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Abstract

:

Continuous improvement of wind turbines represent an effective way of achieving green energy and reducing dependence on fossil fuel. Conventional lift-type horizontal axis wind turbines, which are widely used, are designed to run under high wind speed to obtain a high efficiency. Aiming to use the low-speed wind in urban areas, a novel turbine, which is called the Archimedes Spiral Wind Turbine (abbreviated as ASWT), was recently proposed for low-speed wind applications. In the current work, a numerical simulation on the five ASWT rotors with different blade angles was carried out, which were performed to predict the detailed aerodynamic performance and wake characteristics. The results show that the ASWT rotor with a large blade angle has a wider operating tip speed ratio range and a higher tip speed ratio point of maximum power coefficient within a certain range, and yet the ASWT rotor with the larger blade angle has a higher thrust coefficient. Additionally, the ASWT rotor with a large blade angle usually has a large power coefficient and thrust coefficient fluctuation amplitude. On the other hand, the ASWT rotor with a small blade angle permits the undisturbed free stream to pass through the rotor blades more easily than that with a large blade angle. This causes a stronger blockage effect for the ASWT rotor with a large blade angle. Moreover, the blade angle also has a great effect on the shape of the vortex structure. The blade tip vortex of the fixed-angle ASWT rotors is more stable than those of the variable-angle ASWT rotors. The hub vortex of the ASWT rotors with a large blade angle is stronger than those with a small blade angle. Meanwhile, the wake recovery for ASWT rotors with a small blade angle is evidently lower than those with a large blade angle.
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1. Introduction


Fossil fuels have brought a lot of problems such as environmental pollution, climate change and global warming. As an excellent alternative to traditional fossil fuels, wind energy has been in the spotlight in recent years as a clean and carbon-free energy source [1,2]. The total amount of proven and probable wind power reserves is approximately 20 million megawatts, which is far beyond the hydropower reserves [3,4,5]. To date, the wind turbine is considered to be the most promising wind energy technology. According to the operation mode, there are the horizontal axis wind turbine (HAWT) and vertical axis wind turbine (VAWT) [6,7], and the HAWT has the highest efficiency and is considered to possess the most successful commercial applications [8,9]. On the other hand, the wind turbine can be classified into lift or drag types depending on the aerodynamic force acting on the blade. The HAWT relies on lift force to produce power, which is known as a lift-type HAWT. Meanwhile, most of the drag types are VAWT, which are known to be less efficient than the HAWT. However, a HAWT is usually designed to run under a high wind speed (more than 6 m/s) to obtain the highest efficiency [10,11]. In the field of urban areas, such technology is limited due to the low flow rates [12]. To resolve the issue of applications in urban areas, a novel wind turbine, which is called the Archimedes Spiral Wind Turbine (ASWT), was recently proposed. Unlike the HAWT designed based on the Blade Element Momentum (BEM) theory, the ASWT was created based on the Archimedes spiral. The Archimedes spiral is a pattern generated by a moving point which is leaving a fixed point at a constant speed and a constant angular speed. This pattern can be found in general in nature such as in the nautilus, Thatcheria mirabilis and low-pressure vortex region shown in Figure 1.



The ASWT rotor includes three screw blades wrapped around each other and a horizontal shaft parallel to the ground. Although the ASWT and the HAWT are both horizontal-axis types, the biggest difference between them is that the ASWT mainly depends on the drag force to produce power, which makes it a drag-type horizontal axis turbine. In light of this, the aerodynamic force on the ASWT rotor is shown in Figure 2. The wind-induced axial thrust (T) can be separated into two parts. The lift component (TL) (perpendicular to blade section) creates stress, and the drag component (TD) (parallel to blade section) produce power. Additionally, according to the characteristics of adrag-type turbine, the ASWT can produce power at low wind speed. In addition, it can automatically align to the wind direction without any yaw equipment due to its unique spiral shape. Therefore, the demand for the AWST has been increasing recently, not only for urban applications, but also for lighting systems in villages [13].



