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Abstract

:

This study deals with the three-dimensional unsteady numerical simulation of the flow around a cross-flow vertical-axis water turbine (CFWT) of the Darrieus type. The influence of turbine design on its hydrodynamic characteristics and performance is investigated by means of a time-accurate Reynolds Averaged Navier Stokes (RANS) commercial solver. The flow unsteadiness is described using a transient rotor-stator model in connection with a sliding interface. A classical Darrieus straight blade turbine, based on the NACA0025 airfoil, has been modified adding winglets (symmetric and asymmetric designs) to the blades’ tips with the objective of reducing the strength of the detached trailing vortices. The turbulent features of the flow have been modelled by using different turbulence models (k-ε Renormalization Group, standard Shear Stress Transport, transition Shear Stress Transport and Reynolds Stress Model). As a result, the predicted hydrodynamic performance of the turbine including winglets increases, independently of the employed turbulence model, being the improvement higher when a symmetric winglet design is considered. Moreover, visualization of skin friction lines pattern and their connection with vorticity isosurfaces, illustrating the flow detachment in the three blade configurations, has been carried out. Finally, a short discussion about the intermittency behavior along a turbine revolution is presented.
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1. Introduction


The pollution issues created by the consumption of fossil fuels and their limited availability, together with concerns about environmental problems, have triggered the quest for alternative renewable energy sources. An option with high chances of success is the exploitation of the kinetic energy of marine currents. For harvesting this energy two types of turbines are mainly employed: horizontal axis turbine (HAWT), whose rotation axis is parallel to the incoming flow; and vertical axis turbines, known also as cross flow water turbine (CFWT) because their axis of rotation is perpendicular to the stream. The main advantage of the second type is the absence of an orientation mechanism, although its efficiency is lower than that of the horizontal axis machines.



The flow around vertical turbine is considerably more complex than around horizontal turbines as in the former the flow around the blades is intrinsically unsteady, presents rapidly changing angles of attack that generate detached vortices and wakes that interact with the other blades. Therefore, simplified design and evaluation strategies based on potential methods have had limited success, especially for high turbine solidities [1]. As an alternative to describe the flow around CFWTs, Computational Fluid Dynamics (CFD), a well-established tool in academic and industrial sectors [2,3,4,5,6], started to be used since the beginning of this century, first as simplified two-dimensional models of straight blade Darrieus turbines and, only recently, using full three-dimensional models. A review of the simplified approach strategies for CFD simulation of CFWTs was performed in [7].



The reason why three-dimensional CFD computations of straight blade Darrieus turbines started only recently was the need of powerful and fast computers. The first attempts dealt essentially with wind turbines, due to their extended use to generate electricity. Some of such studies are reviewed in the following.



Howell et al. [8] conducted an experimental and computational research on the performance of a low aspect ratio (i.e., four) Darrieus wind turbine (VAWT) with three blades. The numerical simulations were carried out with the commercial ANSYS-Fluent software in two and three dimensions employing the Reynolds Averaged Navier Stokes (RANS) methodology based on the k-ε RNG turbulence model. In this work very coarse grids were used for the 3D computations (around 1.3 million cells) as wall functions were employed. According to the numerical simulations, the estimated power coefficient in the 2D geometry was substantially higher than the obtained in the 3D geometry and the experiments. The authors claimed that such overestimation was due to the absence of detached tip vortices that cannot be captured by the two-dimensional simulations.



Untaroiu et al. [9] studied the self-starting behavior of a Durham type wind turbine with three blades [10], employing the ANSYS-CFX solver and k-ε turbulence model. As a result, two-dimensional (1.36 × 105 cells) and three-dimensional (7.9 × 106 cells) grids provide similar final angular velocity. However, the acceleration of the turbine is overestimated by an order or magnitude, which was attributed to the poor wall treatment of the turbulence model, although the y+ values in both grids were below 10. In this work only the three rotating blades were included in the geometrical model.



