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Abstract: This article presents the results of experimental and numerical studies on a single coherent
rotor blade. The blade was designed for a vertical-axis wind turbine rotor with a self-adjusting system
and planetary blade rotation. The experimental tests of the full-scale blade model were conducted in
a wind tunnel. A computational fluid dynamics (CFD) analysis of the blade’s cross section was then
carried out, including the boundary conditions corresponding to those adopted in the wind tunnel.
The main objective of the study was to determine the aerodynamic forces and aerodynamic moment
for the proposed single coherent cross-section of the blade for the carousel wind rotor. Based on the
obtained results and under some additional assumptions, the driving torque of the wind rotor was
determined. The obtained results indicated the possibility of using the proposed blade cross-section
in the construction of a carousel wind rotor.

Keywords: wind turbine; single coherent blade; aerodynamic forces; wind tunnel test; CFD analysis

1. Introduction

Vertical-axis wind turbines (VAWTs) are design solutions based mainly on three basic
rotors, which are the Darrieus wind rotor, the Savonius rotor and the H-type rotor [1–3], as
presented in Figure 1. Vertical-axis wind turbines are much simpler to construct and less
expensive to operate than horizontal-axis wind turbines (HAWTs). However, they are not
very popular, mainly due to their low rotational speed and low efficiency [4,5].

The Darrieus rotor consists at least of two thin, semicircular curved blades that rotate
in a vertical plane [6]. The studies presented by Mohan Kumar et al. [7] and Gorelov
et al. [8] provide a comprehensive overview on the development of these wind turbines
from early to current applications. Two more publications on the practical applications
of the Darrieus turbine can be cited here. These are the study by Islam et al. [9] and the
work by Gharib-Yosry et al. [10], where the authors presented the operation of the Darrieus
turbine rotor as a wind or hydro microgenerator.

The Darrieus rotor is not provided with a wind orientation system, but due to its
propelling torque of practically zero, it is necessary to use an auxiliary drive designed for
start-up [11,12]. This can be an electric motor or an assist rotor such as the Savonius rotor,
which is a rotor with a simple design and a high starting torque. It comprises two blades
that are aligned with each other so that they form an “S” shape in the cross-section of the
rotor. The gap obtained between the blades reaches a dimension in the range of 0.1 to
0.15 of the single rotor blade diameter [13]. To improve the coefficient of power and to
obtain the uniform coefficient of the static torque, the conventional Savonius or modified
forms of this rotor have been investigated. Among the studies aiming to achieve these
objectives are those conducted by Kamoji et al. [14] and Moutsoglou et al. [15].

Several modified turbine designs can be obtained by combining the advantages in
design and aerodynamic features of two different turbines (like a simple design or no need
to use the self-adjusting system), while eliminating their disadvantages (like low efficiency
or high driving torque fluctuations). Examples of such designs include the following: the
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TURBY turbine presented by Bussel et al. [16], the H-Darrieus turbine [17] or the spiral
wind turbine, like the one presented by Nader et al. [18]. The quoted designs are wind
rotors that ensure uniform operation independent of the wind direction and that emit low
noise levels during operation.
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Figure 1. Basic types of vertical axis wind rotors: (a) Darrieus, (b) Savonius, (c) H-type. 

An alternative to the above design solutions is the carousel wind rotor described in 
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Figure 1. Basic types of vertical axis wind rotors: (a) Darrieus, (b) Savonius, (c) H-type.

An alternative to the above design solutions is the carousel wind rotor described in
publications [19,20] and presented in Figure 2. The rotor comprises at least three blades
connected to the drive shaft by means of a gear. Each of the blades requires proper balancing
so that the resistance on the bearings during operation is as low as possible. This rotor has
a vertical axis of rotation and planetary blade motion.
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Figure 2. Carousel wind rotor: (a) structural design, (b) planetary gear.