In recent years, relevant investigations on the ASWT rotor’s performance have been conducted. Kim et al. [14] used a Computational Fluid Dynamics (CFD) tool with experimental validation to analyze the output power of an ASWT rotor. Safidari [15] tested an ASWT rotor’s aerodynamic efficiency through CFD analysis and experiment. Lu et al. [16] used a theoretical model and a CFD tool to study an ASWT rotor’s power performance. Jang et al. [17] conducted an experimental test on an ASWT rotor’s output power at different wind speed. Nawar et al. [18] analyzed two ASWT rotors’ performance using a CFD tool and experimental test. Kamalet al. [19,20] studied aerofoiled profiles, thickness and angle on the ASWT rotor’s performance. Nepal et al. [21] designed an ASWT rotor and carried out a CFD simulation on the performance. Mustafa et al. [22] conducted a performance comparison between an ASWT rotor and a propeller. Ozeh et al. [23] experimentally tested an ASWT rotor’s output power at low wind speed. Refaie et al. [24] and Hameed et al. [25] used a shroud to increase an ASWT rotor’s output power and carried out an optimization design based on CFD analysis.



Literature research shows that a few works on the ASWT rotor have been introduced for the time being. However, the above research mainly focuses on the output power issues, and there are still very few studies aiming at its aerodynamic performance and wake characteristics. Additionally, the effect of the blade angle on the ASWT rotor’s performance is not clear so far, and such work is becoming more prominent and necessary for design and application. To this end, the highlights for this work are: (1) intensive numerical studies are performed for five ASWT rotors, (2) the influence of blade angle on the ASWT rotor’s aerodynamic performance and wake characteristics is investigated, (3) detailed explanations on the ASWT performance difference are given. The remainder of the present work is structured as follows: Section 2 presents governing equations, aerodynamic coefficients, turbine modeling (including numerical setup and computational domain) and numerical validation. Section 3 presents the results of power and thrust coefficients, pressure distribution, velocity distribution and the vortex structures of the AWSTs in the case study. Finally, Section 4 summarizes the conclusions drawn from the study.




2. Numerical Methods


2.1. General Features


The Reynolds Averaging Navier–Stokes (RANS) equations can be written as:


    ∂  u i    ∂  x i    = 0  



(1)






   ∂  ∂ t    (  ρ  u i   )  +  ∂  ∂  x j     (  ρ  u i   u j   )  = −   ∂ p   ∂  x i    +  ∂  ∂  x j     (  μ   ∂  u i    ∂  x j    − ρ     u ′  i    u ′  j   ¯   )  +  f i   



(2)




where    u i    is time averaged velocity,  p  is time average pressure,  ρ  is fluid density,    f i    is body force.



The aerodynamic coefficients of an ASWT, including tip speed ratio (  T S R  ), power coefficient (   C P   ) and thrust coefficient (   C T   ) using Equations (3)–(5), respectively.


  T S R =   ω R    V 0    =   π n R   30  V 0     



(3)






   C P  =  P  0.5 ρ A  V 0    3     



(4)






   C T  =  T  0.5 ρ A  V 0    2     



(5)




where  P  is the power output ( W ) of ASWT,  T  is the axis thrust ( N ) of ASWT,    V 0    is wind speed (   m / s   ), R is the radius of ASWT rotor,  A  is the sweep area of ASWT rotor (  π  R 2   ,    m 2   ),  n  is the rotational speed of ASWT rotor (  rpm  ).




2.2. ASWTRotor Model


The main goal of this work is to study the blade angle effects on the aerodynamic performance and the wake characteristics of ASWT rotor. The ASWT rotor has three blades of 125 mm radius fitted to a shaft at an angle of 120°. The radius of ASWT rotor is defined as the vertical distance from the blade-tip at exit to the axis. The shaft has a 25 mm diameter, and the thickness of blades is 3 mm. In addition, the ASWT rotor has three blade angles, while the α3 is defined as the angle between the axis and the first blade’s tip at exit, the α2 is defined as the angle between the axis and the second blade based on the same plane as the α3 is measured and the α1 is defined as the angle between the axis and the third blade based on the same plane as the α3 is measured, shown in Figure 3. The geometries were generated by utilizing SolidWorks software (Dassault Systemes Inc., Paris, France). Moreover, according to Nawar et al. [18], an ASWT rotor can be classified into the fixed-angle type and the variable-angle type depending on the blade angle distribution on the rotor. For the fixed-angle type, the blade angles at α1, α2 and α3 are equal. For the variable-angle type, the blade angles gradually increase from α1, α2 andα3. In the present work, the angles of 30°, 45° and 60° based on the reference [17,18,24,25], were chosen to build up the five ASWT rotors with different blade angles, as shown in Figure 4. In a follow-up analysis, to differentiate the ASWT cases with different blade angle values, notation “x-x-x” is applied (e.g., “30-45-60” denotes the case for an ASWT with the α1 = 30°, the α2 = 45° and the α3 = 60°). It is worth mentioning that the 30-30-30 is the special one which has an additional α0 due to its small blade angle geometric characteristics. Among the five ASWT rotors, the 30-30-30, 45-45-45 and 60-60-60 have a fixed blade angle type, while the 15-30-45 and 30-45-60 have a variable blade angle type.




