.

Mesh Type Minimum Grid Size Total Number of
Grids

Power Coefficient
Cp

Coarse Mesh × −12.5 10 4 m 7.8 million 0.2347
Medium Mesh × −5.0 10 4 m 11.7 million 0.3023
Fine Mesh × −2.5 10 4 m 13.7 million 0.3048

Fig. 6. The comparison of instantaneous torque history between three mesh
schemes.

Fig. 7. Comparison of the current results against experimental and numerical
data [19,51].

Fig. 8. Comparison of the dynamic toque coefficient at tip speed ratio λ=3.1
[56].
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4. Results and discussions

4.1. Aerodynamic performance

The aerodynamic loads on the wind turbine are the main parameters
to measure its aerodynamic performance. The variations of the force

coefficients for different V-shaped blades are illustrated in this section.
Fig. 9(a) shows the variations of the torque coefficient versus azimuthal
angle at tip speed ratio =λ 2.60. It can be observed that the V-shaped
configurations change the distribution patterns of the torque coefficient
CQ in the revolution. In most of the upwind region, all the torque
coefficients of V-shaped blades are lower than that of the straight blade,

Fig. 9. The variations of the force coefficients versus azimuthal angle for different V-shaped blades: (a) torque coefficient CQ; (b) thrust coefficient Cthrust ; (c)
tangential force coefficient CT ; (d) normal force coefficient CN .

Fig. 10. Comparison of the lift and drag coefficients versus azimuthal angle for different V-shaped blades: (a) lift coefficient CL; (b) drag coefficient CD.
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and the larger moving distance VΔ results in lower CQ. In this region,
the difference of CQ for =V cΔ 0.6 and =V cΔ 0.8 is small. The peak
value of CQ for =V cΔ 0.6 is 0.226 occurring at = °θ 90 while the peak
value of CQ for =V cΔ 0.8 is 0.224 at = °θ 90 . The minimum peak value
of CQ is 0.212, which occurs on =V cΔ 1.2 at = °θ 90 . On the contrary,

in a small part of the upwind region and half of the leeward region
( ° ⩽ ≤ °θ115 180 ), V-shaped blades effectively improve the performance
of the wind turbine. Moving distance VΔ actually results in higher
torque coefficient, and when VΔ is raised up to c0.6 , the increment of
torque decreases. This is mainly due to the sudden increase in the drag

Fig. 11. The variations of the lift and drag coefficients versus angle of attack for different V-shaped blades: (a) lift coefficient CL; (b) drag coefficient CD.

Fig. 12. The variations of the force coefficients versus azimuthal angle for the inverted V-shaped blades: (a) torque coefficient CQ; (b) thrust coefficient Cthrust ; (c)
tangential force coefficient CT ; (d) normal force coefficient CN .
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coefficient which would be illustrated later. In the downwind and
windward regions ( ° ⩽ ≤ °θ225 45 ), the V-shaped blades show both the
positive and negative effects which should be clarified separately. For

= =V c V cΔ 0.2 , Δ 0.4 and =V cΔ 0.6 , the positive effects on torque
coefficient are observed all over the downwind and windward regions,
among which =V cΔ 0.6 has shown the best performance. And it can be

found that the major positive value of the power output made by a
single blade is generated from the region ° ⩽ ≤ °θ30 150 and

° ⩽ ≤ °θ180 340 . On the other hand, a higher positive value of VΔ , in-
cluding = =V c V cΔ 0.8 , Δ 1.0 and =V cΔ 1.2 , results in more power loss
in the region from = °θ 225 to = °θ 5 comparing with the baseline
model, while a little benefit can be found from = °θ 5 to = °θ 50 .
Considering the overall performance of V-shaped blade with different
distances VΔ , therefore, higher positive values of ⩾V cΔ 1.2 are not
analyzed in the present study.