The rotor blades are aligned on vertical rotor pivots and are coupled by gears with a
gear ratio of 1:2 to a sleeve coaxial using the rotor axis. This causes the blades to rotate at
half the speed and in the opposite direction to the rotor rotation. The angular position of
the blades relative to the wind direction is determined by the self-adjusting system [20].
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This system is connected directly to the worm gear sleeve located under the rotor housing
and then coupled to the planetary gear.

The operating principle of the carousel wind rotor implies that the blade surfaces work
alternatively, every second revolution of the rotor. Therefore, the cross-section of the blades
has point symmetry. A large propelling torque, caused mainly by drag force and to a lesser
extent, by lift force, is typical for the carousel wind rotor. The other typical feature of the
rotor is a low turbine speed during operation. The rotor reaches and keeps its maximum
speed despite increasing the wind load, which follows from the kinematics.

One of the main design problems related to the vertical-axis carousel wind rotor is the
selection of an appropriate cross section for the blades. Our research focuses on verifying
the feasibility of the proposed single coherent blade section in this type of rotor.

1.1. Movement of the Single Blade of the Carousel Wind Rotor

The shape of the blades and the nature of the blade movement relative to the rotor’s
axis of rotation are of major significance in the search for the most advantageous design
solutions for the carousel wind rotor. In this study, we focused on the single coherent
cross-section of the blade. The planetary movement of the blades is characteristic of the
carousel wind rotor. The movement referred to the single blade considered in this study is
shown in Figure 3. The x, y coordinates refer to the global coordinate system related to the
rotor. Meanwhile, the η, ξ coordinates refer to the moving coordinate system related to the
blade. The planetary motion of a single blade, starting from position A1 up to position A8,
is shown in Figure 3.
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Figure 3. Scheme of the forces acting on the single rotor blade for the selected positions relative to the
rotor axis (VAWT), where V is the wind speed relative to the turbine blade [m/s]; V0 is the peripheral
speed of the rotor [m/s]; W is the wind speed [m/s]; Rξ , Rη and Mηξ are the forces and the torque
acting on the blade in the moving coordinate system, α is the angle of the rotor rotation, and the
position of the blade relative to the rotor, α = 0–2π [rad] (α = αs in numerical calculations [◦]); γ is
the wind attack angle on the turbine blade, γ = α/2 [◦]; β is the angle of the wind stream operation
relative to the rotor [◦]; and R is the radius of the rotor [m].
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The action of wind W on the blade surface causes it to rotate around the rotor axis. An
appropriate planetary gear ratio enables favorable blade positions to be obtained during
rotor operation. Position A5 is the most advantageous for easy rotor starting when β = 0.
The effective operation of the blade is achieved when the blade passes from position
A3 to position A7. In turn, when the blade passes from position A7 to position A3, low
aerodynamic drag occurs despite the rotor blade passing upwind. As a result of the blade’s
planetary motion, a single cycle of the blade’s transition from position A1 back to position
A1 results in a 180◦ rotation of the cross-section. This means that the blade returns to the
starting position A1 every second cycle.

1.2. Procedure for Calculating Propelling Torque

According to Figure 3, the blade of the wind rotor is subjected to forces Rξ , Rη and
torque Mηξ . Therefore, a general formula for the total rotor-propelling torque generated
by one blade M1(αs), as a function of the angle of the rotor rotation α(αs), can be written
as follows:

M1(αs) =
[
−Rη · cos

(α

2

)
+ Rξ · sin

(α

2

)]
· R + Mηξ , (1)

where R is the radius of the rotor equal to 1.5 m.
The total torque for the three rotor blades MIII(αs), relative to the coordinate system η, ξ

and for V0 = 0, is the sum of the torques of each of the rotor blades M1(αs), M2(αs) and M3(αs)
as a function of the angle of the rotor rotation α(αs), as given by the following equation:

MIII(αs) = M1(αs) + M2(αs) + M3(αs) (2)