The effect of inclination angle on power was numerically investigated by Castelli and Benini [11] in the case of a one blade helical Darrieus wind turbine. In this study, the influence of the turbulence model on results was explored, although the y+ values obtained in the 3D simulation were not reported. Performance of k-ω SST and k-ε realizable models was very similar and both provided higher torque coefficients than the Spalart-Allmaras model. However, no comparison with experimental data was provided in this work.



Siddiqui et al. [12] numerically quantified the effects of the geometric modeling on the performance of a vertical axis wind turbine. They evaluated several approximations: 2D computations, 2.5D approximation (i.e., extrusion of the 2D grid with symmetry boundary condition at the blades span), 3D geometry considering blades only and 3D simulation with blades, shaft and arms. In all cases fairly coarse grids are used and the k-ε realizable turbulence model is employed. In their computations, they found that the 2D approximation can over-estimate the power coefficient up to 32% regarding the full 3D computation, while neglecting the support structure can induce an over-estimation of 11% in the value of the same coefficient.



Regarding the performance prediction of Darrieus water turbines, Laín and Osorio [13] showed two-dimensional numerical results for the torque coefficient of a CFWT, reported by [14] using CFD that are close to the experimental data. Amet et al. [15] performed a very detailed 2D simulation of two-bladed CFWT and compared with experimental data of several authors for two tip speed ratios (TSR) of 2 and 7. In this paper a very refined structured grid is used around the airfoils with a value of y+ around 1. An extensive discussion about the blade-vortex interaction is developed in this paper concluding that the flow in the case of the smaller tip speed ratio was characterized by a deep stall regime with several large vortices detached from the blades while for the higher TSR the flow is characterized by a weak shedding of alternated vortices in the upstream half disk and by an attached flow in the downstream half disk.



Maître et al. [16] performed detailed two dimensional simulations of the three blades model CFWT LEGI available in their laboratory. The influence of the grid refinement close to the blade surface on the mean power extracted is discussed and analyzed. The main conclusions obtained by the authors were: (1) The obtained mean power decreases fast when the grid coarsens in the proximity of the profiles surface; (2) A coarse mesh induces an early and severe loss of lift due to the formation of a back flow bubble, which generates unrealistic pressure drag. It was also observed that the predicted power coefficient is notably higher than the experimental values, except for very low tip speed ratios where computations are below the measurements. This observation is in agreement with other authors found in the literature. This work also cites the three-dimensional simulations of [17] on the same water turbine performed for just one tip speed ratio employing a grid with 8 million nodes. In such a case the computed power coefficient was very close to the measured value at best efficiency point. In this last study also it is mentioned that the influence of the detached tip blade trailing vortices on the turbine performance loss is around 22%.



Hall [18] developed a methodology for numerical modeling of helical-bladed crossflow (vertical) water turbines. The sliding mesh model together with a k-ω SST turbulence model were employed to simulate a four-blades rotating turbine. Excellent qualitative results and good quantitative agreement with the measured values were found; however, known RANS limitations associated with prediction of flow separation and stall phenomenon are responsible for some discrepancies between the computed and measured values, especially for the smallest values of the tip speed ratio.



Pellone et al. [19] report three-dimensional computations also on the LEGI water turbine including the cylindrical hub and the three arms, reproducing the complete experimental model. The computational mesh had more than five million cells. The predicted averaged power coefficient for a tip speed ratio of 2 was very close to the experimentally measured value and much lower than the values predicted by the two-dimensional model and a 3D model considering only the blades. However, the instantaneous power coefficient curves, although similar, differ quantitatively; in particular the power peak at 90° angle is over-estimated by the computations which is compensated by a power under-prediction at a higher angle. Also the presence of an interference vortex at the blade-arm junction is clearly identified in such paper. Such a vortex significantly affects the torque distribution along the blade span. These facts illustrate the complexity of the flow around cross-flow water turbines. The computational study of [20] presents the influence of blade helicity on the performance of vertical axis tidal turbines. In particular they study two designs of straight blade turbines differing in the blade-strut connection. In the so-called 0° turbine the blade-arm connection is at the blade tips, working as a sort of tip device, while in the so-called 0°-A turbine the struts connect the blade at 1/4 of the span. As a main result (numerical and experimental) the maximum power coefficient of the 0° model is close to double than that of the 0°-A model. The main conclusions found by Marsh et al. are that straight-bladed turbines provide better performance than helical turbines, but the latter reduce more effectively the torque oscillation levels and mounting forces.



