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Wind power generation is considered an effective way for ships to harness wind energy, and the aerodynamic characteristics of wind turbines determine wind energy utilization and efficiency. However, traditional vertical axis wind turbines have intermediate shafts and support rods, which result in large negative effects in the research of the wind turbine aerodynamic characteristics. To address this issue, a Straight-Bladed Vertical Axis Wind Turbine (SB-VAWT) without intermediate support axes is proposed. The turbine can flexibly change the number of blades, rotor diameter, and installation position of blades. The static aerodynamic performance of the wind turbine with different combinations was tested in a wind tunnel laboratory at 10 m/s. The results show that the radius of the wind turbine has a greater effect on the drag coefficient for the same number of blades, with an inverse relationship between the drag coefficient and radius, and a positive association between lift coefficient, static torque coefficient, and radius. The drag coefficient is proportional to the number of blades at the same radius, while the static torque coefficient is inversely proportional to the number of blades. According to the results, placing the initial location in the azimuth range between 30° and 50° can obtain the maximum initial starting torque. Moreover, a wind turbine with a radius of 16 cm can achieve a higher average torque. Changes in the number of blades can significantly impact turbine properties, resulting in wind turbines with distinct features.
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1 INTRODUCTION
As the global energy constraint and environmental degradation become more apparent, the search for renewable energy to replace fossil fuels such as coal and oil for power generation has become an unavoidable trend. Wind energy, being a clean and easily accessible renewable energy source, has many advantages over other forms of energy. It produces no pollution, has a small footprint, and a lower environmental impact, making it an important solution to replace the use of fossil fuels and is widely valued globally (Hand et al., 2021).
The maritime industry is currently evolving towards “smart, low-carbon, and sustainable.” As a result, intelligent and green technologies are becoming more prevalent in numerous sectors of the maritime industry. Wind energy offers a vital alternative to the usage of fossil fuels, being a clean and easily accessible renewable energy source. Wind energy has emerged as a critical technological approach for lowering ship emissions.
Wind-assisted propulsion and wind power generation are the two primary applications of wind energy in today’s shipping industry (Pan et al., 2021; Xiang and Sun, 2022). Wind turbines capture wind energy and convert it into electrical energy for wind power generation. There are two types of wind turbines: horizontal axis wind turbines (HAWTs) and vertical axis wind turbines (VAWTs) (Azadani and Saleh, 2022; Tong et al., 2023). HAWTs are commonly used in large wind farms and offshore wind farms due to their larger application scales and more mature research (Eltayesh et al., 2021; Bošnjaković et al., 2022). On the other hand, VAWTs face more difficult research problems due to their blades cutting the flow field back and forth, a wide range of changes in angle of attack (AOA), and complex aerodynamics in one rotation cycle (Zhang and Hu, 2020; Li et al., 2023). However, VAWTs have several advantages over HAWTs, such as not requiring yawing into the wind, having a low center of equipment gravity, being simple in structure, low in cost, low aerodynamic noise, easy to install and maintain, and having high safety (Guo et al., 2022; Ni et al., 2022; Pietrykowski et al., 2023). VAWTs are also more easily adapted to complex environments (Howell et al., 2010; Rezaeiha et al., 2018; Guevara et al., 2021), making them a hot topic of research in recent years. VAWTs, especially straight-bladed VAWTs (SB-VAWTs), a Darrieus type VAWT, are ideal for utilization of wind energy on board ships due to their lower complexity, ease of operation, lower costs, and superior ship stability. SB-VAWT is one of the most investigated VAWTs in the world due to their regular blade shape, ease of fabrication, low cost, and great aerodynamic characteristics (Wang et al., 2018; Guevara et al., 2021; Li et al., 2023). Figure 1 illustrates practical applications of SB-VAWTs on ships (Hand and Cashman, 2020; Zhang and Hu, 2020).
[image: Figure 1]FIGURE 1 | Utilizations of SB-VAWTs on board.
