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Abstract

:

Most vertical axis wind turbines (VAWTs) need arms connecting the blades with the rotational axis. The arms increase the power loss of VAWTs; however, the distribution between the pressure and friction influences and their degrees of influence have not yet been investigated in detail in past research. We applied computational fluid dynamics (CFD) targeting a small-sized straight-bladed VAWT to elucidate the effects of arms on turbine performance. In the analysis, three kinds of arms with different cross-sections (NACA 0018 airfoil, 18% rectangular, circular) with the same height were added to an armless rotor. The tangential forces and resistance torques caused by the added arms were recalculated by dividing the pressure and friction influences based on the surface pressure and friction distributions obtained by the CFD on an arm or a blade. The pressure-based tangential force of an arm, regardless of the cross-section, had a tendency to increase near the connection part between the arm and a blade. Though the value was small, the friction on the rectangular arm generated a driving force, whereas the friction on the other arms generated resistance forces. The pressure-based tangential force of a blade increased for a wide region around the connection part. The friction-based tangential force of a blade dropped around the connection part of every arm-equipped rotor. The arm resistance torque added to a VAWT by the existence of arms was larger than the added blade resistance torque in the cases of rectangular and circular arm rotors. Conversely, in the case of the airfoil arm rotor, the resistance torque added to blades became larger than that of arms.
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1. Introduction


Lift-driven vertical axis wind turbines (VAWTs) represented by Darrieus turbine do not depend on wind direction from the rotor performance point of view and are highly efficient compared to horizontal axis wind turbines (HAWTs) when operating at high tip speed rotation. As large-scale offshore wind power systems are expected to take advantage of the characteristics of VAWT [1,2] or wind farm with many small-scale VAWTs [3], many studies on VAWT have been conducted [4]. Hara et al. [5] have been developing the Butterfly Wind Turbine (BWT), which is a kind of VAWT aiming to be a low-cost renewable energy source for drylands or other various places. Many studies and applications of water or tidal current vertical axis turbines have been reported [6,7,8]. The performance of the lift-driven vertical axis turbines depend largely on the cross-section of the main blades and the structure of whole rotor, which is the aspect ratio and solidity of the rotor; therefore, most studies focused on the main blade performance or rotor structure. Especially in numerical studies of vertical axis turbines, two-dimensional (2D) simulations are often conducted from the aspect of computational cost. Even in three-dimensional (3D) simulation, the calculation usually considers only the main blades [6,9]. For example, Orlandi et al. [10] analyzed the performance of an H-type VAWT in an inclined condition of the rotational axis from the vertical using 3D-computational fluid dynamics (CFD). They showed that the power gain in skewed flows was obtained mainly during the downwind phase of revolutions; however, the rotor model of the CFD had no arms. Alaimo et al. [11] investigated the effects of computational conditions such as the mesh size on the CFD of a straight-type VAWT and compared the 2D and 3D computations. The performances of a straight-type VAWT and a helical-type VAWT were compared and, as a result, the helical type performed better than the straight type at a low tip speed ratio (TSR). Only the blades were considered in those rotor models. Li et al. [12] conducted wind tunnel experiments with a two-bladed VAWT and compared the results with the 3D-CFD. The experimental turbine had two-stage arms; the CFD model, which showed better performance than the power obtained experimentally using six-component balance, had no arms. However, the distribution along the blade span of the power coefficient obtained from pressure measurements illustrated the 3D effects caused by blade tips and arm existence. Subramanian et al. [13] investigated the effects of the airfoil and solidity on the performance of VAWT and showed that thick airfoils perform better at low TSR than thin airfoils, and that two-bladed turbine generated more power than three- or four-bladed turbines. Although the turbine models included a rotational axis, arms were not considered in the CFD computations.



Lift-driven VAWTs, however, need arms or struts, which connect the main blades to the rotational center axis, unlike HAWTs, though a vertical axis turbine equipped with the endplates as large as the rotor diameter, like a cross-flow turbine [14], and the BWT [5,15] may not need the arms. The arms act as fluid resistance and, more or less, cause a loss on the vertical axis turbine. Islam et al. [16], in the analysis of design parameters of a fixed-pitch straight-bladed VAWT, described the type classification, cross-section shape, and importance of the supporting struts, i.e., arms. Li and Calisal [17] investigated the effects of the arms of vertical axis tidal current turbines using experiments and numerical simulations. As shown by these previous studies, an airfoil shape with an ideal smaller drag coefficient should be selected for the arm cross-section to minimize the loss caused by the arms. For example, Ramkissoon et al. [18] searched for an airfoil shape that could be applied to the horizontal strut-arms of VAWTs and could have the lowest drag coefficient among four base airfoils using the XFOIL program [19] with an optimization method.



However, as Islam et al. [16] described, the arms need enough strength to support the blades and should be inexpensive; therefore, there is a tradeoff between the aerodynamic performance, i.e., drag coefficient, and the structural strength of arms. Accordingly, the arm cross-section does not necessarily have an airfoil shape in the cases of some practical VAWTs or in the cases of VAWT models for the studies aimed at practical application. Qin et al. [20], for instance, compared the 3D-CFD results on three-bladed H-type VAWT (rotor diameter: 2.5 m) with circular arms (arm diameter: 0.064 m) with the 2D-CFD results without arms, and showed that the average torque of 3D-CFD was 40% less than that of 2D-CFD. Note that the loss included the blade tip loss. Shires [2], in the aerodynamic model based on blade element momentum (BEM) theory, targeted a unique offshore V-shaped VAWT with a multi-blade structure with the struts in an elliptical profile and considered the profile drag coefficient [21] arising from the arm-surface pressure and the secondary drag coefficient [22] related to the arm-blade junction. Those drag coefficients were obtained from wind tunnel experiments in which the models were fixed under a constant wind speed.



In the operation of a VAWT, whose rotational axis is perpendicular to the main flow, the direction, or angle of attack, of the relative flow to a blade or an arm changes during rotation; therefore, because the local tangential forces change too, the averaged tangential force coefficients should be different from the drag coefficient obtained experimentally under stable flow. The secondary drag coefficient proposed by Roach and Turner [22] is attributed to a strut-blade connection but includes no influence on blades. To the best of the authors' knowledge, the degree of influence on the aerodynamic degradation (i.e., increase in tangential force or decrease in lift) of blades by the existence of the arms of a VAWT has not yet been sufficiently investigated. The drag arises from both pressure and friction on the surface of an object body. Although there are many reports about various objects and conditions regarding the pressure and friction drags [23], the degrees and the distribution ratio of the two drags have not yet been examined in the case of VAWT.



In this study, computational fluid dynamics (CFD) analyses targeting a small-sized two-blade VAWT were conducted assuming cases with horizontal arms (struts) of three different cross-sections and without arms. The distributions of pressure and friction, or shear stress, on the surfaces of the arms and blades were investigated, then their values were integrated with in-house software to obtain the pressure-based and friction-based tangential forces of each arm and blade. Subsequently, the resistance torques generated by the existence of the arms were calculated and the influences of the arm existence and the arm cross-section shape on the VAWT performance were discussed. The distribution ratios of the added resistance torque of each rotor equipped with the respective arms between the arms and the blades and between the pressure and the friction effects are identified here.




