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Abstract: The aerodynamic characteristics of the vertical-axis wind turbine with three, four, five,
and six blades are studied numerically. A coupling model of fluid flow and solid turbine blade
is established to model the interactions between air and wind turbine. The pressure distribution
and blade deformation affected by air are obtained and discussed. For the four wind turbines with
different numbers of blades, the maximum pressure in the entire machine structure occurs at the
variable angle position of the blades in the windward region under the same wind speed. Mainly
due to the rapid airflow variation, complex turbulence, and significant influence of the wind field on
the blades in this position, this part of the blades is prone to bending or damage. Under identical
external wind field conditions, wind turbines with four and six blades exhibit significantly higher
equivalent pressures on their surfaces compared to those with five and three blades. The maximum
equivalent pressure of six blades can reach 3.161 × 106 Pa. The maximum deformation of the blade
basically occurs at the tip and four sides of the blade. The six-blade wind turbines withstand higher
and non-uniform surface pressures on their blades, resulting in the largest deformation of up to
11.658 mm. On the other hand, the four-blade wind turbine exhibits the smallest deformation. The
above conclusions provide theoretical guidance for the design and optimization of vertical-axis
wind turbines.

Keywords: wind turbine; aerodynamic performance; fluid–structure coupling; numerical simulation

1. Introduction

Due to energy shortage, many countries are actively promoting the development
and adoption of renewable energy. Wind energy, as a renewable, non-polluting, and
abundant resource, is attracting increasing attention from more and more countries [1–3].
It was reported that the wind energy industry had enjoyed its second-best year. It brings
global cumulative wind power capacity to 837 GW, showing year-over-year growth of
12.4% [4]. China plays a crucial role in the wind power sector, but as this industry expands,
the existing problems are increasingly exposed. The development speed of enterprises
engaged in the wind power industry starts to slow down, and the benefit is obviously
lower. The lack of independent research and development capabilities has posed difficulties
in the development of the industry. Secondly, quality issues are also the main problems
plaguing the progress of wind power development in our country. The “Twelfth Five-Year
Plan for Renewable Energy Development” in China outlines the goals for wind power
development. While wind power holds immense potential, it requires the market as a guide
and strengthens its own development to improve the technological content of wind turbine
power generation [5–7]. In recent years, China has invested a great deal of manpower and
resources into promoting wind turbine research, and the production of some large wind
turbines is a sign of progress in China’s wind turbine industry.

The wind turbine is a device that can harness the power of wind and convert it into
mechanical energy, which is subsequently transformed into electrical energy. Therefore, the
utilization rate of wind energy is an important indicator for evaluating the design of wind
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turbines, and it is also the main direction of current research [8,9]. At present, according to
the structure of wind turbines, they can be divided into vertical-axis wind turbines and
horizontal-axis wind turbines. The development of horizontal-axis wind turbines has a
relatively long history, and the technology is relatively mature, so currently, it holds a
market share of around 97%. The number of formed wind turbine blades is generally two
to three. The blades are installed radially along the wind turbine, and the shape of them
is mostly airfoil-shaped. When operating normally, the rotating surface of the impeller is
perpendicular to the wind direction. The wind turbine exhibits a relatively high starting
torque, but it also boasts a high utilization coefficient of wind energy [10].

The development of vertical wind turbines started early. However, most researchers
believe that vertical-axis wind turbines have lower wind efficiency compared to horizontal-
axis wind turbines, so vertical-axis wind turbines develop relatively slowly. However, with
the development of science and technology, the problems of horizontal-axis wind turbines
began to be exposed, such as high cost, difficult maintenance, and so on. At this time,
the vertical-axis wind turbine slowly began to receive attention. Researchers have started
to study the aerodynamic performance of vertical-axis wind turbines and improve their
appearance [11–13].

At present, there are mainly two methods for wind turbine research: experiments
and numerical simulation. The experiments can be divided into field experiments, ground
performance experiments, and wind tunnel experiments. Field experiments mainly use
equipment to test and analyze the power and electrical quality of wind turbine units, and all
data and experimental conditions must be carried out under actual conditions. While this
method ensures maximum reliability in obtaining results, it often comes with high costs,
and is difficult to guarantee 100% success of the experiments. Therefore, this method is not
suitable for the initial research stage but is rather appropriate for assessing the reliability of
results in the later stages of research. The practical application of wind turbines is to select
appropriate blade parameters [14,15] according to the local wind conditions. Conducting
research solely through experiments poses challenges in terms of cost and time. As a result,
computer simulation has emerged as an important development trend.