VAWTs are now designed with intermediate support shafts and struts (Li et al., 2023; Wilberforce and Alaswad, 2023), which are regarded as critical components that must not be disregarded when bearing loads (Li et al., 2015). Several studies have been conducted to investigate the impact of these support structures on the VAWTs’ aerodynamic performance. Zhang et al. (2018a) investigated the effect of various wind turbine settings on the polarization effect of the support axis and the force on the support axis during wind turbine operation. The results show that the synthetic force generated by the blade on the main shaft during a cycle of operation is wavy and cannot be counteracted. Zhang Lidong et al. (Zhang et al., 2018b) discovered that the shedding vortices released by the shaft have a negative effect on the aerodynamic performance of the blades passing the wake of the wind shaft, resulting in lower power output. Aya Aihara et al. (Aihara et al., 2022a) used the Reynolds-averaged Navier-Stokes (RANS) model to determine that the support structure has a significant negative effect on the total tangential force of the wind turbine at high tip speed ratios (TSRs). Van Stratan et al. (Stratan et al., 2023) studied the aerodynamic characteristics of support arm in 3D numerical predictions on the performance of a two-bladed VAWT with dual support arm configuration. Results with arms were compared against an ideal turbine with no support arms. In the comparison of the power coefficients, the predicted power coefficients are significantly reduced due to the parasitic effect of the turbine arm.
To minimize the adverse effects of the support system on wind turbines, many researchers have studied the optimization of support systems from aspects such as the arrangement of support systems, the shape of support arms and structural forms. Philip Marsh et al. (Marsh et al., 2015) studied three vertical-axis turbines with different strut profiles, blade-strut joints, and strut position by using three-dimensional Unsteady Reynolds-averaged Navier-Stokes (URANS) simulations. The strut profile and blade-strut joint design were found to significantly influence the total power output while the strut position had a smaller but still significant effect. Bayram et al. (Bayram et al., 2022) used numerical modeling to investigate the characteristics of vertical axis hydroelectric power facilities with various blade support arrangements. Huang Huilan et al. (Huang et al., 2022) investigated the effect of different diameters of embedded cylinders on the aerodynamic performance of H-type VAWTs by numerical simulation and experimental validation, and the study revealed that all the embedded entities of different diameters are detrimental to the wind energy utilization of wind turbines, and the larger the diameter the more obvious the effect. Weipao Miao et al. (Miao et al., 2023) investigated thirty strut profiles of a SB-VAWT by a three-dimensional computational fluid dynamics (3D CFD) approach, to find the appropriate strut design parameters that minimize the impact on the aerodynamic performance. The results show that the power loss of a VAWT has a relatively linear relationship with the dimensionless absolute thickness of the strut within a certain range. Thierry Villeneuve et al. (Villeneuve et al., 2021) investigated the impact of the blade support structures on the performance of VAWTs form 25 three-dimensional URANS simulations of a single-blade VAWT with various strut configurations. The results suggested that well-designed struts can be highly beneficial to the efficiency of VAWTs.
To further quantify the adverse effects of the support system, such as power loss, researchers have conducted comparative analyses with and without support systems, using various computational fluid dynamics (CFD) numerical simulation methods to provide accurate quantitative data. Benjamin Strom et al. (Strom et al., 2018) introduced the analytical models for the power loss due to mounting structure drag and examined the interactions between turbine blades and mounting structures. Yutaka Hara et al. (Hara et al., 2019) attached three types of support arms with different cross-sectional shapes to a small SB-VAWT rotor without support arms. The surface pressure and friction distribution on the blades and support arms were analyzed using CFD. The differences in tangential force and drag torque caused by the addition of support arms with different cross-sectional shapes were calculated. Siddiqui et al. (Siddiqui et al., 2015) discovered that disregarding the wind turbine’s support system in the computation can result in a 10%–12% deviation in the estimated value of the power coefficient. In a study on the numerical simulation analysis of the non-constant aerodynamic characteristics of VAWTs, Lei Hang et al. (Lei, 2019) discovered that ignoring the wind turbine main shaft and support axis modeling results in a higher power coefficient calculated by the model than the experimental value, with a maximum deviation of 9.03%. Abdolrahim Rezaeiha (Rezaeiha et al., 2017) used URANS equations to compute the power loss in wind turbines caused by the presence of a central shaft. The computations were performed on a high-resolution computational grid with different ratios of shaft diameter to rotor diameter (δ) ranging from 0% to 16%. The study found that as the ratio of shaft diameter to rotor diameter increased, the width and length of the wake behind the shaft increased, resulting in a progressive increase in power loss. Compared to the case without a shaft, the maximum power loss was found to be 5.5% when δ = 16%. Aya Aihara (Aihara et al., 2022b) conducted 3D URANS simulations to study the effects of support arms and intermediate shaft on the flow patterns, blade loading distribution, and rotor performance of a 12 kW, 3-bladed H-VAWT under a TSR of 4.16. A comparison between the cases with and without support arms revealed significant differences in the force distribution on the blades. Due to the interaction between the wake generated by the support arms and the blades, the tangential force decreased on the downwind side, resulting in a 43% decrease in power coefficient. Zhang Yanfeng et al. (Zhang et al., 2023) used a Reynolds Time-averaged Turbulence Model (SST K-ω) to perform CFD simulations of a VAWT to qualitatively analyze the influence of blade support on the aerodynamic performance of a linear-wing VAWT. The study’s findings demonstrated that the blade support had a significant impact on the complex flow separation phenomenon at large AOA, that the support’s rotational disturbance increased the airflow inside the wind turbine’s turbulence intensity, and that the support was responsible for a 47.5% reduction in the VAWT’s maximum power coefficient.