2. Methods


The wind turbine rotor targeted for calculation is described in Section 2.1. In Section 2.2., after the description of the calculation conditions of CFD analysis, the flow fields around each wind turbine rotor are assumed and the power coefficients are shown. Then, a simple theoretical prediction of the arm resistance torque based on the aerodynamic data and the influence of the arms on each rotor determined by the CFD are compared in Section 2.3. In the last subsection, the method used to analyze the pressure-based and friction-based tangential force coefficients of the arms or blades is explained.



2.1. Wind Turbine Rotor Targeted for Calculation


The base of wind turbine rotors targeted for the present study was the same H-type Darrieus turbine as the two-blade experimental wind turbine (DU-H2-5075) [24,25] (Figure 1). The rotor size parameters are shown in Table 1. The blade airfoil is NACA 0018.



The experimental rotor had two-stage horizontal arms; however, the details of the shape and size were unknown. In the calculation, we targeted the base wind turbine rotor without arms and three rotors with two-stage arms; each arm cross-section of the three rotors is (1) an airfoil shape, (2) a rectangular shape, and (3) a circular shape, as shown in Figure 2, and is uniform along the span. The cross-section of the airfoil arm is the same NACA 0018 as the blade, but the chord length b is 40 mm and the maximum thickness a is 7.2 mm. Accordingly, the cross-section of the rectangular arm is a × b = 7.2 mm × 40 mm and the diameter of the circular arm is a = 7.2 mm. Each arm is installed in 25% or 75% of the blade span. The 40% position of the blade chord from the leading edge coincides with the center of each arm cross-section at the far arm edge from the rotor center, where the blade chord line is normal to the center axis of each arm.



As with the experimental conditions [26], the upstream wind speed U∞ was assumed to be 7 m/s in this study. The rotational speed of the wind turbine was set to 535 rpm (λ = 3), which is almost the same as the optimal condition (λ = 2.9) of the experimental rotor in the case of no inclination of the rotational axis. The rotational conditions are tabulated in Table 2.



The 2D drag coefficient CD of each arm against a uniform flow is defined by the frontal area of the arm per unit length, that is, by the arm height a [27]. If the representative flow speed is defined by the averaged relative flow speed at the maximum radius position, that is, the blade tip speed Rω, the CD of the airfoil arm is 0.11 [28] (Reb = 5.6 × 104), the CD of the rectangular arm is 0.97 [27] (Reb = 5.6 × 104), and the CD of the circular arm is 1.2 [27] (Rea = 1.0 × 104). Here, Reb is the Reynolds number based on the length of the cross section parallel to the main flow, defined by Reb = bRω/ν. In the case of a circular arm, because the length parallel to the main flow is the diameter a, the Reynolds number is expressed by Rea. The length of each arm L is assumed to be 355 mm. The hub and the rotational axis of each turbine rotor are not considered in the CFD analysis described below.




2.2. CFD Analysis


2.2.1. Computational Conditions and Computational Mesh


The solver used for CFD analysis in this study was the STAR-CCM+, which is a CFD- focused multiphysics simulation software of Siemens PLM Software. The Reynolds averaged Navier-Stokes (RANS) equations and the equation of continuity are solved simultaneously under the conditions of 3D incompressible fluid in unsteady state with the SST (Shear Stress Transport) k–ω turbulence model [29]. The whole computational domain (static region 1) is the inside of a cylindrical column of the diameter of 48D with the length of 64D, as shown in Figure 3. The center of the wind turbine rotor is located 24D downstream of the inlet boundary. A constant flow speed of U∞ = 7 m/s is provided at the inlet boundary, a constant gauge pressure of P = 0 Pa is given at the outlet boundary, and a slip condition is imposed on the side surface of the static region 1.



Figure 4 shows the regions around the wind turbine model, which was built in a spherical volume (rotational region) with a diameter of 1.6D. The rotational region is surrounded by a static region (static region 2), which consists of a hemisphere with the radius of 0.85D and a cylindrical column with the length of 1.6D to adjust the mesh size.



The unstructured polyhedral mesh was adopted in most of the computational domain except for regions close to the surfaces of blades and arms, where prism layer mesh was generated in 15 layers. The minimum mesh size near the blade surface was about 1.15 × 10−6 m, which corresponds to y+ of about 0.35. To check the grid independence, preliminary calculations on the armless rotor were performed under the condition of λ = 3 in the cases with total cell numbers of 5.05, 6.62, 7.75, 9.29, and 10.55 million. The torque variations in a blade in those grid cases are compared in Figure A1. All the results coincided within 1% of the mean value Cp = 0.24 of the power coefficients calculated for the 5 mesh cases. So, the mesh with 6.62 million cells in total was adopted for the armless rotor. By adopting the equivalent mesh, the total mesh-cell number was 11.12 million in the airfoil arm rotor, 11.50 million in the rectangular arm rotor, and 8.87 million in the circular arm rotor. In all the cases, the summed mesh-cell number in the static regions 1 and 2 was 0.58 million. The mesh state generated in the vicinity of the rotational region and around a blade is illustrated on an equatorial plane in Figure 5.



A time step was fixed at Δt = 1.558 × 10−4 s. The rotor revolved 0.5 degrees per time step. Each calculation was completed until 7 revolutions to obtain the convergence.




2.2.2. Results of CFD Analysis Regarding the Rotor Performance


The state of vortex shedding from each rotor at the end of 7 revolutions (time level: 5040) is depicted in Figure 6 with the Q-criterion (second invariant of velocity gradient) isosurfaces (Q = 200 s−2) [30], on which the vorticity magnitude is expressed using color contour (see the Supplementary Materials including the animations of vortex shedding). Figure 6d depicts the case of the armless rotor, in which strong arc-shaped tip vortices are shed from both ends of each blade when a blade passes through the upwind half of the rotor. Blade 2 is in the position of azimuth Ψ = 180° in Figure 6d; the almost uniform vertical vortex built by the dynamic stall [31] is shed from the trailing edge around the equator of Blade 2. In addition to the above-mentioned vortex, vortices are shed from the arms in the rotors equipped with arms in Figure 6a–c. Especially in the circular arm rotor shown in Figure 6c, the vortices that are related to the Karman vortex streets are shed in the wake of the arms. The vortex shedding from the trailing edge of each airfoil arm in Figure 6a, which is a small amount and hardly observable, should be attributed to the outflow of the boundary layer. As the vortex shedding from the blades are complicated in the rotors equipped with arms, the existence of the arms has a considerable influence on the flow field around the blades. As shown in Figure 6a,b, a loop-like vortex is shed from each of the junction parts of the airfoil and rectangular arm rotors. Judging from the strength of the vortex, it is not the horse-shoe vortex formed around the juncture illustrated by Roach and Turner [22]. The loop-like vortex might be derived from bound vortices of the blade.



The power coefficients Cp are compared in Figure 7. The circles in black are experimental results [26]. The calculation results of CFD analysis of the armless rotor and the airfoil arm rotor, which had been obtained for the rotational conditions before and with λ = 3, are also shown in Figure 7. The power coefficients of the armless rotor are larger than those of the experiments and reach the maximum at λ = 3. Coincidentally, the power coefficients of the airfoil arm rotor agree well with those of the experiments. The power coefficients of the circular and rectangular arm rotors at λ = 3 are negative (−0.022 and −0.138) and the two rotors do not operate as wind turbines. Not shown in Figure 7, in the case of the rectangular arm rotor with the arms of half thickness (a = 3.6 mm), the power coefficient takes a slightly positive value (Cp = 0.013) at λ = 3.