2.3. CFD Approach and Boundary Conditions


An unsteady CFD approach via the finite-volume method through ANSYS-FLUENT software (Ansys Inc., Canonsburg, PA, USA) was used to assess the performance of ASWT rotor. A Sugon high-performance computing system with XeonE7 (64 cores used) was used for the simulation. The two-equation eddy viscosity SST   k − ω   turbulence model [26], which has been widely used for wind turbines or tidal turbines [27,28,29,30], was adopted in the present study. The calculation domain, which contains a stationary domain and a rotatory domain, and the defined coordinate system are shown in Figure 5. The ASWT is located in the rotatory domain, and the stationary domain is under the action of the incoming wind. The rotatory domain was set as a cylinder to define the rotation of the ASWT rotor relative to the stationary domain; thereby, a relative slip between the interfaces and the flow field information is transmitted. The length and diameter of the rotatory domain are slightly larger than the ASWT rotor shaft and diameter. A uniform wind speed (   V 0   ) of 5.0 m/s was applied at the velocity inlet, and the outlet was set as outflow. The ASWT rotor’s center is placed at 5 D distance from the inlet and a 10 D distance from the outflow with a blockage ratio of <1%. Additionally, the ASWT rotor used a non-slip condition. The surrounding boundary of the stationary domain used a free-slip condition.




2.4. Mesh Generation and Calculation Setups


A suitable mesh is essential to the accuracy of simulation results. The computational domain (including stationary domain and rotatory domain) was completely created and meshed using an unstructured mesh. As the ASWT rotor is complex, the grid of the rotor surface and rotatory domain was further refined. The boundary layer meshes (including eight separate layers) were used to cover the surface of ASWT rotor. Assuming the reference length is ASWT rotor diameter, and the reference speed is 5.0 m/s, the system has a Reynolds number of 8.4 × 104. In order to meet the requirements of the SST   k − ω   turbulence model, the amount of    Y +    around the surface was set as   Y + = 1  , which is equal to 5.4× 10−5 m. Figure 6 shows the mesh detail on the surface and near the central x-y plane of an ASWT rotor. Additionally, to ensure mesh-independency (taking the 30-45-60 at   T S R   = 1.5 as examples), three different sets of mesh cell numbers of 3,213,540, 5,429,876 and 8,327,596 have been employed, shown in Table 1. The power coefficient and thrust coefficient defined in Section 2.1 were selected as the determining factor in the mesh independence assessment. The power coefficient and thrust coefficient obtained using the medium mesh varied by 2.18% and 0.59%, respectively, compared to the coarse mesh, and those obtained using the fine mesh varied by 0 and 0.44%, respectively, compared to the medium mesh. Consequently, according to the deviation and the calculation time, the mesh set with 5,429,876 cell numbers was selected to perform the numerical simulations for the subsequent calculations. It is worth mentioning that the mesh cell numbers for the five ASWT cases in this work are basically consistent. In the present study, approximately 11,500 interactions were found to be adequate for an unsteady ASWT case numerical solution. Each case consumed approximately 550 core hours to finish the calculation process.




2.5. Numerical Model Validation


To verify the present CFD method, a comparison between the 30-45-60 ASWT rotor’s    C P    obtained from the CFD simulation and the experimental data reported by Kamal et al. [20] was carried out. The 30-45-60 ASWT rotor was experimentally tested in a wind tunnel lab, at the Helwan University, Egypt, over a range of   T S R   from 0.5 to 3.0. The experiment devices include a rotational speed sensor for rotor rotational speed measurements with accuracy ±5%, a turbine meter for wind velocity measurements, a rotating torque sensor for rotor torque measurements within accuracy ±2%, a laptop for data processing and a wind tunnel system for providing air flow in the speed range of 6 m/s to 12 m/s. By monitoring the rotational speed reading values and the torque reading values, the    C P    have been computed and measured, as shown in Figure 7. Despite the fact that some deviation existed, overall, the CFD value agrees with the experimental value shown in Figure 8. The maximum and the second largest relative error are 16% and 10% (the far right and the far left experiment points), the other points’ relative error are less than 6%, which indicates that the CFD method adopted in current work can predict the results with acceptable accuracy.