2. Materials and Methods
2.1. Cross-Section of the Carousel Wind Rotor Blade

According to the research results of Rogowski et al. [21], as well by as comparing these
results to information provided in the Wind Tunnel Data for NACA 4418 Series Airfoil [22],
the NACA 4418 airfoil was found to be the most preferable airfoil for application in vertical-
axis wind turbines. However, concerning the blade motion of the carousel wind rotor,
described in the previous section, it was concluded that the cross-section for such a rotor
must have point symmetry, as shown in Figure 4a. Therefore, the blade section resulting
from the connection of two identical airfoils was adopted, as shown in Figure 4b. Finally,
the resulting single coherent cross-section of the blade was proposed, as presented in
Figure 4c.
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Due to the dimensions of the wind tunnel working section, the overall dimensions of
the tested blade were adopted as summarized in Table 1:

Table 1. Overall dimensions of the tested blade model.

Dimension Name Value

width of the rotor blade [m] aS = 0.250
length of the blade [m] bS = 0.044
height of the rotor blade [m] h = 0.625

For the assumed dimensions of the tested blade, the geometric scale kD was 1/1.
Therefore, the determination of other similarity criteria was not required.

An additional advantage of the single coherent blade is the impact of the aerodynamic
effect on the driving torque schematically illustrated in Figure 5. Concerning a flat blade
over the entire surface, the aerodynamic force Ns acts on arm r1. In turn, for the considered
single coherent shape of the blade, an additional pair of forces Na × r occurs. This results
in an advantageous shift in the resultant force N to the larger arm r2 with respect to the
rotor rotation axis O. The driving torque is N × r2 > Ns × r1, which provides an increase in
the power of the turbine rotor.
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2.2. Wind Tunnel Test Conditions

The experimental tests were conducted in the wind tunnel of the Wind Engineering
Laboratory at the Cracow University of Technology. This is a wind tunnel of a mixed
circuit: closed or open. In the case of our study, the tunnel operated in a closed circuit. The
air flow was forced by a fan placed behind the working section, which sucked in the air.
The dimensions of the working section are as follows: width equal to 2.20 m, height from
1.40 to 1.60 m, and length of 10 m, including 2 m for the measuring section [23]. The basic
characteristics of the measurement parameters are shown in Table 2.

Table 2. Characteristics of measurement parameters.

Parameter Value

Geometric scale kD 1:1
Mean values of wind speed Wref [m/s] 12.5
Mean value of dynamic pressure qref [N/m2] 96.4
Mean turbulence intensity IW [%] 8
Number of considered wind directions 18 (0◦–180◦)
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The tested blade was attached via the supporting element to an aerodynamic balance
at a height of 300 mm above the level of the measuring table. The supporting element was
shielded by a fairing to prevent an increase in the wind load, as shown in Figure 6a.
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wind profile (Wref = 12.5 m/s).

The turbulence intensities IW(hw) were calculated according to the following formula:

IW(hw) =
σ(hw)

Wre f (hw)
(3)

where Wref(hw) is the mean value of the wind speed, σ(hw) is the standard deviation of the
wind speed and hw is the height of the wind profile.

The formation of the wind profile took place in the first part of the wind tunnel
working section, over a length of 6 m, using a turbulence grid and spires with appropriate
geometry and spacing. The wind tunnel was equipped with 0.2 m high barriers and 1 m
high spires to force turbulent air flow. The resulting turbulence level was about 8%.

The wind speed measurement was carried out using a set of pressure sensors. The
mean wind speed was calculated based on the mean speed value of the wind profile. The
wind profile was determined for heights in the range of 0 to 900 mm for each of the cases
analyzed. The wind profile for average values is shown in Figure 6b. Considering the
height and position of the tested blade, the mean value of the wind speed Wref = 12.5 m/s
was accepted for further analyses. The pressure sensors were placed in a vertical plane on
the left side of the tested blade, as shown in Figure 6a. The measurement time was assumed
to be 10 seconds, during which, 6000 samples were collected.

For the tested blade, the aerodynamic forces Px, Py and the aerodynamic torque
Mxy were measured using the five-component aerodynamic balance based on the electric
resistance strain gauges [24]. The orientation of the fixed coordinate system x, y, z was as
follows: x—along wind direction; y—across wind direction; z—vertical direction.