2.3. Comparison of Total Arm Influence between CFD and a Simple Theory


It is possible to estimate the resistance torque caused by the horizontal arms (or struts) of a VAWT, provided that the drag coefficient of the arm is given. Using the drag coefficient CD defined on the basis of the frontal area, the drag force FD acting on a 2D body with unit span and the height a normal to the flow is defined by Equation (1):


FD=12ρUr2aCD,



(1)




where Ur is the relative flow speed and ρ is the fluid density.



As the origin of azimuth Ψ is set in the perpendicular direction to the main flow in this study (Figure 9a), the relative flow speed Ur at a local radius r is expressed as:


Ur=U∞cosΨ+rω,



(2)




where ω is the rotor-rotation angular velocity. In Equation (2), the induced flow velocity within the rotor is not considered.



Assuming that the number of blades is B and the number per blade of arms (struts) is S, the average resistance torque QTA generated by all the arms of a straight-bladed VAWT is calculated by:


QTA=BS2π∫02π∫r0RrFD dr dΨ,



(3)




where r0 is the distance between the rotational center axis and the inner end of an arm. The distance is assumed to be r0 = 20 mm in the present study.



Substituting Equations (1) and (2) into (3), the theoretical total arm resistance torque QTA is calculated as:


QTA=BS8ρaCDU∞2{(R2−r02)+λ2R2(R4−r04)},



(4)




where, in the derivation process, the relation ω = λU∞ /R is used.



Finally, changing Equation (4) into a non-dimensional form on the basis of the dynamic pressure of upstream speed U∞ and the rotor-swept area A = 2HD = 4HR, the total arm resistance torque coefficient is obtained:


CQTA≡QTA0.5ρU∞2AR=BS8a2HCD[{1−(r0R)2}+λ2{1−(r0R)4}]≈BS8a2HCD(1+λ2).



(5)







In Figure 8, the total influences of all the arms, which were obtained from the results of CFD analysis by subtracting the armless rotor torque from each arm-equipped rotor torque, are compared with the values estimated using Equation (5). The drag coefficient CD of each arm was assumed to take the value evaluated at the maximum local radius, i.e., the rotor radius R (see the caption of Figure 2). The theoretical values of CQTA of these three kinds of arms with a height of a = 7.2 mm are proportional to the CD value. As the results of CFD analysis are liable to increase with the increasing drag coefficient, they are not linear to the CD value, unlike the theory. The proximity between the CFD and the theoretical values of the circular arm rotor is a coincidence.



The CD used in theory is constant and is estimated at the far end of the arm as mentioned above; conversely, the tangential force coefficient calculated in the CFD might vary along the arm span, where the Reynolds number should decrease with the decreasing relative flow speed. A large difference exists between the CFD and the theoretical values in both the airfoil arm rotor and the rectangular arm rotor, which is especially large for the rectangular arm rotor. The difference is supposedly caused from the losses in the connection parts and the blades because the length b parallel to the relative velocity in the airfoil and rectangular arms is larger than that in the circular arm. We analyzed the individual influence of the pressure and friction on each surface of the arms and blades to prove the validity of the supposition.




2.4. Analytic Method of the Pressure-Based and Friction-Based Tangential Forces on Arms and Blades


The forces acting on an arm or a blade are calculated from the respective distributions of surface pressure (gauge pressure Δp) and surface friction (tangential component of wall shear stress τW) obtained from the CFD analysis. Figure 9a provides the definition of azimuth Ψ. The coordinates x1, y1 fixed on a blade are also shown in Figure 9a to define the forces (Fqx1, Fqy1) acting on the blade that are ascribed to the surface pressure (q = p) or the surface friction (q = f). Fqx1 is the tangential force of the blade, and Fqy1 is the normal force and is not considered in this study.



Figure 9b depicts the positions where the distributions of the surface pressure and the surface friction were extracted. For a blade, 50 cross-sections at intervals of 5 mm were selected from the upper half span (length H) with the equatorial plane (z = 0 mm) as the starting point. For the arm, 70 cross-sections at intervals of 5 mm were chosen between r0 and R in the radial direction. The coordinates x2, z2 fixed on an arm are depicted in Figure 9b to define the forces (Fqx2, Fqz2) acting on the arm that are ascribed to the surface pressure or friction. Fqx2 is the tangential force component parallel to the drag of the arm; Fqz2, which corresponds to the lift, is not considered in this study.



In an arbitrary cross section selected for extraction, the pressure-based and friction-based forces per unit span length acting in the x direction on a blade or an arm are calculated using Equations (6) and (7), respectively:


Fpxjl(Ψ)=−∮lΔp(s)dssinθ(s)=−∮lΔpdy;



(6)






Ffxjl(Ψ)=∮lτw(s)dscosθ(s)=∮lτwdx,



(7)




where the surface pressure Δp and the surface friction τW can be obtained from the CFD analysis, parameter s is the coordinates along the cross section boundary of an arbitrary two-dimensional object, the angle θ(s) is defined as the angle between the surface tangential and the x coordinate axis (Figure 10), the subscript j distinguishes the blade (j = 1) and the arm (j = 2), and the superscript l indicates the positions of extraction cross section (m = 1–50 or n = 1–70). The forces vary with the change in azimuth. Therefore, the forces defined in Equations (6) and (7) are calculated at intervals of 10 degrees in the azimuth in the seventh revolution of each rotor (Ψ = 10°, 20°, …, 360°). Note that y is replaced with z in Equation (6) and Figure 10 when the forces (Fnpx2(Ψ) and Fnfx2(Ψ)) acting on the arms are calculated.



In the present study, the non-dimensional force coefficient in the xj direction is defined as follows:


Cqxjl(Ψ)≡Fqxjl(Ψ)12ρ(Rω)2a,



(8)




where the representative flow speed in the denominator is the maximum average tip speed Rω corresponding to the average relative flow speed and a is the arm height. Therefore, the non-dimensional force coefficient is equivalent to the drag coefficient CD of the arms (cf. Equation (1)). However, because the thickness of the blades is 2a, the value by Equation (8) for the blades (j = 1) corresponds to twice as large a value as the tangential force coefficient of the blades.



The non-dimensional force coefficients are averaged during one rotor revolution at each extraction cross section (l = m or n) by Equation (9):


Cqxj_avel=∑ΨCqxjl(Ψ=10°,   20°,   ⋯,   360° )36.



(9)







An example showing the azimuth dependency of the non-dimensional force coefficient defined by Equation (8) and the average calculated by Equation (9) is provided in Figure A2.



The rotationally averaged force coefficients are averaged using Equation (10) in terms of a blade span; similarly, the average in terms of an arm span is calculated using Equation (11):


Cqx1_ave¯=∑m=150Cqx1_avem50;



(10)






Cqx2_ave¯=∑n=170Cqx2_aven70.



(11)







The data from Equations (6) to (9) were processed using in-house software with the results of the CFD analysis as the input data in this study.





3. Results


According to the method described in the Section 2.4., the distributions of the surface pressure and the average tangential force coefficient based on the pressure were analyzed and are shown in Section 3.1, and those of the surface friction and the average tangential force coefficient based on the friction are shown in Section 3.2. In Section 3.3., by distinguishing or integrating the influences of pressure and friction, the resistance torques generated at the arms and blades, by the existence of the arms are considered.