3. Results and Discussion


3.1. Power and Thrust


Figure 9 shows the    C P    and    C T    variation   T S R   curves for the five ASWT rotors at    V 0    = 5 m/s. The    C P    curves for the five ASWT rotors show a same trend, which rise at first and then fall off. The    C T    curves for the five ASWT rotors show a monotonic downward trend with the increase in   T S R  . Figure 10 shows the maximum    C P    and the mean    C T    over whole   T S R   range for the five ASWT rotors. The 30-45-60 has the largest    C  P max     at   T S R   of 1.5 among the five ASWT rotors, and the 30-30-30 has the lowest    C  P max     at   T S R   of 1.25. The rest of three have a closer    C  P max    . Thus, the    C  P max     of the five ASWT rotors are all within a range of   T S R   from 1.0 to 2.0. Additionally, the blade angle can affect the trend in    C P    curve. A large blade angle gives the ASWT a wider operating   T S R   range, and the   T S R   point of    C  P max     is shifted to a higher   T S R   position. For example, the 60-60-60 has the widest operating   T S R   range, and the   T S R   point of    C  P max     is at the highest   T S R   position among the three fixed-angle ASWT rotors. Additionally, the same situation happens when comparing a fixed-angle ASWT with a variable-angle ASWT, such as comparing 15-30-45 with 45-45-45 or comparing 30-45-60 with 60-60-60. On the other hand, a large blade angle also gives the ASWT a larger    C  T mean    . For example, the 60-60-60 has the largest    C  T mean     among the three fixed-angle ASWT rotors. Still, when comparing a fixed-angle ASWT with a variable-angle ASWT, such as comparing 15-30-45 with 45-45-45 or comparing 30-45-60 with 60-60-60, it is noted that the ASWT with the larger blade angle has a larger    C  T mean    . Most interestingly, as for the cases where the sum of the blade angle are equal, the    C  T mean     of 30-45-60 and 45-45-45 are very close, and the    C  T mean     of 15-30-45 is slightly smaller than that of 30-30-30 due to the fact that its α0 has brought extra thrust. The above phenomena are mainly due to the different flow effect inside the ASWT blade caused by the blade angle. The ASWT with the smaller blade angle permits the undisturbed free stream to pass through the rotor blade more easily than that of the ASWT with the larger blade angle, as discussed later.



In summary, the ASWT with the larger blade angle has a wider operating   T S R   range and a higher   T S R   point of    C  P max     within a certain range, and yet the ASWT with the larger blade angle has a higher    C  T mean    . The ASWT rotors are suitable for operation under low wind speed and low   T S R   range conditions, so they generate less aerodynamic noise than other type of wind turbines. Additionally, the ASWT also has higher energy harvesting efficiency than some HAWTs [31] and VAWTs [32] within a certain operation range, which makes it highly fit for an urban environment [33].




3.2. Performance Fluctuation Characteristics


In this and follow-up sections, the results and analysis for the five ASWT rotors at   T S R   = 1.5 are presented. In addition, to illustrate the differences between a single ASWT rotor and a rotor with a tower, the 30-45-60 rotor with a tower is considered as a comparative case. Figure 11 shows the schematic view of the ASWT rotor with a tower.



Figure 12 shows the    C P    and    C T    versus time for the five ASWT rotors at   T S R   = 1.5. Figure 13 compares the maximum, mean and minimum values for    C P    and    C T   . The time series of    C P    and    C T    for the five ASWT rotors present obvious periodic oscillations and show the same time-periodic behavior due to the fact that the rotational speed is equal. However, there are differences in the fluctuation amplitude of the five ASWT rotors. For the    C P   , the fluctuation amplitude ranging in order from the large to the small are: 30-30-30, 30-45-60, 60-60-60, 45-45-45 and 15-30-45. For the    C T   , the fluctuation amplitude ranging in order from the large to the small are: 30-30-30, 60-60-60, 30-45-60, 45-45-45 and 15-30-45. Therefore, the ASWT with the larger blade angle has a stronger fluctuation in aerodynamic performance, which may lead to a fatigue problem on ASWT blades. The reason that the 30-30-30 has the maximum fluctuation amplitude among the five ASWT rotors is probably due to the fact thatitsα1 brings an additional aerodynamic effect. Additionally, compared with the non-tower case, the mean value on    C P    and    C T    of the tower case has decreased by 2.4% and 2.6%, respectively. The fluctuation amplitude on    C P    and    C T    has increased by 25.5% and 21.4, respectively.