The scheme of the applied measuring system is presented in Figure 7a. The tested blade
1 was mounted on a five-component aerodynamic balance 2. The balance was wired to an
amplifier module with a data acquisition system in order to 3 collect the aerodynamic force
values. The aerodynamic balance enabled the determination of components Px and Py of the
aerodynamic forces, as well as the torque Mxy with respect to the coordinate system, which
is shown in Figure 7b. The change in the wind attack angle was carried out by a turntable
with a stepper motor 4, which was used to change the angular position of the model relative
to the x, y plane and thus change the wind attack angle. The rotation of the stepper motor
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was controlled by a motor step control system 5. The turntable is a part of the aerodynamic
balance, and its axis of rotation coincides with the axis of the balance. The wind speed
was obtained based on the pressure measurements provided by sensors 6 located in the x,
z plane, which were connected to the pressure scanner 7. Aerodynamic forces and wind
speed measurements were recorded using a DaqBook card 8 on a PC 9. Similar problems,
including research in a wind tunnel, were described in publications [25–31]. In turn, the
authors of publication [32] conducted experimental studies in a wind tunnel to analyze the
dynamic response of a horizontal axis wind turbine depending on the number of blades.
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conditions: (a) The scheme of the measuring system (1—the tested blade, 2—the five-component
aerodynamic balance, 3—amplifier module with data acquisition systems, 4—the turntable with
stepper motor, 5—the motor step control system, 6—the pressure sensors located in the x, z plane,
7—the pressure scanner, 8—DaqBook card, 9—PC); (b) The assumed wind direction W; the angle of
diverting the wind β; the aerodynamic torque Mx; and aerodynamic forces Px and Py.

2.3. CFD Simulation

The analysis of the air flow around the turbine blades was carried out using the
ANSYS/Fluent Release 2020 R2 software. First, the k—ω SST turbulence model was
adopted. Then, discrete models were prepared, including proper boundary layer modeling
and mesh validation. Afterwards, the boundary conditions were defined. Finally, airflow
simulations were carried out for the analyzed single coherent blade in the range of the
wind attack angle from 0◦ to 180◦ with increments of 10◦.

2.3.1. Governing Equations

The ANSYS Fluent solved the mass and momentum conservation equations for all the
analyzed flows. The mass conservation equation in its general form is given by Equation
(4), while the momentum conservation equation is given by Equation (5). An additional
energy conservation equation, Equation (6), is solved for flows that take into account heat
transfer or the compressibility of the fluid [33]. In the analyses presented in this paper, the
energy equation was not included.

∂ρ

∂t
+∇·ρ→v = 0 (4)
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∂

∂t
(ρ
→
v ) +

→
v ·∇(ρ→v ) = −∇p +∇·=τ +

→
F′b (5)

∂

∂t
(ρet) +∇·

[→
v (ρet + p)

]
= ∇·

[
k∇T + (

=
τ·→v )

]
+ Sg (6)

where ρ is the fluid density, Nabla operator ∇ stands for the partial derivative with respect
to all directions in the coordinate system,

→
v is the velocity vector, p stands for static pressure,

=
τ is the stress tensor,

→
F′b stands for the body force per unit volume, et is the total energy in

the system, k is the thermal conductivity, T stands for temperature, and Sg is the heat of the
chemical reaction and any defined volumetric heat sources.

2.3.2. Turbulence Model

The Shear Stress Transport (k—ω SST) turbulence Menter model [34,35] was adopted
for the analysis of the air flow around the blade. This is a two-equation eddy–viscosity
model that is used for many aerodynamic applications [36–38]. The SST Menter model
combines the k—ωWilcox model [39] and standard k—εmodel [40]. A blending function
is used to activate the k—ω model near the wall and the k—ε model in the free stream.
This eliminates the problem with the k—ωmodel, which is sensitive to inlet free-stream
turbulence properties. The use of the k—ω SST model ensures that the appropriate tur-
bulence model is applied across the entire flow field. The two-equation k—ω SST model
written in conservation form is given by the turbulence kinetic energy Equation (7) and the
specific dissipation rate Equation (8).