With the continuous development of simulation, there has been a growing trend of
using simulation software to analyze the aerodynamic performance of wind turbines. Many
experts and scholars abroad have made certain progress in the study of aerodynamic charac-
teristics of wind turbines using FLUENT software. Various analysis ideas and methods are
also being continuously validated in practice. Hoogedoorn and Jacobs et al. [16] conducted
a detailed study using FLUENT software to investigate the external flow around a two-
dimensional airfoil. They discussed the effects of factors such as the angle of attack of the
airfoil, chord length, and thickness on the lift and drag coefficient; MacPhee and Beyene [17]
conducted simulations using a finite volume fluid-structure interaction algorithm to study
rigid vertical-axis wind turbines (VAWTs). They explored the feasibility of flexible blade (or
deformable) VAWTs. Hsu and Bazilevs [18] used aerodynamic and fluid–structure interac-
tion (FSI) computational techniques to perform dynamic, fully coupled 3D FSI simulations
(referred to as “full-scale” simulations) of wind turbines with the presence of nacelles and
towers. Han [19] conducted a unidirectional fluid–structure interaction simulation analysis
of vertical-axis wind turbine blades. The study investigated the variations in blade surface
pressure, structural stress-strain, and displacement of monitoring points under different
tip-speed ratios. The research aimed to analyze the main loads acting on the blades during
the rotation of the wind turbine, as well as the stress-strain and displacement responses
of the blades. Wei [20] studied the numerical simulation methods for aerodynamic loads
on a 6 MW H-type vertical-axis wind turbine in a turbulent wind field. The research also
focused on the structural form and strength characteristics of H-type wind turbines. By
establishing a three-dimensional flow field mesh model and a structural finite element
model, the boundary conditions obtained from simulation analysis were used to perform
one-way fluid–structure coupling under startup, rated, and extreme conditions, validating
the structural strength of the wind rotor. Feng [21] et al. simulated the aerodynamic
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characteristics of a combined vertical-axis wind turbine using numerical simulations and
experimental validation. The research shows that the addition of a Savonius wind turbine
increased the power output of the combined wind turbine at low wind speeds, improving
its startup performance. However, when the wind speed exceeded 8 m/s, the power
properties of the combined wind turbine started to decline. Ageze [22] et al. conducted
a comparative study between uni-directional and bi-directional fluid-structural coupling
models for a horizontal axis wind turbine by FSI.

The FSI problem needs to solve the coupled equations between the fluid and the
solid fields, which can now be achieved due to advancements in numerical computation
methods and computer technology. The entire computational domain involves solving
the Navier–Stokes (N–S) equations for fluid flow and the nonlinear structural dynamics
equations [23–25]. Generally, an iterative approach is used, where the fluid and structural
domains are solved separately, and a coupling iteration is performed at each time step
until convergence is achieved before advancing forward. In engineering analysis and
research, since various physical phenomena are interconnected, pure single-field problems
do not exist. Therefore, solving and analyzing practical problems using a multi-field
coupling approach often yields more accurate and realistic results with more evident
practical implications.

In this paper, the vertical-axis wind turbine with different blades is studied. Due to the
limited thinness of the vertical turbine blades, long-term usage may lead to deformation
and damage in weak areas of the blades. The FSI approach is used to simulate the stress
distribution and deformation of the surface of three-, four-, five-, and six-blade wind
turbines under the condition of inlet wind speed v = 8 m/s. Additionally, the flow field
and surface characteristics of the wind turbines were discussed and analyzed. The results
and methods presented in this study might provide theoretical guidance for the optimal
design of a wind turbine. The graphical abstract of this paper is shown in Figure 1 below.

Figure 1. Graphical abstract of this paper.

2. Theoretical Background and Modeling Methods

In this example, an unidirectional coupling approach is employed, neglecting the
influence of solid deformation on the flow field. Figure 2 shows the flowchart of the fluid–
structure coupling analysis, which mainly involves utilizing the Fluid Flow module for
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flow-field analysis and the Static Structure module for mechanical analysis of the wind
turbine blades. The analysis was carried out through the coupled module constructed in
ANSYS Workbench 17.0.