The comparison of the thrust coefficient variations versus azimuthal
angle for different V-shaped blades are shown in Fig. 9(b). Similar to
the instantaneous torque coefficient, the V-shaped configuration makes
a shift in the thrust coefficient Cthrust in the revolution. The thrust
coefficient of V-shaped blade is lower than that of straight blade in the
fore half ( ° ⩽ ≤ °θ0 180 ) while the value of Cthrust is higher compared
with the baseline model for ° ⩽ ≤ °θ180 360 in the revolution. This is
different from the trend of CQ, where the decrease in CQ from =V cΔ 0.8
to =V cΔ 1.2 is not observed for Cthrust. Conversely, the larger distance

VΔ results in higher Cthrust in this region.
The effects of distance VΔ for V-shaped VAWT on blade tangential

force coefficient CT and normal force coefficient CN are presented in
Fig. 9(c) and (d). The direction of the tangential force is along the chord
line from the trailing edge to the leading edge because there is no pitch
angle considered in the current study. The normal force is perpendi-
cular to the tangential force and points to the center of the rotor. In the
most of the fore ( ° ⩽ ≤ °θ0 180 ) and aft ( ° ⩽ ≤ °θ180 360 ) halves of the
revolution, the normal force coefficient CN of V-shaped blade is lower
than that of straight blade. In the windward region, however, the

Fig. 13. Comparison of the fluctuation of the torque coefficient of the whole
rotor with three blades.

Fig. 14. Comparison of (a) power coefficient CP , (b) torque coefficient CQ, (c) thrust coefficient Cthrust , and (d) lateral force coefficient Clateral for different blades.
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normal force coefficients for = =V c V cΔ 0.8 , Δ 1.0 , and =V cΔ 1.2 in-
crease a lot while the minimum value of CN occurs at =V cΔ 0.6 . On the
other hand, the variations of tangential force coefficient are different. In
the fore half of the revolution, the V-shaped blade causes lower tan-
gential force coefficient in the upwind region while a higher coefficient
value is found in the leeward region. This trend is similar with that
found in the blade camber effect [14]. It indicates that energy extrac-
tion for the V-shaped blade is more balance between the fore and aft
halves of the revolution compared with the straight blade. In the
downwind region, distance VΔ has different effects on the tangential
force coefficient. The distance VΔ from =V cΔ 0.2 to =V cΔ 0.8 benefits
the tangential force coefficient, among which =V cΔ 0.6 is the optimal
one, while =V cΔ 1.0 and =V cΔ 1.2 result in the reduction of CT in this
region. It suggests that similar to the pitch angle controlling strategies
in the work of [17,57], only a certain value of distance VΔ can obtain
the optimal performance.

To make further investigation on the physics behind the shift in the
torque coefficient variations, the lift and drag coefficients are calcu-
lated. Fig. 10 illustrates the lift and drag coefficients versus azimuthal
angle θ at tip speed ratio =λ 2.60. It can be observed that when the
rotor start operating the lift coefficient of the blade increases gradually
and the maximum value of lift coefficient CL occurs at an earlier azi-
muthal position than angle of attack α. After that, an obvious dynamic
stall can be found for the straight blade (black solid line), where a re-
duction in lift coefficient and a sudden increase in drag coefficient
happen at about = °θ 120 . In the aft half of the revolution, another
stalling can be observed from = °θ 210 to = °θ 224 for the baseline
model. Comparing with that, the V-shaped blade can effectively reduce
the negative effect of dynamic stall. In the upwind region, the distance

VΔ of the V-shaped blade makes lowerCL compared with straight blade.
Meanwhile, the V-shaped configuration significantly reduces the drag
coefficient and eliminates the local mutation of drag coefficient from

= °θ 115 to = °θ 180 . It explains the improvements on torque coefficient
caused by the V-shaped blade in this region. Then in the aft half of the
revolution, the direction of the lift force changes and the absolute value
of lift coefficient is increased with VΔ . For the drag coefficient, how-
ever, the effect of V-shaped configuration should be discussed sepa-
rately. From = °θ 180 to = °θ 205 , all the drag coefficients of V-shaped
blades are lower than that of straight blade. After that, the drag coef-
ficients increase a lot and return to the same level as the baseline

model. For VΔ from c0.2 to c0.6 , the drag coefficients are slightly larger
than the baseline blade, while for VΔ from c0.8 to c1.2 the drag coef-
ficients increase dramatically resulting in more severe dynamic stall
phenomena. Besides, it should be noticed that the absolute lift coeffi-
cients of the V-shaped blade with VΔ from c0.8 to c1.2 decrease sharply
and no benefit is found for lift coefficient CL in the windward region.
The reason is that in this region the flow separation is more likely to
occur at the tip of the blades with high values of VΔ due to the cross-
flow along the span.