3.3. Pressure Distribution on Blade


Figure 14 shows the pressure coefficient (  Δ C p  ) on the five ASWT rotors at   T S R   = 1.5. When an ASWT rotor is rotating, facing the impact of the wind, part of the air kinetic energy can be extracted into mechanical energy like a traditional HAWT. High pressure is created on the pressure side while low pressure is created on the suction side, and the pressure difference leads to torque and thrust. It can be observed that a higher-pressure region of the pressure side and a lower-pressure region of the suction side gradually moved to the blade edge. In addition, as wind passes through the ASWT rotor continuously, a local low-pressure region appears on the end edge of the pressure side on account of the fact that the wind will move across the end edge and create higher velocity. Meanwhile, the pressure on the five ASWT blades is different from each other. It can be seen that the ASWT rotors with a large blade angle have a larger high-pressure region than those with a small blade angle. Moreover, the   Δ C p   for 30-45-60 with a tower is obviously lower than that of rotors without a tower.




3.4. Velocity Contours and Vortex Structures


The velocity contours (left) and the vortex structures (right) colored by velocity for the five ASWT rotors at   T S R   = 1.5 are shown in Figure 15. When wind streams move across the ASWT rotors, the velocity in the wake region reduces significantly due to the block effect. In this process, the rotation of the rotor is followed by a velocity decrease in the wake, and the streamwise momentum is converted to the angular momentum. In addition, the highest velocity region is observed near the blade tip, while the lowest velocity region is observed behind the hub, so the turbulence generation would be obvious in these regions. Furthermore, owing to the difference in blade angle, the velocity contours of each ASWT are quite different. The low velocity region size of 60-60-60 is much larger than the other four ASWT rotors; especially, the hub recirculation region is quite distinguishable. As mentioned above, a different blade angle causes a different flow effect inside the ASWT blade; the ASWT with a small blade angle permits the undisturbed free stream to pass through the rotor blade more easily than that with a large blade angle. Therefore, the ASWT with a large blade angle has a stronger blockage effect than the ASWT with a small blade angle.



A large-scale vortex shedding from the blade tip and hub of the ASWT rotor is observed in the right side of Figure 15.However, the tip vortex structure of the ASWT is a little different from that generated by the conventional HAWT [34,35,36]. Due to the spiral shape of an ASWT rotor, the airflow speed through the blade surface is high, which makes the tip vortex strong and develop in a long spiral pattern along the downstream direction [14]. Furthermore, there are certain differences between the five ASWT rotors’ vortex structures, as we can see by comparing the vortex structures. The blade angle has a great effect on the shape of the vortex structure. The tip vortex of 30-30-30, 45-45-45 and 60-60-60 has clearly extended to a longer distance before scattering into a shattered pattern than those of 15-30-45 and 30-45-60. These phenomena suggest that the tip vortex of the fixed-angle rotors is more stable than those of the variable-angle ones. Moreover, the hub vortex of 60-60-60, 30-45-60 and 45-45-45 is stronger than those of 30-30-30 and 15-30-45. Especially, the hub vortex of 60-60-60 has mixed together with the tip vortex. These phenomena suggest that the hub vortex of the ASWT rotors with a large blade angle is stronger than those with a small blade angle.




3.5. Velocity Profiles and Turbulence Intensity


The velocity profiles (left) and the turbulence intensity (right) in the central x-z plane at selected downstream distances (z/D = 1, 3, 5 and 10) for the five ASWT rotors at   T S R   = 1.5 are shown in Figure 16. Overall, the velocity profiles are almost symmetric along the ASWT rotor axis, which show a gradually recovery trend as the flow travels downstream. The turbulence intensity exhibited sharp corners at x/D = ±0.5 for the five ASWT rotors. This means that a high level of turbulence occurred at this location, which is due to the formation of the tip vortex and its periodical shedding. Furthermore, there is a divergence in the wake recovery for the five ASWT rotors. It is very interesting that the 60-60-60 has the highest turbulence intensity and its wake recovery rate is faster than the other ASWT rotors. It seems that the higher the turbulence intensity is, the faster the wake recovery is. This is due to enhanced turbulent mixing in the wake and its momentum being transferred [37]. Meanwhile, the wake recovery for the other four ASWT rotors is evidently lower than the 60-60-60, especially for those with a small blade angle like 30-30-30 and 15-30-45.