Regarding the influence of turbulence modelling on performance of vertical axis turbines, both for wind and water applications, several studies can be found in the literature. For example, Ferreira [21] performed 2D and 3D simulations of a vertical axis wind turbine and compared the numerical results with experimental data including PIV. Different turbulence models such as Spalart-Allmaras (SA), k-ε, LES and Detached Eddy Simulation (DES) were tested. Numerical results showed that the URANS models that were tested (SA and k-ε) did not correctly predict the aerodynamic performance of the turbine due to the inaccurate simulation of the separated flow. Yao et al. [22] performed two dimensional simulations of a vertical axis wind turbine. The commercial CFD software FLUENT was used and two different turbulence models were tested: standard k-ε and k-ε RNG. Several differences were observed between the two models especially in the prediction of the total torque. Less difference was observed in the instantaneous velocity and pressure fields. McNaughton et al. [23] also performed 2D simulations of a vertical axis tidal current turbine using the open source code Saturne. Two turbulence models were used: The k-ω SST and the k-ω LRE (Low Reynolds number Effects) since they are more suitable to predict laminar separation presented in the dynamic stall phenomena. Numerical results show that the k-ω SST model overpredicts the maximum value of the power coefficient in comparison with the experimental result due to the dissipative effects of this model that is calibrated for fully turbulent flows. The k-ω LRE model does a better job in the prediction of the maximum power coefficient and the description of the separated flow in dynamic stall condition; nevertheless the minimum value of the power coefficient is highly under-predicted in comparison to the experimental data. Ghasemian et al. [24] performed an extensive review of CFD simulation techniques for vertical axis wind turbines. It was found that the k-ω SST transitional turbulence model achieve more accurate numerical results in comparison to any other fully turbulence model reported in the literature. The main reason for this finding is that the transitional models are capable of better predict the flow separation phenomena presented in these turbines. It was also found that turbulence models such as LES and hybrid RANS-LES are more accurate and better resolve the flow field but are still computationally expensive. Marsh et al. [25] performed two and three-dimensional simulations of a vertical axis tidal turbine using the commercial CFD software CFX and three different RANS models: Baseline-Reynolds Stress Model (BSL-RSM), k-ω SST and k-ω SST with transition. The best numerical results were found for 3D simulations with the k-ω SST transition model while the BSL-RSM and the k-ω SST with wall functions poorly predict the output power of the turbine. In general, 2D models did not correctly predict the turbine performance while 3D simulations using k-ω SST with wall functions did not achieve accurate results since it does not correctly predict flow separation at low rotational speeds. Even though, 3D models with k-ω SST transition were the most accurate, the computational cost is high (five times higher that k-ω SST) due to the large number of elements required in the simulation in order to completely resolve the boundary layer.



Another type of simulations of the flow around Vertical Axis Turbines is that oriented to obtain the influence of the turbine on the flow. In that case, the turbine and the blades constitute a momentum source for the flow which can be modelled by an actuator-type technique. In that sense, some recent works used Large Eddy Simulation coupled with an actuator-swept surface model [26] or an actuator line model [26,27,28] to simulate the flow through a VAWT focusing in the middle and far wake development. Such computations showed good comparison versus experimental measurements and constitute appropriate techniques to be applied for wind farm design and evaluation.