The variations of lift and drag coefficients versus angle of attack at
tip speed ratio =λ 2.60 are shown in Fig. 11. A large hysteresis effect
can be found in the force coefficient history. The lift coefficients of the
V-shaped blade increase linearly with the angle of attack for all cases.
And all of these are lower than that of the baseline model in the up-
stroke motion. After that, they are almost overlapped until the blade
rotates to the downwind region. In the negative angle of attack region,
the absolute lift coefficients of the V-shaped blade are higher than that
of the straight blade. And the blade is affected by the dynamic stall
earlier at a smaller absolute angle of attack in the downstroke motion.
On the other hand, it is observed that the maximum drag coefficient of
the straight blade occurs after the maximum angle of attack is reached.
It is clear that the drag coefficients of the V-shaped blade are much
lower than that of the baseline model in the fore half of the revolution.
It is due to the effect of V-shaped blade on suppressing flow separation,
which is also confirmed in the vorticity distribution around the blade
discussed later. However, the negative effect on drag coefficient can be
found in the V-shaped blade with higher values of VΔ in the negative
angle of attack region.

The variations of the torque coefficient CQ versus azimuthal angle
for different inverted V-shaped blades at the tip speed ratio =λ 2.60 are
presented in Fig. 12(a). For the inverted V-shaped blade, the distance

VΔ is set from = −V cΔ 0.2 to = −V cΔ 1.0 according to the previous
results. Similar to Fig. 9(a), the inverted V-shaped blades also show the
trend of changes in CQ in the revolution although quantitative differ-
ences are observed at certain positions. All the torque coefficients of
inverted V-shaped blades are lower than the baseline model in the
upwind region. The peak value of CQ for = −V cΔ 0.6 is 0.226 at = °θ 88
while the peak value of CQ for = −V cΔ 0.8 is 0.223 at = °θ 90 . In the
leeward and windward regions, all curves show similar trends as illu-
strated before, except for the value of the inverted V-shaped blade

Fig. 15. Comparison of power coefficient of each part for different blades: (a) average power coefficient; (b) instantaneous power coefficient.
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= −V cΔ 0.2 , which is higher than the straight blade from = °θ 200 to
= °θ 218 . In the downwind region, when the negative distance VΔ is

decreased to = −V cΔ 1.0 , the lower torque coefficient is found, im-
plying that the more negative distance VΔ will further damage the
performance of VAWT. The effect of the (inverted) V-shaped config-
uration on the torque coefficient in the upwind region is similar with
the trend found in pitch angle research [17], namely the baseline
straight blade makes the highest CQ within this region. Besides, in the
downwind region, negative pitch angles cause higher torque coefficient
and positive pitch angles make lower torque coefficient. However, for
the V-shaped VAWT, both the negative and positive values of VΔ can
improve the torque coefficient in a certain range. In addition, it should
be noticed that the less torque fluctuation generated by V-shaped blade
in the revolution (see Fig. 13) will make the torque coefficient curve of
the whole VAWT smoother, which to some extent, achieves the similar
effect as helical blade does [46], namely, to minimize rotor vibrations
and stabilize the performance.

Similarly, the thrust coefficient, tangential coefficient and normal
coefficient versus azimuthal angle for the inverted V-shaped blades are
investigated. There is no major change in the behaviors of these dy-
namic loads compared with the V-shaped blade. As shown in Fig. 12, for
the thrust coefficient of the single inverted V-shaped blade, two peaks
appear both in the upwind and downwind region. Smaller negative VΔ
results in lower thrust coefficient in the upwind region and generates a
larger value in the aft half of the revolution. Fig. 12(c) and (d) show the
tangential and normal force coefficient variations of the inverted V-
shaped blade. The history of CT and CN resembles what was found in the
case of positive VΔ for the most of rotating process. However, it can be
observed that the maximum tangential force coefficient of the inverted
V-shaped blade occurs at an earlier azimuthal position and is lower than
that of the V-shaped blade.