∂(ρk)
∂t

+
∂(ρuik)

∂xj
= τij

∂ui
∂xj
− β*ρωk +

∂

∂xj

[(
µ + σ*µt

) ∂k
∂xj

]
(7)

∂(ρω)

∂t
+

∂(ρuiω)

∂xj
=

γ

νt
τij

∂(ρuiω)

∂xj
− βρω2 +

∂

∂xj

[
(µ + σµt)

∂k
∂xj

]
+ 2(1− F1)ρσω2

1
ω

∂k
∂xj

∂ω

∂xj
(8)

where ρ is the air density, k is the specific turbulence kinetic energy, t is time, τij is the stress
tensor, ui is the velocity vector, xj is the position vector, ω is the specific dissipation rate, β*,
σ* are the closure coefficients in the turbulence kinetic energy equation, µ is the molecular
viscosity, µt is the eddy viscosity, β, σ are the closure coefficients in the specific dissipation
rate equation, and νt is the turbulent kinetic viscosity.

The Favre-averaged specific Reynolds stress and strain tensors are given by Equations
(9) and (10). The turbulent eddy viscosity is computed using Equation (11).

τij = µt

(
2Sij −

2
3

∂uk
∂xk

δij

)
− 2

3
ρkδij (9)

Sij =
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)
(10)

µt =
ρa1k

max(a1ω, ΩF2)
(11)

A constant φ is obtained from Equation (12). The constants φ1 and φ2 refer to the k—ω
and k—ε models, whereas F1 is a blending function. The other auxiliary relations are given
by Equations (13)–(16).

φ = F1φ1 + (1− F1)φ2 (12)

F1 = tanh

[
min

[
max

( √
k

β*ωd
,

500ν

d2ω

)
,

4ρσω2k
CDkωd2

]]4

(13)
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CDkω = max

(
4ρσω2

1
ω

∂k
∂xj

∂ω

∂xj
, 10−20

)
(14)

F2 = tanh

[
max

( √
k

β*ωd
,

500ν

d2ω

)]2

(15)

γ1 =
β1

β* −
σω1κ

2√
β*

, γ2 =
β2

β* −
σω2κ

2√
β*

(16)

where d is the distance from the field point to the nearest wall. The constants used by Ansys
Fluent [41] are as follows:, σω1 = 2.0, β1 = 0.075, σω2 = 1.168, β2 = 0.0828, β* = 0.09, κ = 0.41,
and α1 = 0.31.

2.3.3. Discrete Models and Assumptions for CFD Analysis

The two-dimensional model is usually sufficient to analyze the airflow problems,
for which the wind speed in front of the examined object has only one component and
the effects occurring at the ends of the object have a minor impact [37,42,43]. Therefore,
two-dimensional models of airflow around the blades were also adopted for the CDF
analysis in this study. The dimensions of the computational domains corresponded to the
dimensions of the wind tunnel test section. An example of a discrete model for the wind
attack angle γ = 40◦ is shown in Figure 8. The mesh was generated using irregular elements.
The mesh consisted of approximately 92,000 triangular elements within the free stream and
approximately 15,400 quad elements within the inflation layer on the blade surface.
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• First layer height = 0.01 mm 

Figure 8. (a) Discrete model with boundary condition for the single coherent blade (γ = 40◦),
(b) detailed view of the inflation layer mesh.

The viscous sublayer should be directly resolved since boundary layer separation can
occur for the considered range of the wind attack angle. In Ansys Fluent, viscous enhanced
wall treatment is provided when the nondimensional parameter y+ = 1; however, y+ < 4 or
y+ < 5 is still acceptable as long as it is inside a viscous sublayer [41].