The studies mentioned above have shown that the support system has a significant impact on wind turbine performance, and without a specific optimization design, it can have a detrimental effect on the turbine’s performance. However, the optimization effect of the support system is not always apparent, and positive optimization can only be achieved for the single-blade wind turbine with minimal disturbance of aerodynamic characteristics. The actual wind turbines used in practice show huge differences, making further breakthroughs in improving the support system difficult. As a result, researchers have developed wind turbines without support systems to avoid the adverse effects, successfully circumventing this adverse effect and opening up new research directions.
Wu Wanqiu et al. (Wu et al., 2021) developed a semi-cylindrical drag wind turbine without a central rotating shaft in order to eliminate the interference caused by intermediate shaft and struts to the internal flow field of the wind turbine, which can negatively affect its performance. The advantages of this wind turbine’s structure without a central shaft have been demonstrated by Wu Wanqiu’s design, including reduced noise due to the absence of shaft-induced turbulent airflow, and a smoother airflow channel within the turbine that enhances its capacity to withstand high wind speed flows. However, the aerodynamic performance of this type of VAWT has not been studied yet.
This paper presents a SB-VAWT design without intermediate shafts and support bars. Static aerodynamic characteristics research was conducted to study the effects of different parameters. Measuring the aerodynamic lift and drag forces on the wind turbine as a whole in the wind tunnel flow field is necessary to study the forces on the base support system and the forces generated on the ship for stability and strength checks in ship application scenarios. Similarly, measuring the static torque of a wind turbine is necessary to study its starting characteristics and rotational power generation capability. By providing techniques and research results for studying VAWTs without intermediary support axes, it is expected to provide a framework for future practical applications of VAWTs for power generation on ships.
2 THE VAWT WITHOUT INTERMEDIATE SUPPORT AXES
The VAWT without intermediate support shafts, referred to as the device, consists of upper and lower end plates, blades, and supportive seats. The blades serve as a support structure for the upper and lower end plates as well as for themselves, eliminating the need for intermediate support shafts and blade struts. The end plates have mounting holes of varying radius, allowing for the blades to be mounted and the radius of the wind turbine to be adjusted. The device has two blade mounting types: positive and negative. Positive installation refers to the concave side of the blade facing inward, while negative installation refers to the concave side facing outward. The aerodynamic characteristics of the wind turbine can be studied using this device under various blade numbers, blade positive and negative installation modes, and wind turbine radius variations.
The blade was designed based on the commonly used NACA0012 airfoil considering the following factors: Firstly, the thickest section of the blade was moved forward to observe the impact of thickness on startup performance and enhance it accordingly. Secondly, when the wind turbine rotates, the airflow around the blades can be considered to move in a straight line if the blade’s chord length is relatively small compared to the diameter of the wind turbine. However, the chord length of the designed blade is relatively long compared to the diameter of the wind turbine, resulting in curved airflow around the blades. Therefore, the blade’s shape is designed with a curvature that can be maintained while rotating. The airflow around the blades is straight, and the curvature of the blades can be thought of as a straight flow field along the rotating circumference (Migliore et al., 1980). Additionally, this curvature enhances the structural stability of the blade’s connection with the upper and lower end plates, which are designed to minimize airflow escaping from the blade tip, improving the wind turbine’s aerodynamic performance (Sun and Zhou, 2021).
The blade and the end plate openings are shown in Figure 2.
[image: Figure 2]FIGURE 2 | (A) Wind turbine blade dimensions. (B) Position and dimensions of the upper and lower end plate openings of the wind turbine device.
Figure 3 depicts the device’s general dimensions as well as how it was installed in the wind tunnel. The dimensions are listed in Table 1.