Fig. 14(a) and (b) show the comparisons of average power coeffi-
cient and torque coefficient obtained from different V-shaped config-
urations in the last two revolutions. From the results it is clear that the

Fig. 16. Comparison of time-averaged streamline patterns Ψ on blade surface: bifurcation line, BL; saddle point, S; (a) V-shaped blade; (b) straight blade.
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value VΔ of V-shaped blade has an important impact on the power
performance of wind turbine. Both for the V-shaped blade and the in-
verted V-shaped blade, increasing the absolute value of VΔ will im-
prove the performance of VAWT, and the optimum power outputs occur
at =V cΔ 0.6 and = −V cΔ 0.6 , respectively. After that, the effect of in-
creasing the absolute value of V on performance improvements de-
creases and even the performance degradations happen at = ±V cΔ 1.0 .

To find out which part of the modified V-shaped blade contributes
to the power improvement of VAWT, the blades are divided into four
equal parts along the spanwise direction to compare the performance of
power output. Here, only the straight blade and the V-shaped blade
with =V cΔ 0.6 which achieves the maximum power outputs are in-
vestigated. The average values and variations of power coefficients of
different parts of the blade are illustrated in Fig. 15. Among the four
separate blade segments, the segments containing the blade tip are
named as P1 and P4, while those containing the middle part of the
blade are P2 and P4, respectively. It can be found that most positive
power outputs are attributed to the middle segments of the blade, while
blade tip effect results in lower power coefficient near the blade tip. For
the VAWT with V-shaped blade, the aerodynamic performance is im-
proved for all segments of the blade, and the main enhancement is also

found in the middle parts of the blade where the power coefficient is
about 31% higher than that of the straight blade.

The comparison of the thrust coefficient can be found in Fig. 14(c).
It indicates that the V-shaped blade has a small effect on Cthrust, and a
similar conclusion was reached in the behavior of pitch angle control-
ling by Sim ̃ao Ferreira and Scheurich [58]. For the (inverted) V-shaped
blade, the relative change in Cthrust with different VΔ is less 5% which is
much smaller than those for CP and Clateral. This is contrary to the
findings by Rezaeiha et al. [17] in which the higher value of Cthrust was
associated with a higher CP. To confirm the relationship between the
thrust coefficient Cthrust and power coefficient CP, further research is
needed in the future.

A further novel finding is that the V-shaped configuration effectively
reduces the average lateral loads on the wind turbine as shown in
Fig. 14(d). The total aerodynamic load applied to the turbine can be
divided in both the streamwise and cross-stream directions [59]. Al-
though the lateral force is one of the main parameters in the evaluation
of structural strength, vibration and fatigue damage performance
[59–61], the wind turbine blade optimization in previous studies had
little effect on reducing the lateral force [17] except for the investiga-
tion of the number of blades [62]. In the current study, the lateral force
coefficients Clateral at the optimum value of =V cΔ 0.6 for the V-shaped
blade and = −V cΔ 0.6 for the inverted V-shaped blade are approxi-
mately 59% and 51% lower than that of the baseline model. This con-
figuration reduces the damage to the wind turbine caused by lateral
loads to a certain extent which was rarely mentioned in the previous
studies.

4.2. Flow structure

Time-averaged streamline patterns Ψ on the V-shaped blade surface
and straight blade surface are illustrated in Fig. 16. Based on the pre-
vious results, only the baseline model and the V-shaped blade with

=V cΔ 0.6 are investigated in the following sections, and the time-
averaged streamline patterns on the suction side of the V-shaped blade
and straight blade calculated during the fore half of the revolution
( ° ⩽ ≤ °θ0 180 ) are used to represent the flow structure on blade sur-
face. In the time-averaged streamline topology, it can be observed that
a line of separation, indicated by a negative bifurcation line BL, appears
both on the suction side of two blades. It is notable that the negative
bifurcation line BL on the V-shaped blade is closer to the trailing edge
compared with that on the straight blade. This is in line with the results
obtained in Section 4.1 and elucidates that the straight blade suffers
more severe dynamic stall at sufficient high angle of attack. For the
straight blade, several saddle points S [63] can be found on blade
surface (see Fig. 16(d) and (e)), reflecting the irregular and complex
cross-flow structures along the spanwise direction. And it also demon-
strates the higher drag coefficient observed in the revolution for the
baseline model. Besides, the time-averaged streamlines Ψ distributed in
the blade tip region are shown in Fig. 16(c) and (f). It suggests that the
flow structure in the blade tip region of the V-shaped blade is similar to
that of the baseline model. And this will also be confirmed later in the
static pressure distributions.