3.1. Tangential Force Based on Surface Pressure


3.1.1. Distributions of Pressure


The distributions of surface pressure on each arm and blade of the respective rotors with three kinds of arm cross-sections are illustrated in Figure 11 (see the Supplementary Materials including the animations of the pressure distributions). Figure 11 shows the conditions at the end of seven revolutions (Ψ = 0°); the reddish colors indicate positive pressure and the bluish colors, negative pressure. The surface pressure varies considerably along each arm span in all the arm-equipped rotors. Differences among the rotors in the pressure distribution on the blade surface are observed around the connections between the arm and the blade.



Figure 12 illustrates the surface pressure distributions around the cross sections of n = 30 (r/R = 0.453) of the arms under the same condition (Ψ = 0°) as in Figure 11. In each distribution shown in Figure 12, red vectors express positive pressure and blue vectors express negative pressure. All the vectors are depicted oriented outward and normal to the surface, and the length of the vectors is proportional to the absolute of the gauge pressure Δp. All the coordinates in Figure 12a–c are non-dimensional on the basis of the flow direction length (b = 40 mm) of both airfoil and rectangular arms. The pressure distributions are somewhat asymmetric in the vertical direction because the upper arms are depicted in Figure 12 and the flow passing across the upper arms is oriented upward due to the expanse of the flow.



Figure 13 illustrates the surface pressure distributions around the cross-sections of m = 25 (z/H = 0.480) of the blades under the same condition (Ψ = 0°) as in Figure 11. These blade cross-sections are located just below the connection parts; the lower surface of each blade in Figure 13 corresponds to the inside of the rotors where the arms exist. Compared with the case of the armless rotor shown in Figure 13d, the surface pressure of the blade on the inner side is affected greatly by the arms, as shown in Figure 13a–c.




3.1.2. Distributions of Average Pressure-Based Tangential Force


The distributions along each arm span of the non-dimensional pressure-based force coefficients (Cnpx2_ave) averaged rotationally using Equation (9) are shown in Figure 14. The force coefficients, i.e., the drag coefficients, have a tendency to increase when approaching the connection part (r/R = 1) regardless of the arm cross-section shape, which could be accounted for by the increasing local relative flow speed.



The pressure-based tangential force coefficients averaged along the arm span direction by Equation (11) are shown in Table 3. The average pressure-based tangential force coefficient of the rectangular arm is 0.415, which is the largest. The value of the airfoil arm is 0.050, about 10 times smaller than that of the rectangular arm.



Figure 15 shows the distributions along the half-blade span of the non-dimensional pressure-based force coefficients (Cmpx1_ave) averaged rotationally by Equation (9); the positive direction of the force is the x1 direction defined in Figure 9a. The force coefficients of the armless rotor are approximately constant in the range of 0 < z/H < 0.7 and take negative values. This means that a local blade element on average generates a driving force in the –x1 direction. The driving force decreases toward the blade tip (z/H = 1), showing the effects of the blade tip loss. In all the cases of arm-equipped rotors, the driving force decreases around the connection (z/H = 0.5); in other words, the pressure-based tangential force increases there. Especially for the rectangular arm rotor, the pressure-based tangential force increases at the wider region of the blade. An extensive increase in the tangential force is observed in the airfoil arm rotor, which is not as much of an increase as in the rectangular arm rotor. The influence of the circular arm on the blade is relatively small.



The pressure-based force coefficients (Cpx1_ave¯) obtained by averaging the values of Cmpx1_ave along the half-blade span direction by Equation (10) are shown in Table 4. The bottom row of Table 4 shows the pressure-based tangential force coefficients (ΔCpx1_ave¯) corresponding to the increase in the resistance of each blade, which were obtained from the difference between each averaged force coefficient and that of the armless rotor. The pressure-based tangential force added to the blades by the existence of the rectangular arms is 1.82 times as large as that of the airfoil arms; the case of the circular arms is 0.67 times as large as the case of the airfoil arms.





3.2. Tangential Force Based on Surface Friction


3.2.1. Distributions in Friction Force


The distributions in the x-direction wall shear stress on each arm and blade in the respective rotors with three kinds of arm cross-sections are illustrated in Figure 16 (see the Supplementary Materials including the animations of the wall shear stress distributions). Figure 16 shows the conditions at the end of seven revolutions (Ψ = 0°); the reddish colors indicate the surface friction pointing in the positive x-direction (x1or x2 directions) and the bluish colors point in the opposite direction. A blue-colored region is widely observed near the front edge on the upper surface of the rectangular arm in Figure 16b, which is different in appearance from the other arms.



Figure 17 illustrates the distributions of the tangential component (τw) of the wall shear stress around the cross-sections of n = 30 (r/R = 0.453) of the arms under the same condition (Ψ = 0°) as in Figure 16. The red vector indicates the x component of wall shear stress is positive and the blue vector indicates the opposite state. On the left and right end surfaces of the rectangular arm in Figure 17b, however, the color of vector is red when the z component of wall shear stress is positive (upward), and is blue in the opposite state. All the vectors are depicted oriented outward and normal to the surface, and the length of the vectors is proportional to the absolute of the surface friction τw. At the front portion of the upper and lower surfaces of the rectangular arm, the x component of wall shear stress is negative; this shows that the separations occur from the front edges and the counter-flows occur on the surfaces near the frontal edges.



Figure 18 illustrates the distributions of the tangential component (τw) of the wall shear stress around the cross-sections of m = 25 (z/H = 0.480) of the blades under the same condition (Ψ = 0°) as in Figure 16. In the case of the armless rotor in Figure 18d, most of the wall shear stress has a positive x component acting as the friction in the direction from the leading edge to the trailing edge. On the blade cross-sections located just below the connection parts in Figure 18a–c, the negative x components of wall shear stress, i.e., counter-flows, occur in wide regions on the inner side; the existence of arms has a complicated influence on the flow directions near the blade surface.




3.2.2. Distributions of Average Friction-Based Tangential Force


The distributions along each arm span of the non-dimensional friction-based force coefficients, (Cnfx2_ave) averaged rotationally using Equation (9), are shown in Figure 19. The friction-based tangential force coefficients increases when approaching the connection part (r/R = 1) in the cases of the airfoil and circular arms. In contrast, the friction-based tangential force coefficient of the rectangular arm takes negative values in the region over r/R = 0.4 and the maximum value of the negative direction at r/R is about 0.75.



The friction-based tangential force coefficients averaged along the arm span direction using Equation (11) are shown in Table 5. The average friction-based tangential force coefficient of the airfoil arm is 0.024 and is the largest. The value of the rectangular arm is negative, which shows that the surface friction operates as the driving force on average.



Figure 20 depicts the distributions along the half-blade span of the non-dimensional friction-based force coefficients (Cmfx1_ave) averaged rotationally by Equation (9). The positive direction (x1 direction) of the force is oriented toward the wake of each blade. The force coefficients of the armless rotor are approximately constant in the range of 0 < z/H < 0.9 and increase close to the blade tip (z/H = 1), showing the effects of the blade tip loss. In all the cases of arm-equipped rotors, the friction-based tangential forces of the blades drop around the connection part (z/H = 0.5) due to the contact area of the arm and the blade. There is no definite difference among the arm-equipped rotors regarding the degrees of the drops and the fluctuations in the friction-based tangential force.