[image: Figure 3]FIGURE 3 | Wind turbine device installation schematic in wind tunnel experiments with various numbers of blades.
TABLE 1 | The parameters of the vertical wind turbine.
[image: Table 1]3 TEST SETUP FOR AERODYNAMIC CHARACTERISTICS
3.1 Wind tunnel
The test wind tunnel as shown in Figure 4A is a closed-loop wind tunnel, manufactured by the Aerodynamic Research Institute of Aviation Industry Corporation of China, Ltd. It has a maximum rated power of 132 kW, and the wind speed is regulated by a closed loop. The test wind speed can be easily and precisely controlled between 1 and 40 m/s. The airflow stability is ≤± 0.365%, turbulence is ≤0.275%, and unevenness is ≤±0.28%. The wind tunnel can provide a uniform and stable flow field for conducting this experimental test.
[image: Figure 4]FIGURE 4 | (A) Wind tunnel; (B) The balance.
A test turntable is installed in the wind tunnel’s test section. A servo motor precisely adjusts the rotation angle of the turntable from −10° to 370°, with an accuracy of 0.1° to change the azimuth. A six-component force-measuring balance (hereinafter referred to as the balance) is mounted on the turntable, which rotates together with the turntable. Figure 4B shows the balance fixed on the turntable.
3.2 Aerodynamic measurement system
The balance mounted on the turntable measures the forces of the device. The balance model is 13-SHHSTP-550A, which exhibits a maximum relative error of 0.44% for the force and a minimum relative error of 0.094% for the torque measured in three directions. The test wind speed is measured by a pitot tube (Kimo Instruments TPL-06-300), which is then fed back into the control system to achieve wind speed closed-loop control. The pitot tube has an accuracy of 1% when the position of the pitot tube is offset by ±10° from the direction of air flow. The data from the balance’s six channels is collected by two NI sampling modules (cDAQ-9181) and output via a full Gigabit Ethernet Switch (TL-SG 1008) to the data processing computer. The data acquisition frequency of the NI acquisition module is 5 kHz. The data processing computer processes the data every 5 s, calculates the average and outputs it as a data set. During the test, the data is first tested under no-wind conditions. Then the wind tunnel is operated at the set wind speed and tests are carried out for at least 3 min at each different azimuth angle condition. A minimum of 30 sets of output data are obtained. The data acquisition and processing software automatically performs a zero offset calibration and then calculates the averages to obtain the forces and static torque experienced by the device. The above measurement and processing methods eliminate measurement errors and provide reliable steady-state experimental data. The data acquisition and transmission of the balance is shown in Figure 5.
[image: Figure 5]FIGURE 5 | The data acquisition and transmission of the balance.
The wind turbine is connected to the balance via the base, and they revolve in tandem with the turntable to vary the azimuth. The test force measurement is based on the balance coordinate system. However, because the turntable rotates the balance, the forces measured require a coordinate transformation (Zhang and Hu, 2021). At the wind turbine’s initial 0° azimuth position, the blade chord direction is perpendicular to the incoming flow direction, and the balance axis system is consistent with the wind tunnel axis system.
3.3 Aerodynamic characteristics test
The blades of VAWT often operate in complex aerodynamic environments, such as low stall and deep stall, where the AOA is constantly changing according to different TSR variation curves at AOA (Hand et al., 2021). It is well known that the range of AOA variation at different azimuth angles of wind turbine blades is much larger under static conditions than under dynamic rotating conditions (Zhao et al., 2022). The greater the TSR, the smaller the change in AOA and less likely stall occurs. However, the variation of azimuth in the static state contains the whole range of AOA corresponding to the variation of TSR in the dynamic rotation of the turbine (Hassan et al., 2023). As a result, this aerodynamic characteristic test examines the static aerodynamic properties of the entire wind turbine at various azimuthal angles.
The turbine is tested in a homogeneous flow field with a wind speed of 10 m/s. The zero position of the turntable aligns with the zero coordinates of the balance and coincides with the wind tunnel coordinates. To monitor the force and torque of the wind turbine at various azimuths, the control turntable rotated counter-clockwise at 5° intervals from the 0° azimuth position.
Figure 6A illustrates the force and torque coordinate system of the balance, which rotates along with the balance itself. The wind turbine placed on the wind tunnel balance experiences an aerodynamic force that can be decomposed into two components: the lift force FL, which is perpendicular to the incoming flow, and the drag force Fd, which is parallel to the incoming flow (Zeng and Zhang, 2018). Figure 6B demonstrates the lift force FL, drag force Fd and torque My along the Y-axis of the wind tunnel.