Figure 2. Process of fluid-solid coupling analysis.

In this paper, the governing equation describing the motion of wind turbines is
established for analysis. The focus is primarily on simulating the rotation of wind turbine
blades under low-speed flow conditions, considering both blade rotation and external
wind speed. Energy transfer is not considered in the analysis, and the process is primarily
controlled by the continuity equation and momentum equation [26–29].

Continuity equation [30,31]

∂

∂t

y

V

ρdxdydz+
x

A

ρv ·→n dA = 0 (1)

In the formula, V represents the control volume; A represents the control surface; and
→
n is to control the external normal direction of the control surface. The initial term on
the left side of the equation is to control volume mass gain. The second term represents
the net mass flowing into the control body through its surface. According to the O-Gao
formula in mathematics, the above equation can be converted into a differential form in the
rectangular coordinate system [32,33]:

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (2)

In the formula, ρ is the density (kg/m3), t is the time(s), u, v, and w are velocity
components (m/s) in the x, y, and z directions, respectively.
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Momentum conservation equation [34]:
Momentum equation in x direction:

∂ρu
∂τ + ∂ρuu

∂x + ∂ρuv
∂y + ∂ρuw

∂z = − ∂P
∂x + ∂

∂x [µ
∂u
∂x ] +

∂
∂y [µ

∂u
∂y ] +

∂
∂z [µ

∂u
∂z ]+

µ[ ∂2u
∂x2 +

∂2v
∂y2 +

∂2w
∂z2 ]

(3)

Momentum equation in y direction:

∂ρv
∂τ + ∂ρvu

∂x + ∂ρvv
∂y + ∂ρvw

∂z = − ∂P
∂y + ∂

∂x [µ
∂v
∂x ] +

∂
∂y [µ

∂v
∂y ] +

∂
∂z [µ

∂v
∂z ]+

µ[ ∂2u
∂x2 +

∂2v
∂y2 +

∂2w
∂z2 ]

(4)

Momentum equation in z direction:

∂ρw
∂τ + ∂ρwu

∂x + ∂ρwv
∂y + ∂ρww

∂z = − ∂P
∂z + ∂

∂x [µ
∂w
∂x ] +

∂
∂y [µ

∂w
∂y ] +

∂
∂z [µ

∂w
∂z ]+

µ[ ∂2u
∂x2 +

∂2v
∂y2 +

∂2w
∂z2 ]− ρ0gβ

(5)

In the formula: u, v, and w is the velocity in the x, y, and z directions(m/s); µ is
viscosity (Pa·s); P is pressure (N/m2).

Dynamic grid governing equation:
The equation for the conservation of a general scalar ϕ on any control volume V of

boundary movement can be expressed as:

d
dt

∫
V

ρϕdV+
∫

∂V

ρϕ(
⇀
u −⇀

u g)d
⇀
A =

∫
∂V

Γ∇ϕd
⇀
A +

∫
V

SϕdV (6)

In the formula, V (t) represents the control volume that undergoes changes in size and
shape over time, ∂V(t) represents the boundary that controls the motion of the volume,

⇀
u g

represents the motion velocity of the moving grid, ρ represents the velocity of the fluid,
⇀
u

represents the velocity vector of the fluid, Γ represents the dissipation coefficient, and Sϕ is
the source of the scalar ϕ.

In Equation (6), the time derivative term can be obtained by using the first-order
backward difference formula:

d
dt

∫
V

ρϕdV =
(ρϕV)n+1 − (ρϕV)n

∆t
(7)

In the formula, superscripts n and n + 1 denote the current and next-time layers. The
control volume at the (n + 1)th time step, denoted as Vn+1, can be obtained using the
following formula:

Vn+1 = Vn +
dV
dt

∆t (8)

In the formula, dV
dt is the derivative of the control with respect to time. To satisfy the

conservation law of the grid, the derivative of the control body with respect to time can be
calculated by the following formula:

dV
dt

=
∫
∂v

⇀
u gd

⇀
A =

n

∑
f

j
⇀
u g,j

⇀
Aj (9)
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In the formula, n f is the number above the control volume and
⇀
Aj is the jth area

vector. The dot product
⇀
u g,j

⇀
Aj on the faces of each control volume can be calculated by the

following formula:
⇀
u g,j

⇀
Aj =

δVj

∆t
(10)