On the other hand, the aerodynamics of finite wings shows that the blade aspect ratio (AR) determines the lift to drag ratio. Smaller aspect ratio reduces the tangential forces and impacts negatively the power output. In that respect, the lift on the blade is directly proportional to AR but the induced drag is inversely proportional to it. Additionally, the detached vortices from the blade tip are related to the performance reduction of the machine, induce vibrations and increase the fatigue loads. These effects can be partially palliated using tip devices, which have the purpose of reducing drag but at the expense of rising the bending moment. Their main action is to weaken the intensity of the detached vortices at the blade tip and optimize the span-wise lift distribution. The tip devices increase the effective aspect ratio of a blade without materially increasing its span. Consequently, they are appropriated solutions for increasing the aerodynamic performance of a blade.



Several investigations have dealt with the influence of blade tip devices in horizontal axis wind turbines (e.g., [29,30]), both computationally and experimentally, which are discussed in [31]. As a main result Johansen and Sørensen [29] found that mechanical power and thrust of the turbine increased when winglet curvature radius decreased and when winglet height increased. Zhu et al. [32] carried out a numerical study about the influence of different design of winglets on the performance of a horizontal axis turbine; these authors considered both, asymmetric designs, with winglet tip facing the pressure or the suction sides of the blade, and a symmetric winglet design with two tips facing both sides of the blade all with the same cant and sweep angles. As a result of their steady state simulations, the symmetric winglet performed better than the asymmetric designs being able to provide an improving of power coefficient up to 5% regarding the original blade without tip devices.



On the other hand, for vertical axis wind turbines, although suggested since some years ago [33] there are not many studies. Sekiya et al. [34] studied experimentally the effect of a special elliptic winglets added to straight blade Darrieus wind turbine (so-called Bellshion blade) concluding that, for the studied range of velocities, the effect of the winglets was marginal. Ahmed and Netto [35], from experimental measurements in a wind tunnel, also reported that winglets were able to increase in more than 10% the performance of a vertical Darrieus wind turbine. On the other hand, in a CFD computational study, Amato et al. [36] compared the effect of endplates (called bulkhead shape), elliptical blade termination and three different blended types of winglets on the performance of a single blade Darrieus VAWT. These authors conclude that the adoption of the aerodynamic bulkhead increases strongly the performance while the role of winglets had to be more carefully studied as in two of them they estimated an increase of around 10% in performance respect to the original rotor without tip devices, but when the third winglet was evaluated, rotor efficiency was even reduced below the original one.



Reported evaluations of blade tip devices in vertical axis tidal turbines are scarce. In this respect, Li and Calisal [37] showed experimentally that the addition of endplates at blade tips improves efficiency of the turbine. However, to the best of knowledge of the present authors, no contributions are available in the literature dealing with the CFD evaluation of winglets on straight blade CFWT performance.



The present contribution performs 3D unsteady numerical simulations of the flow around a straight bladed CFWT using Computational Fluid Dynamics, considering the underlying turbulence of the flow and also viscous effects. The performance of three blade configurations is evaluated: a base case of standard straight blade and the same blade adding an asymmetric blade tip (blended winglet type) or a symmetric blade tip (hybrid fence-raked winglet type). In the simulations the sliding mesh method is employed, as it is the appropriated approach for describing the physical unsteady behavior of the flow around the CFWT blades. All the simulations in this study have been performed with the commercial software ANSYS-Fluent.




2. Turbine Configurations


The straight bladed CFWT studied in [14] has been chosen in this work as the basic case because all the geometric data were easily available. The turbine has a diameter D = 900 mm, a span H = 700 mm, with a resulting reference area Sref = DH = 0.63 m2. The three straight blades are manufactured based on the symmetric NACA0025 profile. From the experimental cases, the so called 3S2R1 was selected; in that case the chord length is c = 132.75 mm giving a solidity σ = 0.89 (σ = 2Nc/D where N is the number of blades). The rotational speed of the turbine is ω = 60 rpm = 6.28 rad/s.