The friction-based force coefficients (Cfx1_ave¯) obtained by averaging the values Cmfx1_ave along the half-blade span direction using Equation (10) are shown in Table 6. The bottom row of Table 6 shows the friction-based tangential force coefficients (ΔCfx1_ave¯) corresponding to the increase in the resistance of each blade, which were obtained from the difference between each averaged force coefficient and that of the armless rotor, described in the middle row of the Table 6. The friction-based tangential force added to the blades by the existence of the rectangular arms is 1.77 times larger than that of the airfoil arms, whereas the case of the circular arms is 11% less than the case with airfoil arms.





3.3. Resistance Torque Induced by the Existence of Arms


In the previous sections, the distributions of the forces based on the pressure and friction acting on each portion of the arms and the blades were shown. Based on them, the resistance torques operating on the whole wind turbine rotor were calculated and are discussed in this section.



The non-dimensional resistance torque based on the pressure (q = p) or the friction (q = f) operating on all the arms of a rotor are obtained using Equation (12). Similarly, the non-dimensional resistance torque added to all the blades due to the existence of the arms is calculated using Equation (13):


CQ_q_arm=BS0.5ρU∞2AR∑n=170rnFqx2_avenΔr=BSaΔr4HRλ2∑n=170rnRCqx2_aven;



(12)






CQ_q_blade=2B0.5ρU∞2AR∑m=150R(Fqx1_avem−Fqx1_avem(Armless))Δz










=BaΔz2HRλ2∑m=150(Cqx1_avem−Cqx1_avem(Armless)),



(13)




where B is the number of blades and S is the number of arms (struts) per blade; in this study, B = 2 and S = 2. Unlike Equation (8), the resistance torque coefficients in Equations (12) and (13) are based on the upstream flow speed U∞, the rotor swept area A, and the rotor radius R.



Table 7 lists the results of the calculations of Equations (12) and (13) for the respective arm-equipped rotors. For the airfoil arm rotor, the resistance torque based on the pressure of the blades is large due to the existence of the arms. Although the value is small, the generation of driving torque based on the friction of the arms is conspicuous in the rectangular arm rotor. A large part of the additive resistance torque in the circular arm rotor is attributed to the pressure of the arms.



The coefficients of the additive resistance torques of a whole rotor based on pressure, friction, and both are determined using the following equations:


CQ_p = CQ_p_arm+ CQ_p_blade;



(14)






CQ_f = CQ_f_arm+ CQ_f_blade;



(15)






CQ_total = CQ_p+ CQ_f.



(16)







The results of calculation of Equations (14)–(16) regarding the respective rotors are tabulated in Table 8. The resistance torques caused by the friction due to the existence of the arms are one order less than those caused by the pressure. The total resistance torque of the rectangular arm rotor is largest, followed by that of the circular arm rotor. The values of CQ_total of the two rotors are 3.1 and 2.3 times as large as that of the airfoil arm rotor, respectively. The resistance torque coefficients CQ_total obtained according to the above-mentioned data processing agree well with the CFD results (CQTA) shown in Figure 8.



Table 9 shows the non-dimensional resistance torques added by the existence of arms to the arms or the blades, which were obtained using Equations (17) and (18):


CQ_arm = CQ_p_arm+ CQ_f_arm;



(17)






CQ_blade = CQ_p_blade+ CQ_f_blade.



(18)







The values in the parentheses in Table 9 are the ratios of each resistance torque coefficient to the total (CQ_total) in each arm-equipped rotor. The resistance torque of arms accounts for a large proportion of the cases of the rectangular and circular arm rotors. In the case of the airfoil arm rotor, the additive resistance torque of the blades are much larger than that of the arms.





4. Conclusions


For investigating the influence of arms, or struts, on VAWTs, 3D CFD analysis was conducted targeting the small, straight-bladed VAWT rotors with the NACA 0018 airfoil, 18% rectangular, and circular arms with the same height. Based on the CFD results, the tangential forces and resistance torques induced by the arms were decomposed to the effects of pressure and friction.



In terms of the distributions of pressure-based tangential forces, the pressure-based tangential force coefficients of an arm had the tendency to increase with decreasing distance to the connection part regardless of the arm cross-section shape. The pressure-based tangential force along the blade span increased around the connection part. The widespread increase in the tangential force on the blade was especially observed in the rectangular arm rotor, followed by the airfoil arm rotor.



Regarding the friction-based tangential force distributions, we found that the flow separations occurred near the front edges of the rectangular arm, and the surface friction by the separation bubbles generated the driving force. The decreases in the friction-based tangential force were observed on the blades around the junctions; however, the differences were not clear among the different arm rotors in terms of the degrees of the drop and the variations in additive friction-based tangential force.



From the results of the integration of the resistance torque, we found that the additive friction effects were very small compared to the pressure effects. The total resistance torque of pressure and friction was the largest in the case of the rectangular arm rotor followed by that of the circular arm rotor—3.1 and 2.3 times as large as the airfoil arm rotor. As one of the important findings, the resistance torque induced on the arms was larger than that induced on the blades in the rectangular and the circular arm rotors. Conversely, the resistance torque induced on the blades was much larger than that induced on the arms in the airfoil arm rotor.



This study targeted a small VAWT. When considering larger wind turbines, some differences, such as the decrease in the pressure-based tangential force or the increase in the friction-based tangential force, could be expected due to the Reynolds number. If the manufacturing cost and structural strength of the arms are not a problem, however, the airfoil remains ideal for the arm cross-section shape.



We showed that the airfoil arms have much more influence on the blades than the arms. Islam et al. [16] categorized the types of blade-supports in straight-bladed VAWTs as: cantilever, simple, and overhang types. The wind turbine targeted in the present study corresponds to the overhang type, in which the influence of the arms widely reached the blade portions on both the upper and lower sides of each connection part, as shown in Figure 15. To reduce the influence of the supporting arms on the blades as much as possible, the simple type with the arms installed into the blade tips might be the best choice because the influenced blade-portions of the simple type with two-stage arms are geometrically equivalent to those of the cantilever type with one-stage arms in addition to the possible cancellation of the blade tip loss. As the slant blade parts of the butterfly wind turbine [5], which is explained as “armless”, corresponds to the arms of the simple type, the loss caused by the connection between the main vertical blade and the slant blade is expected to be small. However, even in the case of the simple- or the butterfly-type wind turbine, more supporting arms or braces than three stages are needed to restrain the deformation of the blades if the rotor size is large. In that case, it is important to consider the influence of the arm cross-section shape on the blades, in addition to the structural strength and the drag coefficient of the arms.
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Nomenclature




	a
	Arm maximum thickness



	A
	Rotor swept area



	b
	Arm chord length



	B
	Number of blades



	c
	Blade chord length



	CD
	Two-dimensional drag coefficient based on frontal area per unit length



	Cp
	Power coefficient



	Cqxjl(Ψ)
	Force coefficient in xj direction at position l based on pressure (q = p) or friction (q = f)



	Cqxj_avel
	Rotationally averaged force coefficient in xj direction at position l based on pressure (q = p) or friction (q = f)