In the formula, δVj is the volume swept out by surface j on the control body in the
time step ∆t. The governing equation of the fluid has been discussed above in this paper.
The governing equation of the structure is analyzed. Considering the effect of the outflow
field, the dynamic response of the blade structure is described by the following equation of
motion [35]:

Mu′′ + Cu′ + Ku = F(t) (11)

In the formula: M is the mass matrix, C is the damping matrix, K is the stiffness matrix,
F is the load exerted by the fluid on the blade, u is the structural displacement of a wind
turbine, u′ is the blade velocity, and u′′ is the acceleration. For the analysis of fluid and
solid, using the same time step, the three-dimensional transient flow field is obtained first,
and then the transient dynamic characteristics of the structure are analyzed.

3. Condition Setting
3.1. The Establishment of the Coupling Model

In the simulation, the calculation area is selected as 30 × 20 × 15 m. The standard
Realizable k-epsilon turbulence model is used due to the large computational load, along
with the SIMPLE algorithm to ensure faster convergence. At the same time, by selecting
the Enhance Wall Treatment option, the simulation errors can be reduced, and the fluid
characteristics typically avoided near the blade can be captured.

In this model, analysis models of four kinds of leaves are established simultaneously
in the same analysis domain. According to the above analysis, four kinds of blade widths
with the highest wind energy utilization coefficient are selected, respectively. The width
of three blades is 1.34 m; the width of four blades is 1.0 m; the five-blade blade width is
0.8 m; the six-blade blade width is 0.72 m. The installation Angle is 0◦, the wind speed is
8 m/s, and the rotational speed is 20 rpm. The blade surface is set as a non-slip boundary.
In the solid computing domain, the hub is set as a fixed-end constraint without considering
the gravity load condition. In order to minimize the influence of four wind turbines with
different numbers of blades, the distance between them is maintained above 15 m. The
figure shows the schematic diagram of the established three-dimensional analysis model.

3.2. Coupled Meshing

For the meshing of the coupling model, the solid region and fluid region need to be
distinguished, and grids should be divided respectively for different regions. Meanwhile,
an interface is used to connect the interface between fluid and solid [36,37].

3.2.1. Fluid Meshing

When the flow field is analyzed, the solid wind turbine grid is first suppressed, and
a hybrid meshing approach is used to partition the entire domain. In regions near the
solid surfaces, an expansion layer is inserted to further capture the effect of the fluid near
the wall. Figure 3 shows the division diagram of the fluid grid. Unstructured grids are
employed and locally refined in the regions close to the blade rotation area. In contrast,
structured grids and a combination of structured and unstructured grids are used in the
regions far from the blade rotation area, utilizing a multigrid meshing approach to reduce
computational load.
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Figure 3. Physical model and computational mesh.

3.2.2. Solid Meshing

For the grid division of the solid region, a combination of tetrahedral and hexahedral
meshing techniques is used, with a focus on using tetrahedral meshes and localized
treatment of hexahedral meshes. This approach can effectively reflect the blade geometry
while minimizing the total number of grids [38,39]. It provides higher computational
accuracy and shorter computation time. It is important to note that when partitioning the
solid blade, the fluid region needs to be suppressed. Structured grids are employed for
meshing the wind turbine blades. Figure 4 shows the solid grid division diagram of a fan
blade. In order to compare the difference in the number of blades from the view, we have
zoomed out the overall view of the wind turbines with four, five, and six blades. Therefore,
from this view, the size and shape of each blade for these four wind turbines seem to be
different. However, all parameters of the individual blade are the same for these three-,
four-, five-, and six-blade wind turbines.
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Figure 4. Models of solid wind turbine, (a) three-blade, (b) four-blade, (c) five-blade, and (d) six-blade.

3.3. Mesh Quality Determination

In order to improve the mesh quality as much as possible, this paper obtains high-
quality mesh by means of mesh encryption on the blade surface and nearby boundary area.
The quality of the encrypted grid can be seen in Figure 5. It can be seen from the figure
that the mesh quality after local mesh encryption is obviously improved, basically reaching
more than 0.5. Such a grid satisfies the requirement of the accuracy of simulation results.