[image: Figure 6]FIGURE 6 | (A) Coordinate system of the force measurement system of the balance in the wind tunnel at 0° azimuth of the devices in wind tunnel; (B) Schematic illustration of the forces on a 4-blade wind turbine device in wind tunnel tests when turned through an θ azimuth.
The forces on the device are determined by force transducers based on the force of the balance coordinates. The balance follows the turntable and the test device to turn the θ angle together, changing the azimuthal angle of the turbine, while the wind direction remains constant during the wind tunnel test. Before calculating the lift coefficient CL, drag coefficient Cd, and torque coefficient CM for the device as a whole based on the device and test parameters, the drag Fd and lift FL must be transformed (Zhang and Hu, 2021).
According to the decomposition and synthesis of forces, the overall lift force FL of the wind turbine
[image: image]
The resistance Fd of the wind turbine
[image: image]
The wind turbine’s torque My can be measured directly.
By definition from (Paraschivoiu, 2002), the lift coefficient CL of the wind turbine
[image: image]
The drag force coefficient Cd
[image: image]
The torque coefficient CM
[image: image]
In Eq. 3–5, S is the windward area of the device; ρ is the air density; and R is the radius of the wind turbine. The air density is 1.225 kg⁄m3 based on the temperature and air pressure measured during the test, and V is the test wind speed of 10 m/s.
The device can change parameters flexibly. Referring to Table 2, the Variable Parameters Table of Wind Turbine Device, three sets of nine variables can be derived, resulting in a total 24 research combinations. By comparing the overall characteristics of wind turbine devices under different variable combinations, valuable insights can be gained.
TABLE 2 | Variable parameters table of wind turbine testing device.
[image: Table 2]4 RESULTS AND DISCUSSION
4.1 Comparative analysis of drag forces and drag coefficients
Figure 7, Figure 8, Figure 9 show the drag force and drag coefficient curves with azimuths for the positive and negative installation of 2, 3, and 4 blades at various radii.
[image: Figure 7]FIGURE 7 | Curves of 2-blades at different radii: (A) drag forces; (B) drag coefficients.
[image: Figure 8]FIGURE 8 | Curves of 3-blades at different radii: (A) drag forces; (B) drag coefficients.
[image: Figure 9]FIGURE 9 | Curves of 4-blades at different radii: (A) drag forces; (B) drag coefficients.
Figures 7–9 demonstrate that, for the same number of blades, the drag coefficients increase as the blade radius decreases, regardless of whether the blades are installed positively or negatively. This is because as the blade radius decreases, the physical space between the blades shrinks, and the airflow through the inner part of the wind turbine decreases. This causes the airflow to pass through the periphery of the wind turbine at high speed, and the interaction between the air flows through the blades becomes strong, causing the airflow through the blades to produce more turbulence, resulting in an increase in the drag coefficient of the wind turbine. The increase in drag coefficient is only related to the radius of the wind turbine and has nothing to do with the mode of blade installation or the number of blades. On the other hand, the size of the device’s wind area is proportional to the radius. When the radius is reduced, the wind area of the device is reduced, and the drag to the device changes less with the radius reduction than the reduction of the area caused by the radius reduction. Thus, according to the formula for calculating the drag coefficient, the value of the drag coefficient increases with a reduction in radius.
Figures 10A–C show the difference in drag forces for the same number of blades with different blade radii for negative and positive installations.
[image: Figure 10]FIGURE 10 | Curves of drag differences at different radii: (A) 2-blades; (B) 3-blades; (C) 4-blades.
In most azimuthal ranges, the drag forces of blade negative installation are greater than those of blade positive installation, and the difference in drag with a small radius fluctuates greatly. As the number of blades increases, this pattern remains constant but gradually weakens. However, this law no longer holds true for all cases. As shown in Figure 10C, the drag forces of blade positive installation are greater than those of negative installation in most azimuthal ranges with radius r = 9 cm. The drag difference is relatively stable with a radius of r = 16 cm. According to the drag coefficient calculation formula, the resistance coefficients of blade negative installation are greater than those of blade positive installation. This is because the concave surface is facing outward, and the blade negative installation has a stronger disturbance effect on the airflow, resulting in higher drag than when the blade is positively installed. The effect is more noticeable with fewer blades. However, as the number of blades increases, the airflow entering the blade decreases, and the mutual interference between the upstream and downstream blades increases. The more blades there are, the stronger the interference of the upstream blades on the downstream blades. In blade negative installation, the downstream blade interferes strongly with the upstream blade, resulting in lower effective drag of the incoming flow. This is demonstrated by the fact that with more blades, eventually, the drag in negative installation becomes less than that in positive installation.