	Cqxj_ave¯
	Span-wise averaged force coefficient in xj direction based on pressure (q = p) or friction (q = f)



	CQTA
	Theoretical total arm resistance torque coefficient



	CQ_arm
	Total arm resistance torque coefficient caused by the existence of arms



	CQ_blade
	Total blade resistance torque coefficient caused by the existence of arms



	CQ_f
	Rotor resistance torque coefficient caused by friction



	CQ_p
	Rotor resistance torque coefficient caused by pressure



	CQ_q_arm
	Whole arm resistance torque coefficient caused by pressure (q = p) or friction (q = f) of arms



	CQ_q_blade
	Whole blade resistance torque coefficient caused by pressure (q = p) or friction (q = f) of blades



	CQ_total
	Rotor resistance torque coefficient caused by both pressure and friction



	D
	Rotor diameter



	FD
	Drag force



	Flqxj(Ψ)
	Force in xj direction at position l in azimuth Ψ based on pressure (q = p) or friction (q = f)



	Flqxj_ave
	Rotationally averaged force in xj direction at position l based on pressure (q = p) or friction (q = f)



	H
	Blade half span length



	j
	Suffix for distinguishing blade (j = 1) and arm (j = 2)



	l
	Superscript for distinguishing position parameters m and n



	L
	Arm length



	m
	Index indicating the position of extraction cross section of a half blade



	n
	Index indicating the position of extraction cross section of an arm



	P
	Constant gauge pressure



	q
	Suffix for distinguishing pressure (q = p) and friction (q = f)



	Q
	Second invariant of velocity gradient (Q-criterion)



	QTA
	Total arm resistance torque



	r
	Radial coordinate



	r0
	Distance between rotational center axis and the inner end of an arm



	R
	Rotor radius



	Re
	Rotor Reynolds number



	Rea
	Reynolds number based on body height a perpendicular to the main flow



	Reb
	Reynolds number based on body length b parallel to the main flow



	Rec
	Blade Reynolds number



	s
	Coordinate along the cross sectional boundary of an arbitrary two-dimensional object



	S
	Number of arms (struts) per blade



	Ur
	Relative flow speed



	U∞
	Upstream wind speed



	x, y, z
	Absolute coordinate



	x1, y1
	Relative coordinate fixed on a blade



	x2, z2
	Relative coordinate fixed on an arm



	y+
	Maximum first cell height shown by non-dimensional coordinate with wall variable



	Δp
	Surface pressure (gauge pressure)



	Δt
	Time step



	θ(s)
	Angle between surface tangential and x coordinate axis at position s



	λ
	Tip speed ratio



	ν
	Dynamic viscosity of air



	ρ
	Air density



	τw
	Wall shear stress



	Ψ
	Azimuth



	ω
	Rotor-rotation angular velocity








Appendix A


Figure A1 shows the mesh dependency of the torque variation of a blade of the armless rotor under the condition of λ = 3. The ordinate of the graph in Figure A1 is the torque coefficient defined as CT (Ψ) = T(Ψ)/0.5ρU∞2AR, where T(Ψ) is a torque acting on a blade as a function of the azimuth. The data of T(Ψ) obtained during the sixth revolution were used in each of different five mesh cases. Figure A1 shows that the mesh dependency of the torque variation is very small when there are 5.05 million cells or more.
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Figure A1. Mesh dependency of the torque variation of a blade of the armless rotor (λ = 3). 
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Appendix B


Figure A2 shows the azimuthal variation in the non-dimensional force coefficient defined by Equation (8) and the average calculated using Equation (9) at the cross-section of n = 30 of an arm of the airfoil arm rotor. In this example, the pressure-based tangential force in the x2 direction takes negative values when the arm moves in the range from 80° to 180° in the azimuth.
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Figure A2. An example showing the azimuth dependency of non-dimensional force coefficient. 
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Figure 1. Small straight-bladed vertical axis wind turbine targeted for the computational fluid dynamics (CFD) analysis. 
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Figure 2. Arm cross sections: (a) NACA 0018 (two-dimensional drag coefficient: CD = 0.11), (b) rectangular (CD = 0.97), and (c) circular (CD = 1.2). 
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Figure 3. Whole domain of CFD computation and the boundary conditions. 
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Figure 4. Computational regions around a wind turbine rotor model. 
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Figure 5. Mesh state around turbine blades on an equatorial plane. 
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Figure 6. Q-criterion (second invariant of velocity gradient) isosurfaces (200 s−2) and the vorticity distribution on those surfaces: (a) airfoil arm rotor, (b) rectangular arm rotor, (c) circular arm rotor, and (d) armless rotor. 
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Figure 7. Comparison of power coefficients among the rotors with different cross-section arms. Black circles show the experimental data [26] of the two-blade experimental wind turbine (DU-H2-5075) in the case of no inclination of the rotational axis. 
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Figure 8. Drag coefficient dependence of total arm torque coefficient in the condition of λ = 3. 
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Figure 9. Schematic drawings showing the definition of azimuth, the positions where surface pressure and friction are estimated, and the relative coordinates, by which the forces are defined: (a) relative coordinates regarding a blade and (b) relative coordinates regarding an arm. 
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Figure 10. Schematic drawings for calculation of the resultant forces that act on an arbitrary two-dimensional (2D) body by integrating the surface pressure or the wall shear stress (surface friction): (a) description of the 2D object and coordinates and (b) enlarged view of a portion of the surface, and the definition of angle of θ. 
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Figure 11. Surface pressure distributions on a blade and an arm in each rotor case with different cross-section arms: (a) airfoil arm rotor, (b) rectangular arm rotor, and (c) circular arm rotor. 
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Figure 12. Surface pressure distributions on the arm cross-section of n = 30 in each rotor case with different cross-section arms: (a) airfoil arm rotor, (b) rectangular arm rotor, and (c) circular arm rotor. The values of the color bars showing the surface pressure Δp have an arbitrary unit only expressing the direction of the surface pressure. 
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Figure 13. Surface pressure distributions on the blade cross-section of m = 25 in each rotor case with different cross-section arms: (a) airfoil arm rotor, (b) rectangular arm rotor, (c) circular arm rotor, and (d) armless rotor. The values of the color bars showing the surface pressure Δp have an arbitrary unit expressing just the direction of the surface pressure. 
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Figure 14. Distribution of the x2-direction pressure-based force coefficients, or pressure drag coefficient, on each arm. The data at the respective radial position were averaged over the seventh rotor-revolution using Equation (9). 
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Figure 15. Distribution of the x1-direction pressure-based force coefficients on each half-blade. The data at the respective span position were averaged over the seventh rotor-revolution using Equation (9). 
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Figure 16. Distributions of x-direction wall shear stress on a blade and an arm in each rotor case with different cross-section arms: (a) airfoil arm rotor, (b) rectangular arm rotor, and (c) circular arm rotor. 
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Figure 17. Wall shear stress, or surface friction, distributions on the arm cross-section of n = 30 in each rotor case with different cross-section arms: (a) airfoil arm rotor, (b) rectangular arm rotor, and (c) circular arm rotor. The values of the color bars showing the wall shear stress τw have an arbitrary unit expressing only the direction of the wall shear stress. 