As shown in Fig. 17, the comparison of vorticity distributions at the
middle section =z H1/2 around two blades are illustrated to visualize
the formation and development of the flow separation. It can be ob-
served that the flows are basically attached to the blade surface for both
two models at the azimuthal angle = °θ 70 . When the blade rotates to
the position = °θ 100 , a mild flow separation can be found on the
suction side of straight blade surface shown in Fig. 17(b). After that the
trailing edge separation point gradually moves forward and the
strengths of trailing edge and leading edge vortices increase a lot, in-
dicating the severe dynamic stall occurred at these positions. It also
corresponds to the sharp decrease in the torque coefficient in Fig. 9. On
the contrary, the V-shaped blade shows superiority in suppressing flow
separation. At the position = °θ 130 and = °θ 160 (see Fig. 17(c) and

Fig. 17. The comparison of vorticity distributions at the middle section around
two blades: (a) = °θ 70 ; (b) = °θ 100 ; (c) = °θ 130 ; (d) = °θ 160 .
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(d)), the flow separations on the V-shaped blade surface are effectively
suppressed and the strength of shedding vortices are relatively smaller.
A similar pattern of results was obtained in study of swept wing by
Medina et al. [64]. And it is consistent with the torque coefficients on
the blades shown in Fig. 9(a).

4.3. Static pressure distribution

The static pressure distributions at the middle section, the 3/4 span

section and the top section are shown in Fig. 18. It can be found that in
the upwind region ( ° ⩽ ≤ °θ45 135 ), the straight blade results in a
higher negative pressure in the leading edge except for the top section.
However, the pressure distribution pattern changes in the leeward and
downwind region ( ° ⩽ ≤ °θ150 330 ). At the middle and the 3/4 span
sections, the higher negative pressure can be observed on the V-shaped
blade surface while the positive pressure is almost the same. This
greater pressure difference between the pressure side and the suction
side results in higher lift coefficients mentioned in Section 4.1. Besides,

Fig. 18. The static pressure distributions on blade surface: the section of V-shaped blade, V-z; the section of straight blade, S-z.
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the tip vortex effect can be clearly observed at the azimuthal angle
= °θ 100 and = °θ 150 where the presence of the vortex causes a dis-

tinctive pronounced suction region similar to the findings by Lombard
et al. [65]. In the aeronautic engineering, it is generally considered that
the pressure difference between the blade root and blade tip promotes
the cross-flow and makes the boundary layer thicker at the blade tip,
which is prone to flow separation at subsonic speed [66]. It is suggested
that the V-shaped blade might also have deficiency in the blade tip
effect compared to the straight blade at subsonic speed due to the
stronger cross-flow. However, there is only a little difference between
the pressure distributions at the top section of two kinds of blades as
shown in Fig. 18. This might be due to the low freestream velocity and
low swept angle of blade in the current study which keeps the ad-
vantages of V-shaped blade in lifting and drag coefficients, and prevents
V-shaped blade form suffering stronger blade tip effect.

4.4. Wind turbine wake

The movement and development of the shedding vortices form the
wind turbine wake. Based on the Kutta-Joukowski theorem and the
definition of the lift coefficient [67], the connection between the cir-
culation around the blade and lift coefficient is built up. The unsteady
circulation Γ means the continuous vortex shedding from the blade.
And the shedding vortex has strength equal and opposite to the rate of
change of circulation per azimuthal angle [67], written as:

∂
∂

= − ∂
∂∞θ

U c C
θ

Γ 1
2

L
(13)

Thus, in the current study, calculated by the simplified local velocity
W, the non-dimensional form of Eq. (14) is provided in [53] as follows.

∂
∂

= − ∂
∂cW θ
C
θ

2 Γ L
(14)

Fig. 19 shows the strength of the shedding vortex of a single blade
over the last revolution for the straight blade and V-shaped blade,
where the positive value indicates counter-clockwise circulation. It can
be observed that in the upstroke motion of the blade where CL increases
shown in Fig. 11(a), clockwise vortices shed corresponding to the
curves with negative value, while counter-clockwise vortices shed
during the downstroke motion. And it can be found that the V-shaped
blade reduces the strength of the shedding vortex, which might be due
to the flow separation suppression illustrated in Fig. 17.