4.2 Comparative analysis of lift forces and lift coefficients
Figure 11, Figure 12, Figure 13 depict the lift force and lift coefficient curves of 2, 3, and 4 blades installed positively and negatively with azimuthal angle at various radii.
[image: Figure 11]FIGURE 11 | Curves of 2-blades at different radii: (A) lift forces; (B) lift coefficients.
[image: Figure 12]FIGURE 12 | Curves of 3-blades at different radii: (A) lift forces; (B) lift coefficients.
[image: Figure 13]FIGURE 13 | Curves of 4-blades at different radii: (A) lift forces; (B) lift coefficients.
Figures 11–13 demonstrate that under the same blade number conditions, whether installed positively or negatively, the lift force and lift coefficient increase gradually as the blade radius decreases. However, as the number of blades increases, the lift force and lift coefficient begin to deviate from this rule. In the large azimuth range, the absolute value of the device with a radius of 12 cm begins to be greater than that of 9 cm when there are four blades. This is because as the blade radius decreases, the physical space between the blades shrinks, and the airflow interaction between the blades strengthens, causing the airflow through the blades to produce more powerful turbulence disturbance. The airflow between the blades causes the speed to increase as the radius decreases, increasing the overall lift force and lift coefficient of the wind turbine device, regardless of the positive or negative installation mode of the blades. However, the radius cannot be reduced arbitrarily, and some airflow must be allowed to pass through the gap between the blades. Figure 11 shows that the interference between the blades of a 2-blade device is weaker than that of a 3-blade device and a 4-blade device. The lift force and lift coefficient curves are symmetric, with most of the airflow passing through the gap between the blades. The change amplitude of the lift force and lift coefficient decreases as the radius increases, and the maximum value’s azimuth range is nearly the same for different radii. The fluctuation under negative installation is more noticeable than under positive installation, particularly in the 70°–90°, 0°–20°, and 160°–180° azimuth ranges. Compared to Figures 12, 13, it is discovered that as the number of blades increases, the symmetry of the lift force and lift coefficient weakens, and the interference between the blades becomes stronger, resulting in more obvious fluctuation with azimuth.
Since the lift and lift coefficient have the same variable characteristics, only the lift coefficient is used for comparison. Figure 14(A) to (D) illustrate the change curves of lift coefficients of 2, 3, and 4 blades to azimuth for the same radius.
[image: Figure 14]FIGURE 14 | Lift coefficient curves of positive and negative installation of different blade numbers under the same radii: (A) r = 19 cm; (B) r = 16 cm; (C) r = 12 cm; (D) r = 9 cm.
Figures 14A–D demonstrate that for the same radius, the lift coefficient of a 2-blade device is greater than that of three and four blades, and the lift coefficient of positive installation is greater than that of negative installation. The smaller the radius, the greater the lift coefficient of the device will be under different blade numbers. In almost all azimuths, the absolute value of the lift coefficient in positive installation is greater than that in negative installation for the 2-blade device. There is little difference between the lift coefficients of positive and negative installation of a 2-blade device when the radius is 12 cm. For the 3-blade device, in the small azimuthal angle range (<60°), the lift coefficients of positive and negative installation differ little under various radii. When the azimuthal angle exceeds 60°, the lift coefficient of the negative installation exceeds that of the positive installation. This rule also applies to four blades, and the angle of change is 45° azimuth.
4.3 Comparative analysis of static torque and static torque coefficients
Based on Sections 4.1 and 4.2, the lift and drag data curves for wind turbines with different blade quantities clearly demonstrate mirrored symmetry for the drag curves, and central symmetry for the lift curves, as the lift direction changes. The device experiences a distinct symmetrical force along the incoming flow direction (drag) and perpendicular to it (lift). The drag curve for a 2-bladed turbine exhibits mirrored symmetry at a 90-degree azimuth angle, the 3-bladed turbine at a 60-degree azimuth angle, and the 4-bladed turbine at a 45-degree azimuth angle. Similarly, the lift also exhibits symmetry with the mentioned angles as the center. However, the mentioned symmetry is not strict, with slight differences. The reason for the aforementioned non-strict symmetry lies in the fact that the flow path from the leading edge to the trailing edge and from the trailing edge to the leading edge of the blade surfaces differs. For the static torque experienced by the device, it is necessarily generated by the forces acting on it. When the resulting forces already exhibit apparent symmetry at different azimuth angles, the static torque will inevitably possess symmetrical characteristics.