Figure 5. Grid quality display.
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3.4. Convergence Judgment

The determination of convergence is very important for the accuracy of the simulation
results. During the iterative calculation process, the calculation is considered to have con-
verged when the residual values of each physical quantity reach the specified convergence
criteria. By default, FLUENT uses a convergence criterion of reducing the residual values
of all variables to 10−3, except for the energy residual value [40,41]. The residual curves
of the five-blade vertical wind turbine in 40 s were simulated, and it can be seen from
Figure 6 that the calculation results have converged at this time. The Y-axis of Figure 6
is the computational residual, which indicates the relative error between the n step and
(n + 1) step in the iterative solving process.

Figure 6. Residual curve diagram of wind turbine running in model 40 s.

3.5. Definition of Physical Parameters

For the linear statics analysis of wind turbines, the material and specific parameters
of fan blades need to be considered. Since this paper does not consider heat transfer and
other issues, Young’s modulus, Poisson’s ratio, and density are considered when setting
parameters of blade material. The thermal expansion coefficient and heat transfer coefficient
of the material are not considered. In this paper, the blade of the fan is made of steel, and
the specific parameter design is shown in Table 1 [42]:

Table 1. Setting table of blade property parameters.

Poisson’s Ratio Young’s Modulus Density Yield Strength

0.25 206 GPa 7850 kg/m3 2.5 × 108 Pa
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4. Results and Analysis
4.1. Structural Stress Analysis

Figure 7 shows the schematic diagram of imported blade pressure. After the pressure
data is analyzed, fluent mechanical analysis is carried out using the fluid–structure coupling
statics module built. The pressure data generated by the fluid on the fan blade are loaded
into the statics analysis module through imported pressure.

Figure 7. Import pressure of the blades.

4.2. Pressure Field Analysis

It can be seen from the equivalent pressure field distribution of the blade surface in
Figure 8 that, under the same wind speed, the maximum pressure in the overall structure
appears in the variable angle position of the blades in the windward region. This is
mainly due to the rapid airflow changes, complex turbulence, and significant impact of
the wind field on the blade in this region, making the blade prone to bending or damage.
Furthermore, it can be found that the equivalent pressure on the surface of four-blade
and six-blade wind turbines is significantly higher than that on five-blade and three-blade
wind turbines under the same external wind field environment. The maximum equivalent
pressure of six blades can be reached at 3.161 × 106 Pa. The maximum blade surface
pressure of a five-blade wind turbine is 3.5607 × 105 Pa.

Figure 8. Cont.
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Figure 8. Vane variable distribution map of different wind turbines: (a) three blades; (b) four blades;
(c) five blades; (d) six blades.
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To analyze the pressure distribution on the blade, the center line of the blade is taken
as the reference line to analyze and observe the pressure distribution on the reference line.
The simulation diagram is shown in Figure 9.

Figure 9. Leaf reference line schematic diagram.

Table 2 shows eight equidistant reference points from top to bottom. Figure 10 shows
the pressure distribution trends of different blade reference lines. It can be seen that the
pressure of the four-blade and the six-blade is relatively large, and the pressure distribution
of the six-blade changes greatly, which can easily cause the deformation of the blade due to
uneven pressure distribution. In comparison, the pressure of three blades and five blades is
smaller, and the distribution of pressure is more uniform.

Table 2. Equivalent pressure gauge at different measuring points of blade.

Fan Type Point 1 Point 2 Point 3 Point 4 Point 5 Point 6 Point 7 Point 8

three-blade 6.23 × 105 5.76 × 105 4.75 × 105 4.02 × 105 3.62 × 105 3.58 × 105 4.90 × 105 5.01 × 105

four-blade 1.33 × 106 1.38 × 106 1.41 × 106 1.42 × 106 1.41 × 106 1.43 × 106 1.38 × 106 1.37 × 106

five-blade 7.92 × 105 6.61 × 105 4.22 × 105 2.41 × 105 1.61 × 105 1.34 × 105 1.68 × 105 3.93 × 105

six-blade 2.49 × 106 1.80 × 106 1.38 × 106 1.05 × 106 1.15 × 106 1.34 × 106 1.74 × 106 2.63 × 106