To ensure the wind turbine wake fully developed, more revolutions
of the rotor are needed in the study [68,16]. And the streamwise ve-
locity distribution was monitored for checking the convergence of wake
properties [69]. Fig. 20 shows the averaged streamwise velocity dis-
tributions at distances of X = 4D and X = 6D with different revolu-
tions. It can be observed that the far wake takes much more time to
reach a state of full development compared to the near wake. Besides, it
can be seen that after 20 revolutions, the far wake achieves the con-
vergence in the streamwise velocity distribution which can be used in
the following investigation.

The profiles of averaged streamwise velocity distribution of the

Fig. 18. (continued)

Fig. 19. Shed vorticity by a single blade over the last revolution.
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wind turbine wake over the last revolution are shown in Fig. 21. The
normalized streamwise wind velocity along the lateral lines (cross-wind
direction) with different distances from the center of the rotor can be
found in Fig. 21(b) and (c). The asymmetric distribution of streamwise
velocity can be found in the wake both for the straight blade and V-
shaped blade. And it can be clearly seen that as the wake develops, this
asymmetry become more obvious at distance of =X D6 compared to
that of near field which is consistent with the findings in experiment
[70]. Besides, the wind velocity deficit in the wake is evident for the
straight blade at medium distance of =X D5 , which was confirmed as
wake self-induction effect in the test [71]. Compared to that, the V-
shaped blade has made great difference in the streamwise velocity
distribution. On the mid span plane, the asymmetry of streamwise ve-
locity distribution of the VAWT with V-shaped blade is opposite to that
of the straight blade. Fig. 21(d) and (e) show the profiles of streamwise
velocity on several lateral lines along the Z axis at distance of =X D3 . It
is found that all low speed regions of the wake for the VAWT with
straight blade move to the same side ( >Y D/ 0), while velocity deficit
regions of the wake of V-shaped blade gradually move to the other side
along the Z axis as shown in Fig. 21(e).

5. Conclusions

The present study investigated the aerodynamic performance of a
novel VAWT with V-shaped blades. The SST −k ω model has been
utilized to evaluate the effects of different V-shaped blades on the
aerodynamic behaviors. The results indicate that the V-shaped blade
has better performance in wind energy conversion compared to the

baseline model.
The main conclusions are summarized as follows:

(1) Both the V-shaped blade and the inverted V-shaped blade can im-
prove the performance of VAWT. The optimal power output can be
found in the V-shaped blade with =V cΔ 0.6 , and the enhancement
in power coefficient is more than 20%.

(2) The major positive contributions to the power output is generated
within the region ° ⩽ ≤ °θ30 150 and ° ⩽ ≤ °θ180 340 . And the re-
duction in the torque fluctuations of VAWT results in more stable
performance and less rotor vibrations.

(3) The optimal V-shaped blade significantly reduces the drag coeffi-
cient in the region form = °θ 120 to = °θ 205 . In this way, a higher
lift-drag ratio compared to that of the straight blade is achieved.

(4) The V-shaped blade has a small effect on the thrust coefficient of
VAWT, but effectively reduces the average lateral loads on the wind
turbine.

(5) The straight blade suffers more severe dynamic stall compared with
the V-shaped blade due to the irregular and complex cross-flow
structures on the surface of the former one.

(6) The enhancement in power coefficient mainly attributes to the
middle part of the V-shaped blade, while more energy is lost in the
blade tip region. However, the blade tip effect of the V-shaped blade
is not more severe than that of the straight blade.

(7) The utilization of V-shaped blade changes the distribution of local
low speed region in the turbine wake, which should be taken into
consideration in the wind farm scenario.

Fig. 20. Streamwise velocity distribution of the wind turbine wake at different distances with different revolutions: (a) = =V c X DΔ 0.6 , 4 ; (b) = =V c X DΔ 0.6 , 6 .

J. Su, et al. Applied Energy 260 (2020) 114326

15



Overall, the results of the current work provide a new idea for im-
proving the performance of VAWT. The V-shaped blade can be applied
as an effective and potential solution for dynamic stall in wind turbines.
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