The geometrical model simulated by CFD is a three-dimensional model of a real turbine. Additionally, as the main objective of this article is focused on the hydrodynamic performance of different blade configurations, neither supporting arms or shaft have been included in the simulation [14]. The computational domain consists of a rectangular box with an inner rotating ring subdomain in which the blades are located (Figure 1). To reduce the computational requirements the mid span was specified as a symmetry plane. The dimensions of the rectangular computational domain are 20 D in length (x), 13 D in width (y) and 3.5 D in height (z), being D the rotor diameter. This choice results in a blockage ratio of less than 1% which implies that the simulated configuration can be considered as nearly free stream conditions. Finally, the width of the ring subdomain is 20% of the turbine diameter.



The applied boundary conditions can be observed in Figure 1. In the CFD convention, a velocity inlet is defined on the west face while the right side is established as a pressure outlet; the lateral sides, north and south are specified as non-slip walls as well as the top face; finally the rotor mid-span was imposed to be a symmetry plane. As shown in Figure 1 bottom, the blades are inside the rotating sub-domain which is connected with the two steady domains (inner and outer) by means of interfaces defined by a sliding mesh boundary condition. Finally, as there was not experimental information about the turbulence level at the inlet, a value of 10% was tentatively assigned to that variable. At this point, it should be mentioned that this was the turbulence intensity at the inlet but, when the flow develops approaching the turbine, turbulence intensity values are lower. The influence of inlet turbulence intensity on turbine performance is addressed in Section 4.2.



In this study the following three blade configurations have been evaluated: the standard straight type and two additional ones that add winglets to the blade tips, one asymmetric and one symmetric (see Figure 2).



The asymmetric tip device (Figure 2 left) is directed towards the outer part of the rotating ring and it is inspired in the blended type of winglets [38]. The definitions of the different parameters describing the winglet are referred to Figure 1 of [29]. In this case, the cant and sweep angles were both chosen as 45°; the profile’s chord at winglet tip is 0.5 c, while the twist and toe angle are taken as zero. The winglet height is 5% of the total blade span. A similar configuration of winglet for a Horizontal Axis Wind Turbine blade was studied by Gupta and Amano [39], where it was demonstrated that a 45° cant angle performed better than 90°. The join between the winglet and the blade has been left sharp at this moment. Although such sharp junction is known to produce interference drag in flying wings, this choice eases the generation of the geometry as well as the mesh. As the present work is intended to demonstrate the beneficial effects of such tip devices for the turbine performance regarding the standard straight blade base case, the sharp junction has been kept in this work.



The symmetric tip device is of hybrid fence-raked type (Figure 2 right) and it was inspired by [40,41]. The cant angle was chosen as 45° and the sweep angle as 60°; the profile’s chord at winglet tip is 0.25 c, while the twist and toe angle are taken as zero. The winglet height is 7% of the total blade span. In this case, a similar winglet configuration in HAWT blade was considered in [32], although the height was somewhat shorter, and for a wing by [42]. As in the asymmetric winglet, the connection with the blade is sharp.



The software ANSYS ICEM-CFD was employed to generate a non-structured mesh on the domain. As the interaction between fluid and the turbine happens on the blades surface, the mesh closest to them must be sufficiently fine in order to describe the boundary layer development with enough precision. Therefore, an O-grid topology mesh was employed comprising eleven layers of prisms. Beyond this region, the grid was based on tetras and, for ensuring a smooth transition, the aspect ratio of them was kept similar to that of the prisms. Further, also the grid density was higher in the turbine wake than upstream the CFWT with the objective of capturing the main characteristics of the flow in that zone. In the configurations with winglets and due to their geometrical complexity, special care was taken in the meshing process in order to get a good enough mesh quality. Figure 3 shows a close-up view of the employed surface mesh in the blade tip devices. As it can be seen, it is fairly uniform. The checked mesh quality parameters (available in ICEM-CFD) for the employed meshes in the three blade configurations are listed in Table 1.




3. Simulation Setup


The unsteady flow around the CFWT was described by means of the transient rotor-stator approach, using the sliding mesh technique. In such model, the turbine blades rotate with constant angular velocity respect to the steady domain. The position of the interface between both domains is updated at each time step guaranteeing a conservative interchange of fluxes between them.