Figure 10. Trend map of stress distribution of different blade reference lines.
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As shown in Figure 10 and Table 2, the equivalent pressure distribution curve at
different measurement points on the three blades has a gentle trend, and the maximum
value is 6.23 × 105 Pa, while the minimum value is 3.58 × 105 Pa. The distribution curve of
the four blades has small local fluctuations, the overall trend is gentle, and the maximum
value is 1.43× 106 Pa, while the minimum value is 1.33× 106 Pa. The pressure distribution
curve of the five blades decreases slowly at first and then rises slowly with the increase of
the measurement point value, and the maximum value is 7.92× 105 Pa, while the minimum
value is 1.34 × 105 Pa. The pressure distribution curve of the six blades has a sharp trend
change, dropping rapidly as the measurement point value increases before rising quickly
after reaching the bottom, with a maximum value of 2.63 × 106 Pa and a minimum value
of 1.05 × 106 Pa.

4.3. Deformation Analysis

Figure 11 is the distribution diagram of blade deformation of different wind tur-
bines. From the figure, we can find that the maximum deformation of the three blades is
1.9044 mm, and the minimum value is 0.71515 mm. The maximum deformation of the four
blades is 0.84078 mm, with a minimum value of 0.20314 mm. The maximum deformation
of the five blades is 2.4217 mm, with a minimum value of 0.12165 mm. The maximum
deformation of the six blades is 11.658 mm, with a minimum value of 1.1918 mm. It can
be seen from the figure that the maximum deformation of the blade basically appears in
the position of the tip and four sides of the blade. At the same time, it can be seen that
among the four wind turbine configurations with different blade numbers, the six-blade
configuration has the highest maximum deformation, while the four-blade configuration
has the lowest maximum deformation.

Figure 11. Cont.
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Figure 11. Vane deformation map of different wind turbines: (a) three blades; (b) four blades; (c) five
blades; (d) six blades.



Appl. Sci. 2023, 13, 8612 15 of 17

5. Conclusions

The object studied in this paper is the vertical-axis wind turbine. Considering the
different number of wind turbine blades, combined with the aerodynamic theory, the aero-
dynamic performance of wind turbines is analyzed by computational fluid dynamics (CFD)
technology. The FSI method is used to study the pressure exerted on the blade surfaces of
three-, four-, five-, and six-blade vertical-axis wind turbines under flow conditions. The
results show that:

(1) For four kinds of wind turbines with different blade numbers, the maximum pressure
in the overall structure all appears in the variable angle positions of the blades in
the windward region under the same wind speed. This is primarily due to the rapid
airflow changes, complex turbulence, and significant influence of the wind field on
the blades at these positions, making them prone to bending or damage;

(2) The equivalent pressure on the surface of four-blade and six-blade wind turbines is
significantly higher than that of five-blade and three-blade wind turbines under the
same external wind field environment. The equivalent pressure distribution curves
at different measurement points on the three blades exhibit a gentle trend. The four-
blade distribution curve shows minor fluctuations in localized areas but has an overall
gentle trend. The pressure distribution curve of the five blades decreases slowly at first
and then rises slowly with the increase of the measurement point value. The pressure
distribution curve of the six blades has a drastic change, rapidly decreasing as the
measurement points increase, reaching the lowest point, and then quickly rising;

(3) The maximum deformation of the blades primarily occurs at the blade tips and
edges. Additionally, among the four-wind turbine configurations with different blade
numbers, the six-blade configuration has the highest maximum deformation, while
the four-blade configuration has the lowest maximum deformation.

The numerical results obtained in the present study could provide theoretical guidance
for designing and optimizing vertical-axis wind turbines.
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Nomenclature

V = control volume
A = control surface
→
n = controlling the external normal direction of the control surface
t = time
µ = viscosity
P = pressure
ϕ = general scalar
V(t) = space size and shape change with time control volume
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∂V(t) = boundary that controls the motion of the volume
⇀
u g = motion velocity of the moving grid
⇀
u = velocity vector of the fluid
Γ = dissipation coefficient
Sϕ = source of the scalar
Vn+1 = (n + 1)th time step control volume
n f = number above the control volume
⇀
A j = jth area vector
δVj = volume swept out by surface j on the control body in the time step
M = mass matrix
C = damping matrix
K = stiffness matrix
F = load exerted by the fluid on the blade
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