For all computed cases in this study, y+ < 1 was provided by adopting the following
parameters in the inflation layer:

• First layer height = 0.01 mm
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• Number of layers = 30
• Growth rate = 1.15

The following assumptions were made for the CFD analyses:

• Wind speed: W = 12.5 m/s was assumed as an average value from the wind profile
• Air density: ρ = 1.16 kg/m3

• Air viscosity: µ = 1.7894 × 10−5 kg/ms.
• Averaged Reynolds number: Re = 8.1 × 105

• Turbulence intensity of 8% was set at the inlet and outlet
• Hydraulic diameter was equal to 1 m
• Pressure-based solver was adopted
• The convergence of the numerical solution was obtained for both the mass and mo-

mentum residuals less than 10−3

2.3.4. Validation of Numerical Solution

The accuracy of the numerical solution is typically verified by comparing the sim-
ulation results with the experimental data. On the other hand, the effect of the of the
discrete model quality is tested by means of the mesh independence test based on the mesh
refinement. The mesh validation was carried out for the discrete model considering the
wind attack angle γ = 20◦. The effect of the mesh refinement level on the aerodynamic
forces Px and Py acting on the blade was checked. The mesh validation results are shown
in Figure 9.

Energies 2023, 16, x FOR PEER REVIEW 10 of 17 
 

 

• Number of layers = 30 

• Growth rate = 1.15 

The following assumptions were made for the CFD analyses:  

• Wind speed: W = 12.5 m/s was assumed as an average value from the wind profile 

• Air density:  = 1.16 kg/m3 

• Air viscosity: µ = 1.7894 × 10−5 kg/ms. 

• Averaged Reynolds number: Re = 8.1 × 105 

• Turbulence intensity of 8% was set at the inlet and outlet 

• Hydraulic diameter was equal to 1 m 

• Pressure-based solver was adopted 

• The convergence of the numerical solution was obtained for both the mass and mo-

mentum residuals less than 10−3 

2.3.4. Validation of Numerical Solution 

The accuracy of the numerical solution is typically verified by comparing the simu-

lation results with the experimental data. On the other hand, the effect of the of the discrete 

model quality is tested by means of the mesh independence test based on the mesh refine-

ment. The mesh validation was carried out for the discrete model considering the wind 

attack angle γ = 20°. The effect of the mesh refinement level on the aerodynamic forces Px 

and Py acting on the blade was checked. The mesh validation results are shown in Figure 

9.  

 

Figure 9. Mesh validation results for the wind attack angle γ = 20°. 

A mesh refinement level equal to 1 stands for coarse mesh, whereas levels 2–6 con-

cern the increasing level of mesh refinement. Finally, a mesh refinement level of 5 was 

accepted for all the CFD analyses. The size of the discrete models ranged from about 

110,000 to 120,000 finite elements, depending on the wind attack angle. 

3. Results 

The results of the experimental tests and CFD simulations concerning the aerody-

namic forces and the aerodynamic torque acting on the single wind rotor blade depending 

on the wind attack angle γ are shown in Figures 10–12. The aerodynamic drag Px is shown 

in Figure 10, whereas the results referring to the lift force Py are presented in Figure 11. In 

turn, the obtained aerodynamic torque Mxy is shown in Figure 12. The graphs include error 

bars reflecting the aerodynamic balance error, which was ±1 N for Px and Py and ±0.2 Nm. 

Some of the differences between the experimental and simulation results could be caused 

by not including surface roughness in the numerical model, adopting the two-dimen-

sional model for CFD analysis, or accepting the average velocity from the wind profile 

and averaged turbulence intensity. 

Considering the results for aerodynamic drag Px, it can be seen that, for a wind attack 

angle of 0°–90°, the drag increased significantly. The highest values of aerodynamic drag 

Figure 9. Mesh validation results for the wind attack angle γ = 20◦.

A mesh refinement level equal to 1 stands for coarse mesh, whereas levels 2–6 concern
the increasing level of mesh refinement. Finally, a mesh refinement level of 5 was accepted
for all the CFD analyses. The size of the discrete models ranged from about 110,000 to
120,000 finite elements, depending on the wind attack angle.