The static torque curves and static torque coefficient curves for positive and negative installation of the device under different radii and blade numbers are calculated based on the torque My measured by the balance. According to the mirror symmetry principle, only investigates the comparison of static torque magnitude under different blade structural parameter conditions within the first mirrored symmetric period. The static torque and static torque coefficient for a 2-blade device only need to be compared in the 90°azimuth range, for a 3-blade device only in the 60°azimuth range, and for a 4-blade device only in the 45°azimuth range. The curves are illustrated in Figure 15, Figure 16, Figure 17.
[image: Figure 15]FIGURE 15 | Curves of 2-blade device at different radii: (A) static torques; (B) static torque coefficients.
[image: Figure 16]FIGURE 16 | Curves of 3-blade device at different radii: (A) static torques; (B) static torque coefficients.
[image: Figure 17]FIGURE 17 | Curves of 4-blade device at different radii: (A) static torques; (B) static torque coefficients.
Figures 15–17 reveal that the maximum static torque and maximum static torque coefficient are related to an azimuthal angle range between 30° and 50°. The higher the blade installation radius, the greater the maximum static torque, and the smaller the maximum static torque coefficient. When the number of blades remains constant, the static torque coefficient increases as the radius decreases. For 2-blade wind turbines, the maximum static torque of positive installation is greater than that of negative installation, while for 3- blade and 4-blade wind turbines, the maximum static torque of negative installation is greater than that of positive installation.
The greater the radius and number of blades, the more noticeable the static torque coefficient fluctuation, indicating that the interference between blades is intensified and the resulting flow field is more complex.
Figures 18A–D illustrate the static torque coefficient curves of the wind turbine testing device when the blades are installed positively and negatively within the maximum static torque azimuth for the same radius and the different number of blades.
[image: Figure 18]FIGURE 18 | Static torque curves with different number of blades at the same radius: (A) r = 19 cm; (B) r = 16 cm; (C) r = 12 cm; (D) r = 9 cm.
It can be seen from Figures 18A–D that, for the same radius, as the number of blades increases, the static torque decreases gradually. It demonstrates that as the number of blades increases, the static torques generated by blades at different azimuths tend to cancel each other out.
When the radius r = 19 cm, the static torque of 2-blade device is relatively better than that of a 3- or 4-blade device under positive installation. Under negative installation, the static torque of 3-blade device is greater than that of a 4- or 2-blade device. A positively mounted 2-blade device obtains a large static torque across a wide range.
When the radius r = 16 cm, the static torque of a 2-blade device is relatively better than that of a 3- or 4-blade device under positive installation. Under negative installation, the static torque of a 4-blade device is better than that of a 2- or 3-blade device. A positively mounted 2-blade device obtains a large static torque across a wide range.
When the radius r = 12 cm, the static torques of a 2-blade and 4-blade device under positive installation are relatively greater than that those under negative installation. Under negative installation, the static torques of a 4-blade device are greater than that of a 2- or 3-blade device. A negatively mounted 3-blade device obtains a large static torque across a wide range.
To distinguish the static torques at different radii more clearly, the average forward and reverse static torques for different numbers of blades in the range of 30°-50° are calculated, and the average forward and reverse static torques for different radii are obtained as follows.
Figures 19A–C illustrate that the greatest mean static torque value is obtained at radius of r = 16 cm, indicating that forward and reverse static torque values are high at this radius with variable blade numbers. The average static torque value decreases as the radius increases from r = 16 cm, and the variance becomes smoother and smoother. At a radius of r = 19 cm, the average static torque value changes the most and is at the lowest level in a wide range.
[image: Figure 19]FIGURE 19 | Average static torque curves with different radius: (A) positive; (B) negative; (C) average of positive and negative.