On the other hand, Figure 15 and Figure 16 also indicate that considering the tower, the velocity reduction on the one side is more than that on the other side, due to the fact that the tower causes the asymmetric distribution of velocity in the wake region. The rotating velocity induced by the ASWT rotor can be easily arrested and attenuated by the tower, which makes the wake recover more easily. Additionally, the rotating ASWT rotor leads to flow stagnation on the other side of the tower. Thus, an asymmetric distribution of the velocity and the vortex structure is found. It is worth mentioning that the wake interaction between the ASWT rotor and the tower are much more complicated than we discuss in the current work.





4. Conclusions


In the present work, the application of a new type of wind turbine, namely the ASWT, was investigated using CFD. The detailed aerodynamic performance and wake characteristics of five ASWT rotors with different blade angles, including the variation of power, thrust, pressure distribution, velocity distribution and the vortex structures, were conducted to investigate. Some important findings have been concluded from this study as follows:



The 30-45-60 has the largest    C  P max     of 0.234 at   T S R   of 1.5 among the five ASWT rotors. The    C  P max     of the five ASWT rotors are all within a range of   T S R   from 1.0 to 2.0, which indicates that the ASWT rotors are suitable for operation under low wind speed and low   T S R   range conditions. Additionally, the ASWT rotor with a larger blade angle has a wider operating   T S R   range and a higher   T S R   point of    C  P max     within a certain range, and yet the ASWT rotor with a larger blade angle has a higher    C  T mean    . Moreover, the ASWT rotor with a larger blade angle has a stronger fluctuation in aerodynamic performance, which may lead to a fatigue problem on ASWT blades. Compared with the non-tower case, the tower has led to a decrease in the mean value and an amplification of the fluctuation amplitude in    C P    and    C T   .



A different blade angle causes different flow effects inside the ASWT blade; the ASWT rotor with a small blade angle permits the undisturbed free stream to pass through the blade more easily than that with a large blade angle. Therefore, the ASWT rotor with a large blade angle has a stronger blockage effect than that with a small blade angle, and the stronger blockage effect forces more fluid go through the region near the hub. On the other hand, there is a large-scale vortex structure, which sheds from the blade tip and hub of the ASWT rotors. The blade angle has a great effect on the shape of the vortex structure. The tip vortex of the fixed-angle rotors is more stable than those of the variable-angle ones. The hub vortex of the ASWT rotors with a large blade angle is stronger than that of those with a small blade angle. Furthermore, the 60-60-60 rotor has the highest turbulence intensity, and its wake recovery rate is faster than the other ASWT rotors. It seems that the higher the turbulence intensity is, the faster the wake recovery is. This is due to enhanced turbulent mixing in the wake and its momentum being transferred. Meanwhile, the wake recovery for the other four ASWT rotors is evidently lower than the 60-60-60, especially for the ASWT rotors with a small blade angle such as 30-30-30 and 15-30-45. The velocity and vortex structure are asymmetric along the ASWT rotor axis when the tower is being considered, which may be caused by the rotor–tower wake interaction.