Figure 17. Wall shear stress, or surface friction, distributions on the arm cross-section of n = 30 in each rotor case with different cross-section arms: (a) airfoil arm rotor, (b) rectangular arm rotor, and (c) circular arm rotor. The values of the color bars showing the wall shear stress τw have an arbitrary unit expressing only the direction of the wall shear stress.
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Figure 18. Wall shear stress, or surface friction, distributions on the blade cross-section of m = 25 in each rotor case with different cross-section arms: (a) airfoil arm rotor, (b) rectangular arm rotor, (c) circular arm rotor, and (d) armless rotor. The values of the color bars showing the wall shear stress τw have an arbitrary unit expressing only the direction of the wall shear stress. 






Figure 18. Wall shear stress, or surface friction, distributions on the blade cross-section of m = 25 in each rotor case with different cross-section arms: (a) airfoil arm rotor, (b) rectangular arm rotor, (c) circular arm rotor, and (d) armless rotor. The values of the color bars showing the wall shear stress τw have an arbitrary unit expressing only the direction of the wall shear stress.
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Figure 19. Distribution of the x2-direction friction-based force coefficients, or friction drag coefficient, on each arm. The data at the respective radial position were averaged over the seventh rotor-revolution using Equation (9). 
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Figure 20. Distribution of the x1-direction friction-based force coefficients on each half-blade. The data at the respective span position were averaged over the seventh rotor-revolution using Equation (9). 
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Table 1. Rotor size parameters.






Table 1. Rotor size parameters.





	Rotor Size Parameter
	Symbol and Definition
	Unit
	Value





	Rotor Diameter
	D
	m
	0.75



	Rotor Radius
	R
	m
	0.375



	Blade Span Length
	2H
	m
	0.50



	Blade Chord Length
	c
	m
	0.080
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Table 2. Rotor rotational conditions.






Table 2. Rotor rotational conditions.





	Condition Parameter
	Symbol and Definition
	Unit
	Value





	Upstream wind speed
	U∞
	m/s
	7.0



	Rotor-rotational angular velocity
	ω
	rad/s
	56.0



	Tip speed ratio
	λ= Rω/U∞
	-
	3.0



	Rotor Reynolds number
	Re = DU∞/ν
	-
	3.5 × 105



	Blade Reynolds number
	Rec = cRω/ν
	-
	1.1 × 105
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Table 3. Pressure-based tangential force coefficients averaged along the arm span direction.






Table 3. Pressure-based tangential force coefficients averaged along the arm span direction.





	Arm Type
	Airfoil
	Rectangular
	Circular





	Cpx2_ave¯
	0.050
	0.415
	0.376
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Table 4. Middle row shows the pressure-based force coefficients averaged along the half-blade span direction. The values in the bottom row are pressure-based tangential force coefficients obtained from the difference between each force coefficient and that of armless rotor.






Table 4. Middle row shows the pressure-based force coefficients averaged along the half-blade span direction. The values in the bottom row are pressure-based tangential force coefficients obtained from the difference between each force coefficient and that of armless rotor.





	Arm Type
	Airfoil
	Rectangular
	Circular
	Armless





	Cpx1_ave¯
	−0.473
	−0.375
	−0.512
	−0.592



	ΔCpx1_ave¯
	0.119
	0.217
	0.080
	-
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Table 5. Friction-based tangential force coefficients averaged along the arm span direction.






Table 5. Friction-based tangential force coefficients averaged along the arm span direction.





	Arm Type
	Airfoil
	Rectangular
	Circular





	Cfx2_ave¯
	0.024
	−0.004
	0.011
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Table 6. Middle row shows the friction-based force coefficients averaged along the half-blade span direction. The values in the bottom row are friction-based tangential force coefficients obtained from the difference between each force coefficient and that of armless rotor.






Table 6. Middle row shows the friction-based force coefficients averaged along the half-blade span direction. The values in the bottom row are friction-based tangential force coefficients obtained from the difference between each force coefficient and that of armless rotor.





	Arm Type
	Airfoil
	Rectangular
	Circular
	Armless





	Cfx1_ave¯
	0.069
	0.075
	0.067
	0.059



	ΔCfx1_ave¯
	0.009
	0.016
	0.008
	-
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Table 7. Resistance torque coefficients divided into the pressure and friction effects in arms and blades.






Table 7. Resistance torque coefficients divided into the pressure and friction effects in arms and blades.





	Arm Type
	Airfoil
	Rectangular
	Circular





	CQ_p_arm
	0.0097
	0.0729
	0.0674



	CQ_p_blade
	0.0205
	0.0376
	0.0137



	CQ_f_arm
	0.0042
	−0.0007
	0.0018



	CQ_f_blade
	0.0016
	0.0027
	0.0014
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Table 8. Resistance torque coefficients based on pressure, friction, and both.






Table 8. Resistance torque coefficients based on pressure, friction, and both.





	Arm Type
	Airfoil
	Rectangular
	Circular





	CQ_p
	0.030
	0.110
	0.081



	CQ_f
	0.006
	0.002
	0.003



	CQ_total
	0.036
	0.112
	0.084
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Table 9. Resistance torque coefficients in arms and blades.






Table 9. Resistance torque coefficients in arms and blades.





	Arm Type
	Airfoil
	Rectangular
	Circular





	CQ_arm
	0.0139 (38.7%)
	0.0722 (64.2%)
	0.0692 (82.1%)



	CQ_blame
	0.0221 (61.3%)
	0.0403 (35.8%)
	0.0151 (17.9%)











© 2019 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 (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
et 810 ese s

Rotational region

Static region 2






media/file4.png
pr( SU) [_]

n

C

0.05

o\
0.04} \Q“o Ny o,o-o'°“
003k © o°
Q o
0.02f L Chz ave= 0.0155 _poo00
0.01} o
0 0 "
Airfoil arm rotor

- i o]

0.01 0000000 1= 30)
-0.02 ' ' ' ' ' '

0.0 0 45 90 135 180 225 270 315

¥ [deg]

360





media/file39.jpg
03

02 i 02
01 o1
00 om0
01 o1

02
03 03
02 00 02 04 06 0% 10 12 02 00 02 04 06 08 10
b .

@ ®

03
02
o1
m o0 0
01
02
03
06 04 92 00 02 04 06 08
b

(©)

Lo

2





media/file18.png
0.3

1 | I 1 1 1 1
< <
0.2 | P
o e
0.1} < e,
‘\4 .,
Lassees gy
0 B
< Airfoil \.
-0 1+
W Rectangular -
® C(Circular \_
=02 <] Ammless
e Expermment
_03 ] | 1 1 ] 1 1
2 225 25 215 3 325 35 345

A






media/file21.jpg





media/file44.png
0.06 | -~ Airfoil A%

AiA
-»- Rectangular T SR
" -o- Circular ' 1
Af i
0.04

r/R





media/file26.png
ds sinf(s)

Ap(s )= p(s)- p.

;GQS)

dx=ds cos0 (5)
(a) (b)





media/file7.jpg
a=72m

b =40 mm

a=72mm

(a)






media/file28.png
Pressure (Pa)
-50.0 0.000 50.0

Pressure (Pa)
-100. -50.0 0.000

(a) (b)

50.0 100.