3. Results

The results of the experimental tests and CFD simulations concerning the aerodynamic
forces and the aerodynamic torque acting on the single wind rotor blade depending on
the wind attack angle γ are shown in Figures 10–12. The aerodynamic drag Px is shown
in Figure 10, whereas the results referring to the lift force Py are presented in Figure 11.
In turn, the obtained aerodynamic torque Mxy is shown in Figure 12. The graphs include
error bars reflecting the aerodynamic balance error, which was ±1 N for Px and Py and
±0.2 Nm. Some of the differences between the experimental and simulation results could
be caused by not including surface roughness in the numerical model, adopting the two-
dimensional model for CFD analysis, or accepting the average velocity from the wind
profile and averaged turbulence intensity.
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Considering the results for aerodynamic drag Px, it can be seen that, for a wind attack
angle of 0◦–90◦, the drag increased significantly. The highest values of aerodynamic drag
occurred in the angle range of 80◦–120◦. In contrast, the lowest values occurred in the angle
ranges 0◦–30◦ and 160◦–180◦. The maximum value in these angle ranges was about 5 N.

For the wind angle of 0◦, the blade is aligned to the wind direction with the smallest
surface area. Such a blade position does not provide the driving force but is intended to
achieve the upwind movement of the blade with as lower resistance as possible. The blade
rotates at half the speed of the rotor. Thus, a blade rotation angle of γ = 45◦ is obtained
with a rotor rotation angle of α = 90◦. Starting with a blade rotation angle of 45◦, the drag
force rose. It occurs with smaller or larger values until a rotor rotation angle of 240◦ is
reached. In the following steps of the rotor rotation angle, up to 360◦, the blade moves
upwind. According to Figure 10, this corresponds to a wind attack angle of 120◦–180◦. The
resistance decreases for that angle range. A high value of drag force affects the high value
of the propelling torque. In the design solution of the carousel rotor, this is used to the
maximum advantage.

Considering the results for lift force Py according to Figure 11, it can be seen that for
wind attack angles of 0◦, 90◦ and 180◦, the lift force was small, but greater than zero. Force
values of approximately 1–2 N corresponding to the angles 0◦ and 180◦ were affected by
the shape of the blade cross-section, which is the aerodynamic profile. The shape of the
blade profile caused the flow separation, and thus the aerodynamic forces rose to act in
accordance with the direction of the rotor rotation. The lift force reached its maximum
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value for the wind attack angle of 10◦. For the angle range of 10◦ to 80◦, the lift force
gradually decreased from around 10 N to 0 N. For the wind attack angle of approximately
80◦–90◦, the lift force was close to zero.

In view of the description of the lift force action, the results of the aerodynamic torque
acting at the blade as a function of the wind attack angle should be interpreted in a similar
way. The occurrence of an aerodynamic effect should be noted, as it resulted in a pair of
forces acting on the blade.

Further results concerning the velocity distribution and the pressure distribution on
the single coherent blade are presented in Figures 13–16. In view of the large number of
wind attack angles considered in the CFD simulation, the results and discussion are related
to selected results.
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Figure 16. (a) Velocity distribution (b) pressure distribution for wind angle γ = 140◦.

Figure 13a,b present the velocity magnitude and pressure distributions for wind angle
0◦, corresponding to the position of the blade for which the air stream is parallel to the
length of the blade. In this case, the wind pressure area was the smallest. The maximum
pressure value occurred at the tip of the blade orientated against the wind and did not
significantly affect the driving torque. However, an aerodynamic effect, which was caused
by the flow of air around the blade profile, was noticed, since negative pressure values
occurred on the blade extrados. These pressures generate a pair of forces, providing a
torque that is added to the driving torque. Such a torque acts on the planetary gearbox,
which is advantageous for the operation of the carousel rotor. This effect can also be
observed in Figure 14, referring to wind attack angle γ = 20◦ As the rotor’s angle of rotation
increased, the blade worked upwind and its surface area increased, leaving an increasingly
large aerodynamic footprint, as shown in Figures 14 and 15.