A few works on the ASWT have been introduced for the time being; some aspects have not been studied much yet, which we will carry out in our future works. For example, performance improvement based on blade angle optimization is one of the future works we have planned. Additionally, the blade section effect caused by rotational augmentation is also a future work. This has been investigated a lot for HAWT [38,39,40] but no significant effort has been spent on studying this effect in ASWTs. Moreover, the mechanism of the rotor–tower interaction, caused by flow separation, dynamic stall, turbulence, yaw effect and so on, is another future work. This also has been investigated a lot for HAWT [41,42,43,44] but not for ASWTs.
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Figure 1. The Archimedes spiral shape in nature. 
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Figure 2. Aerodynamic force analysis on the ASWT rotor. 
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Figure 3. Definition of the blade angle on an ASWT rotor. 
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Figure 4. Schematic view of the five ASWT rotors. 
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Figure 5. Calculation domain. 
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Figure 6. Mesh distribution on the surface and near the central x-y plane of ASWT rotor. 
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Figure 7. The wind tunnel test system. 
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Figure 8. Comparison between the experimental value and the CFD value. 
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Figure 9.    C P    and    C T    versus   T S R   for the five ASWT rotors: (a)    C P   ; (b)    C T   . 
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Figure 10.    C  P max     and    C  T mean     for the five ASWT rotors: (a)    C  P max    ; (b)    C  T mean    . 
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Figure 11. The ASWT rotor with a tower. 
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Figure 12. Time histories of CP and CT for the five ASWT rotors at TSR = 1.5: (a) CP; (b) CT. 
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Figure 13. Maximum, minimum, mean    C P    and    C T    for the five ASWT rotors at   T S R   = 1.5: (a)    C P   ; (b)    C T   . 
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Figure 14. Pressure coefficient (  Δ  C p  =  p  0.5 ρ  V 0 2     ) distribution on the five ASWT rotors at   T S R   = 1.5, pressure side (left) and suction sides (right): (a) 15-30-45; (b) 30-30-30; (c) 45-45-45; (d) 60-60-60; (e) 30-45-60; (f) 30-45-60 with tower. 
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Figure 15. Velocity contours (left) and vortex structures colored by velocity (right) for the five ASWT rotors at   T S R   = 1.5 in the central x-z plane: (a) 15-30-45; (b) 30-30-30; (c) 45-45-45; (d) 60-60-60; (e) 30-45-60; (f) 30-45-60 with tower. 
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Figure 16. Profiles of velocity (left) and turbulence intensity (right) for the five ASWT rotors at   T S R   = 1.5 in the central x-z plane: (a) z/D = 1.0; (b) z/D = 3.0; (c) z/D = 5.0; (d) z/D = 10.0. 
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Table 1. Mesh independence assessment.
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	Mesh Density
	Total Cells
	     C P     
	     C T     





	Coarse
	3,213,540
	0.229
	0.673



	Medium
	5,429,876
	0.234
	0.677



	Fine
	8,327,596
	0.234
	0.680
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
s

=

flow,

wind tunnel
system

T

meter

laptop






media/file4.png
- . — . ——— . —_—— | — . — . e— . e— . Crm— L

T Y Yy

v Y

Incoming flow

ASWT rotor





media/file30.png
ACp

ACp

—
o

.
—

0.4

0.49

0.33

1.14

1.96

96

1

(e)

ACp

-1.96
-2.78
3.59
441
5:22

(f)





media/file18.png
0.25

0.20

0.15

0.10

0.05

0.00

1.2 1

1.0+

0.8

~ 0.6

| ——15-30-45 0.4 4 ——15-30-45

—— 30-45-60 | ——30-45-60

1——30-30-30 02— 30-30-30

45-45-45 | 45-45-45

——— 60-60-60 I 60-60-60
0.5 1.0 1.5 2.0 25 3.0 05 1.0 15 2.0 25 3.0

TSR TSR
(a) (b)





media/file35.jpg
D

@






media/file21.jpg
rotor

tower





media/file26.png
0.30 - - Maximum value

- Mean value

- Minimum value

0.10 1

0.05 1

0.00 4
15-30-45  30-45-60 30-30-30 45-45-45 60-60-60 30-45-60
with tower

(a)

1 - Maximum value
0.9 - - Mean value
l - Minimum value

15-30-45 30-45-60 30-30-30 45-45-45 60-60-60 30-45-60
with tower

(b)





media/file27.jpg





media/file3.jpg
it

Incoming flow

ASWT rotor





media/file22.png





media/file19.jpg





media/file7.jpg





media/file10.png





media/file36.jpg
20

D

i)






media/file28.jpg
131
049
033

-

(e)
aC
196
278
350
Laat

sn

)






media/file14.png
, 2 incoming flow
rotating torque
= "rotational speed
Sensol ; .
sensot wind tunnel
system
— .\l:l- )
A SWT\ turbine
rotor meter

laptop






media/file11.jpg





media/file6.png
The first blade

Msneenset®™  The second blade

The third blade

I
The three blades wrapped around each other fitted to a
shaft at an angle of 120°





media/file15.jpg
0.104

0.054

0.00

CFD value
Experimental value

0.5

1.0 L5

TSR

2.0

25





media/file32.jpg
[ e





nav.xhtml


  energies-16-00385


  
    		
      energies-16-00385
    


  