4.4 Analysis of experimental uncertainty factors
The test is conducted within a closed wind tunnel, where the airflow diffusion through the test device is constrained by the wind tunnel wall. This restriction impedes the outward movement of the flow lines, effectively reducing the airflow channel area between adjacent flow lines. Consequently, there is an increase in the average velocity of airflow between the test device and the tunnel wall, thereby accelerating the airflow through the device. During this test, the wind turbine device remains stationary, and under conditions of large diameter installation, the majority of the airflow traverses through the space between the blades. Only a small fraction of the airflow is impeded by the blades, preventing it from spreading outward. Upon evaluating the cross-sectional area of the wind tunnel test section and the maximum windward area of the device, the observed blockage is determined to be 4.29%, which falls within the acceptable range. However, it is crucial to acknowledge that the resulting increase in average flow velocity, comparable to test wind speed exceeding 10 m/s. However, within an acceptable range of wind tunnel blockage ratio, the diffusion of airflow is limited by the tunnel walls, resulting in a minimal increase in wind speed. This has equal effects on all measurement conditions and only leads to slight variations in the externally set wind speed parameters, without impacting the research conclusions.
During the test, the large motor of the wind tunnel consumes significant amount of energy, leading to slight variations in the electrical energy supplied by the power grid. To mitigate the impact of power fluctuations on the measurement instrument, it is advisable to separate the power source of the measuring system from the regulated power supply.
The test device in the flow field experiences slight vibrations caused by the force of airflow and the uneven wake, which can affect the measured data. To mitigate this impact, the test process involves continuous long-time measurements and data processing to obtain an average value, effectively eliminating the influence of vibrations. This error belongs to the random errors generated during the measurement process. The measurement system of this experiment measures 5000 sets of data per second, and the data processing software automatically calculates the average value of data every 5 s as a group of calculated data outputs. Under each measurement condition, the measurement is conducted for not less than 3 min, resulting in no less than 30 sets of output data. The average value is then calculated from the output data to eliminate the random errors in the measurement process. The heat generated by the wind tunnel motor, as well as the heat resulting from airflow friction circulating within the wind tunnel, causes the air temperature inside the tunnel to increase, which in turn affects the changes in air density. In the wind tunnel operating under closed-loop control at a constant wind speed, reducing the power of the wind tunnel motor decreases the overall kinetic energy of the airflow. Consequently, this reduction synchronously affects the force data obtained from balance measurement, leading to a tendency for drag, lift, and torque measurements to decrease. However, due to the large surface area of the wind tunnel body, heat dissipation occurs rapidly. Additionally, during the testing process, the replacement device paused operation, providing sufficient time for cooling. Therefore, as long as the wind tunnel is not operated continuously for an extended period, the rise in temperature remains minimal, resulting in minimal impact.
5 CONCLUSION

1) When the number of blades remains constant, the drag coefficient of a wind turbine increases as the radius decreases. When the radius remains the same, increasing the number of blades results in an increase in the drag coefficient, which exhibits periodic changes.
2) When the radius remains constant, an increase in the number of blades leads to an increase in the resistance coefficient, which undergoes periodic changes regardless of positive or negative installation. Furthermore, the resistance coefficient increases with a greater number of blades.
3) When the number of blades remains constant, the lift coefficients increase as the radius decreases. Under the same radius, the 2-blade device exhibits better lift coefficients compared to the 3-and 4-blade device. Additionally, the positive installation yields better lift coefficients than the negative installation.
4) With the same number of blades, the torque coefficients increase as the radius decreases. The torque coefficient of the 3-blade device is better than that of the 4-blade and 2-blade device when installed negatively.
5) The aerodynamic characteristics of wind turbines vary significantly with different numbers of blades. This indicates that altering the number of blades leads to distinct changes in the overall characteristics of the wind turbine, resulting in turbines with significantly different traits.
6) The maximum static torque and static torque coefficient azimuth range is between 30 and 50°. Setting the initial wind turbine azimuth within this range can facilitate the start-up of the wind turbine.
7) Compared with the results obtained by the CFD simulations, experimental measurements are influenced by numerous factors and exhibit complex variations in properties. Therefore, it is important to pay more attention to the complex effects arising from transient changes in the flow field during the test.
6 FUTURE WORK
This paper focuses on the static aerodynamic characteristics of the SB-VAWT. In future studies, there are several aspects that can be further explored.
Based on this research, the blade mounting angle will be modified to achieve the ideal mounting angle and determine the best combination of blade mounting. In future experiments, the optimal combination of variables and blade airfoil shape for dynamic rotating characteristics should be investigated. It has been observed that a narrower range of AOA variation leads to improved aerodynamic performance under dynamic rotation conditions. Additionally, installing a wind turbine to study the maximum energy conversion efficiency under different wind speed and TSR conditions is crucial. The study also aims to explore the application of energy substitution efficiency in ships and enhance their emission reduction measures.
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