Pressure (Pa)
L -50.0 0.000 50.0 100.
[ DS D





media/file10.png
Wind turbine Static region 1
(Static region 2) ¥

e oy Outlet
TN Y P=0Pa






media/file11.jpg
Static region 2
Rotational region

S5

Wind turbine





media/file6.png
Bladel . Arms

2H

‘Blade2

L :._}...-2700

80





media/file36.png
0.2 —

0 .
-a- Airfoil !i L
- -= Rectangular 4 -
v -e- Circular . \
§| 0-2F & Armless - AA "
N .
g
£
O






media/file15.jpg
e step 5040 L) = Time step 5040 \-

Looplike vortex

YEx YFx
e e g e
(@) (b)
Ui ertical vortex
Time step 5040 [ Time sep 5040
- : L
Tip vortes
x5 vix
o e e R~

(c) (d)





nav.xhtml


  energies-12-02106


  
    		
      energies-12-02106
    


  




  





media/file2.png
0.25

——  5.05 million
0.2 — 6.62 million
——  7.75 million
0.15¢ 9.29 million
B —— 10.55 million
G 0.1
0.05¢

VS G

0 45 90 135 180 225 270 315 360
¥ [deg]





media/file24.png
Rotational axis

n=70 "=25mm !l_ s quZ
r=370 mm - !4"
Smml‘_ \ | -
A. |
..!!!!ZII!I!T?Z!!IZ!!l!!f:!!!!!!!!!!: i R AR B SR ! ‘b— 2 F(]'Yz
L AR X
> | T
&

Arm cross section





media/file29.jpg
03

02
o1
00 ko
01
02
Lo
03
02 00 02 04 06 0% 10 12
vu
(@

03

03

03 e
02
o1
00
o1
02
03
%2 00 02 04 06 0% 10 12
.

®)
&
02 &
o1
M 0o 0
o1
a 1

06 04 02 00 02 04 06 08

w

(©





media/file1.jpg
0.25,

0.2]

0.15)

Cr -l

0.1

0.05

——  5.05 million
—  6.62 million
——  7.75 million
~ 9.29 million
— 10.55 million

/_-\._\

-0. 050

45

90

135

180 225 270 315 360
¥ [deg]





media/file12.png
2

ic region

Stat

Rotational region

Ine

d turbi

1n

W





media/file9.jpg
Wind turbine Static region 1
(Static region 2) /4,—

Outlet
#
Inlet EsOba
U, =7m/s
Side





media/file42.png
-0.3 i - -0.3 ]
02 00 02 04 06 08 10 1.2 02 00 02 04 06 08 10 1.2
x/c x/c

(a) (b)

1.2 .-0.2 00 02 04 06 08 10 1.2
x/c

(d)






media/file22.jpg
Rotational axis

(b)

t

Fz





media/file38.png
Wall Shear Stress in xyz[i] (Pa)
-0.500 0.000 0.500

(a)

Wall Shear Stress in xyz[i] (Pa)
: 0.500

1.00 -0.500 0.000

(b)

Wall Shear Stress in xyz[i] (Pa)
0.500 0.000 0.500

(c)





media/file17.jpg
0.3

T
<4
0.2 g
oo
01} « S,
"\< .,
g
0 .\
o | < Aiol (]
B ® Rectangular M
® Circular N —
=0.21 | 4 Amless
e Experiment
~03 P I
2 225 25 275 3 325 35 375 4

A






media/file30.png
10 12 "

-0.3

AN

0.3
0.2
0.1
0.0
0.1
0.2
03 - ——t—— f
02 00 02 04 06 08
x/b
(a)
i
0.2
0.1
b 0.0
0.1
0.2
0.3
0.6

04 02 00 02 04
x/b

(c)

2 00 02 04 06 08 1.0
e
(b)
AP o
0.0
1.0
06 08





media/file35.jpg
0.2

-a- Airfoil

-=Rectangular ¢

-e- Circular
-0~ Armless






media/file27.jpg





media/file3.jpg
0.05,

Airfoil arm rotor

30y

225

270 315 360





media/file19.jpg
0.25

0.2

0.05

& CFD
® Theory

T—
Rec\anaulax arm

Cuculal arm

Aufol] arm

1.5





media/file23.png
270°
-






media/file40.png
02 00 02 04 06 08 10 12

x/b

(a)

02 04 06 08 10
x/b

(b)

0.3

0.2

0.1

0.0

-0.1

/

-0.2 Yo

-0.3
-06 -04 -02 00 02 04 06

x/b

(c)





media/file33.jpg
px2_ave

1.2

-a- Airfoil
-a- Rectangular
-e- Circular

/R






media/file32.png
yle 0.0 ylc

l .10
02 00 02 04 06 08 10 12

-0.3

yle yle

-02 00 02 04 06 08 10 1.2
x/c

(c)

T

.02 00 02 04 0.6 08

x/c

(d)

1.0





media/file14.png
A1 XY EC TR ER LA PTC A

| Blade 1 ;‘

Rotational region

Static region 2






media/file41.jpg
e

v

03
02
o1
00 0 e
01
02
03

02 00 02 04 06 08 10 12

e

@

03
02
o1
00 0 yie
o1
02
03

02 00 02 04 06 08 1o 12

e

(©

03
& o
o1
00 oo
01
02 %
03
02 00 02 04 06 08 10 12
e
®
03
02 i’
o1
00 oo
01
- Lo
03
02 00 02 04 06 08 10 12

e
@





media/file37.jpg
2H

Fpa

@






media/file46.png
-
|||||l|lL..||r||||
lllllll

.

e e e e e e

-=- Rectangular

- Armless

0.12

0.04r | Airfoil

0.02r -e- Circular

0.8

0.6

0.4

0.2

z/H





media/file45.jpg
m
C Jxl_ave

0.12

0.04

0.02

- Airfoil

-= Rectangular

-e- Circular
< Armless

0.2

0.4

z/H

0.6

0.8






media/file16.png
Time Step 5040

vy x

0.000

Time Step 5040

YE X

0.000

Vorticity: Magnitude (/s)
00. 400. 600

Vorticity: Magnitude (/s)
00. 400. 600.

(c)

800.

800.

Time Step 5040
Loop-like vortex

VOmcny Magmtude (/s)
0.000 0.
_

(b)

Uniform vertical vortex

Time Step 5040
Tip vortex
le X

Vomary Magmrude (/ s)
0.000 600. 0.
_

(d)






media/file20.png
TA

Sl

0.25

0.2

0.15

0.1

0.05

T

¢ CFD
® Theory

Rectangular arm

LE—
Airfoil arm r )

Circular arm

y

-~

19





media/file5.jpg
Arms

Blade2

.270°

180°





media/file31.jpg
03 03 &
02 o 02 o
o1 o1
00 0w 00
o1 o1
02 02
- o b o
02 00 02 04 06 03 10 12 02 00 02 04 06 08 10 12
e e
(@) (b)
03 an, 03 &
02 02
01 o1
00 ko w00 0
o1 o1
02 02
o3 3 :
02 00 02 04 06 08 10 12 02 00 02 04 06 0% 10 12

e e
(© (d)





media/file25.jpg
ds sin6(s)

A\ 4p(s)=pls)- p

dx=ds cos0(s)
®)





media/file0.png





media/file8.png
7.2 mm

a:

b =40 mm

—

(a)

-1






media/file43.jpg
0.06 | -4+ Airfoil
-= Rectangular
-e- Circular

/R





media/file34.png
px2 _ave

1.2

-4- Airfoil
-u- Rectangular
-o- Circular

r/R