  





media/file29.png
ACp

1.31

0.49

0.33

1.96

ACp

1.31

0.49

0.33

1.14

1.96

(b)

ACp

1.31

0.49

ACp

1.31

0.49

0.33

1.14

\©
A
—

(d)





media/file16.png
0.30

0.25

0.10

0.05

0.00

CFD value

® Experimental value

0.5

1.0 1.5 2.0 2.5 3.0
TSR





media/file2.png





media/file20.png
P max

0.25 4

0.20 +

0.15 +

0.10 +

0.05 +

| 7sr=1.25

15-30-45

ISR=1.5

30-45-60

1SR=1.25

1SR=1.36

30-30-30

(a)

45-45-45

1SR=2.0

60-60-60

T mean

1.0 5

0.8 4

15-30-45  30-45-60  30-30-30

(b)

: .
45-45-45

60-60-60





media/file37.png
1.5~
1.0 1
0.5 - )
o |
= 0.0-
—0.5
> —— 15-30-45
I —— 30-45-60
—1.0 1 ———30-30-30
45-45-45
——— 60-60-60
_1 5 T T 1 _1 5 T | T T T T | T 1 ' 1
0.5 0.0 1.0 1.5 0 10 50 60 70 80

| 4IO
TI(%)

(a)





media/file23.jpg





media/file5.jpg





media/file24.png
0.28 ~—— 15-30-45 —— 30-30-30
———30-45-60 45-45-45
}—— 60-60-60 —— 30-45-60 with tower
0.24 -
ol
O 0.20-
0.16 -
0.12 . : : : : .
3.80 3.85 3.90 3.95 4.00
t/s

(a)

— 15-30-45 — 30-30-30

1.0 -
0 — 30-45-60 45-45-45
| —— 60-60-60 —— 30-45-60 with tower
0.9 -
0.8 -
& ] ’ / i
St N
VIV AV
0.6 -
O'S'J\/‘/\/‘/\/J\/‘/\[‘/M/J\/‘/\/‘/\/‘/\/
0.4 : . . . . , . ,
3.80 3.85 3.90 3.95 4.00
t/s
(b)





media/file33.png
Vivs Viva
1.40 1.40

0.95

Vivs Vivs
1.40 1.40

0.95 0.95

0.40

Vive
1.40

—0.40

Vive
1.40

0.95

=0.40

Vivs
1.40






media/file1.jpg





media/file31.jpg
[ | e
| ] e





media/file25.jpg





media/file12.png





media/file9.jpg





media/file0.png





media/file38.png
159 ——15-30-45
| —— 30-45-60
—— 30-30-30
1.0 45-45-45
{ —— 60-60-60
054 30-45-60 with tower
0.0 1
—0.5 1
—1.0 1
_15 T T T T 1
—0.5 0.0 0.5 1.0 1.5
ViV,
159 —— 153045
| ——30-45-60
———30-30-30
1.0 45-45-45
{ —— 60-60-60
054 30-45-60 with tower
0.0 - <
—0.5 -
—1.0 1
-1.5 - . . - i : 1
—0.5 0.0 0.5 1.0 1.5
ViV,
159 ——1530.45
{ ——30-45-60
———30-30-30
1.0 45-45-45
{ —— 60-60-60
054 30-45-60 with tower
0.0 1
—0.5 1
—1.0 1
|
-1.5 T T T i T 1
-0.5 0.0 0.5 1.0 1.5
ViV,

(b)

(c)

(d)

1.5+

1.0 -

— 15-30-45
— 30-45-60
— 30-30-30
45-45-45
— 60-60-60
— 30-45-60 with tower

—0.5 1

—1.0 1

70 80

— 15-30-45
— 30-45-60
— 30-30-30
45-45-45
— 60-60-60
— 30-45-60 with tower

1.5+

60 70 80

— 15-30-45
— 30-45-60
— 30-30-30
45-45-45
— 60-60-60
— 30-45-60 with tower
1 ' 1 ' 1 ' 1

50 60 70 80





media/file8.png
45-45-45

30-30-30






media/file34.png
ViVe
1.40






media/file17.jpg
ox.

sz
B
P =
o5 10 [ 20 25 30 o5 0 s 20 25 30
= 5%
@ ®)