Calculations of Propelling Torque for a Single Blade

The values of the aerodynamic forces Px and Py, as well as the aerodynamic torque Mxy
obtained from the measurements and CFD analysis for the single coherent blade in the x, y,
z, coordinate system, were used to calculate the values of the forces Rη , Rξ and the torque
Mηξ in the η, ξ system, according to Figure 7b. The radius of the rotor R was equal to 1.5 m.
The forces Rη , Rξ and the torque Mηξ in the coordinate system η, ξ were calculated for
γ = α/2, and fixed for a peripheral speed V0 = 0 and β = 0, using the following equations:

Rη = Pxcos
(α

2

)
− Pysin

(α

2

)
(17)

Rξ = Pxsin
(α

2

)
+ Pycos

(α

2

)
(18)

Mηξ= Mxy (19)

The obtained values of forces Rη , Rξ are summarized in Figures 17 and 18.
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The wind profile and consequently the turbulence intensity profile were not uniform
but were the same for all measurements. The values of wind speed and turbulence intensity
obtained from the measurements and then adopted for CFD analysis were averaged. This
may have caused differences between the experimental and numerical results.

By knowing the values of forces Rη , Rξ and the torque Mηξ in the η, ξ coordinate
system, the driving torque provided by the single blade of the carousel wind rotor can be
calculated according to Equation (1). The propelling torque M1(αs) generated by the single
blade was calculated as a function of the blade position α(αs) relative to the rotor axis, as
shown in Figure 19a. Assuming no interference of individual blades, the propelling torque
for the rotor with three blades was estimated. Figure 19b shows the total propelling torque
for the three rotor blades MIII(αs) relative to the coordinate system η, ξ and for V0 = 0.
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The results were obtained using experimental data. The total torque is the sum of the
torques of each of the rotor blades according to Equation (2). The obtained values of the
propelling torque of the rotor could be used to estimate the maximum peripheral speed of
the rotor, which no longer increased as the wind speed increased.



Energies 2023, 16, 5532 15 of 17

4. Conclusions

A single coherent cross-section of a blade was proposed for a carousel wind rotor. The
shape of the blade profile was determined based on a review of NACA airfoils and research
on H-rotors. The single-coherent cross-section of the blade was obtained by combining
the outlines of two NACA4418 profiles arranged in point symmetry in order to partially
take advantage of the aerodynamic properties of the NACA profile while obtaining a blade
with two leading points. The use of a blade profile with two leading points is essential
according to the working principle of the carousel wind rotor, and is a novelty presented
in this study. This is due to the coupling of the blade with the rotor axis by means of a
planetary gear with a ratio of 1:2. Consequently, the blade rotates at half the speed of the
rotor itself and returns to its starting position every second revolution. The single coherent
blade profile provides greater stiffness. Moreover, the additional pair of forces generated
by the aerodynamic effect on the blade profile provides additional torque to increase the
propelling torque.

A physical model of the blade with the proposed single coherent cross-section was
built. Experimental tests were then conducted in a wind tunnel to determine the aerody-
namic forces and aerodynamic moment as a function of the wind attack angle.

Numerical CFD analysis was carried out for the same cases and conditions as in the
experimental study. The results obtained from the experimental tests were compared with
the results of the numerical analysis. Then, based on the obtained results, the driving
torque of the carousel wind rotor was calculated.

The results of the experimental and numerical studies, which were mostly consistent
with each other, indicate an acceptable methodology for conducting research on the rotor
blade profile. Therefore, they indicate the possibility of examining further modifications
to the blade profile shape and having high confidence in the numerical results before
conducting experimental tests in the wind tunnel.

Further studies on blades and the carousel rotor itself will concern the optimization
of the blade cross-section in order to increase its aerodynamic effect, the analysis of the
impact of changing the planetary gear ratio on increasing the turbine drive torque, and the
development of a rotor design with a planetary gear and an additional flywheel in order to
ensure the constant rotation of the rotor and prevent sudden changes in the rotor rotation.
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