To model the turbulent behavior of the flow, the Transition Shear Stress Transport (Transition SST) turbulence model was employed. As stated in [43,44], it combines the k-ω and k-ε models: k-ω model is used near of the wall and by a blending function it switches to k-ε model far enough of the wall. In flows with strong adverse pressure gradient, such as those occurring around a CFWT, this model performs better than other two-equation models and it is the preferred option to describe the turbulent flow around rotating machines. The reason for using a transition turbulence model is that physically the airfoil Reynolds number is changing in time, so that several phenomena are actually happening in the boundary layer such as laminar boundary layer, transition to turbulence, laminar separation, flow reattachment and turbulent separation. Typically, a fully turbulence model cannot predict or capture these phenomena, even though the production of turbulent kinetic energy can be controlled with a damping function. In the case of the SST transition model, two extra equations control the laminar-turbulence transition: one for the intermittency (fraction of time that flow is turbulent in the boundary layer) and the other for the transition momentum thickness Reynolds number [43].



The inlet boundary conditions for turbulence in the SST transition model are specified by three parameters: intermittency (γ), turbulence intensity (Tu) and turbulent viscosity ratio (TVR). Based on Tu and TVR the values of turbulence kinetic energy (k), turbulent frequency or specific dissipation rate (ω) and transition momentum-thickness Reynolds number (Reθt) are computed using the following expressions:
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Equations (1) and (2) are based on isotropic turbulence while Equation (3) is an empirical correlation obtained by Langtry and Menter and implemented in Ansys Fluent [43]. In the range in which Tu was varied (see Section 4.2) the inlet turbulent variables adopted the values shown in Table 2. The value γ = 1 indicates that the flow is assumed turbulent at the inlet.



In the computations, second order schemes are employed in the discretization of all differential equations, centered for the diffusion term and upwind for the advection term. The coupling of pressure and velocity is handled with the transient Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) scheme. Temporal discretization was carried out by an implicit scheme of second order with a time step corresponding to 0.9° degrees of turbine rotation; finally, a maximum number of 100 iterations is specified at each time step, employing a residual convergence criterion of 10−4.



The computational strategy for obtaining a converged solution is as follows: first, the steady flow around a fixed position of the blades is calculated, which acts as starting point for the unsteady computation; then, the transient simulation is run using first order schemes for a few turns (typically three or four) as an initial phase of flow development; when the power coefficient versus time has settled down showing a quasi-periodic curve, the discretization schemes are switched to second order; finally, the computation is continued for several turbine revolutions up to the averaged torque in a turn must differ less than 0.1% respect to the same value obtained in the previous revolution. The total number of turns needed to reach such convergence criterion depends of tip sped ratio; however, in the present study all the computations have been run for a real time equivalent to 20 turbine revolutions.



A grid independence study was carried out to verify the numerical solution of the flow around the turbine. The selected objective variable was the torque coefficient, Cm, in the configuration of the straight blade. Therefore, following the standard process, three grids with different number of elements have been taken into account: a coarse mesh with around 2 × 106 elements (average y+ 1.8), a medium grid with about 4.3 × 106 elements (average y+ 0.8) and a refined grid with approximately 11 × 106 elements (average y+ 0.5). The difference in torque coefficient between the medium and the refined grid was around 3%. Figure 4 shows the results of this verification study. Consequently, in order to keep an affordable computational time the medium grid was finally adopted.




4. Results and Discussion


Numerical simulation of the three turbine configurations, straight and winglet blades, was performed in meshes consisting of 4–5 million elements, according to the verification process mentioned above. As already mentioned in previous sections, a prism layer was built around the blades surface to ensure a smooth transition in size and skewness of the elements. The values of y+ in the computations are kept below 1 as required by the selected turbulence model, which also guarantees an adequate resolution of the boundary layer development around the blades [16]. This fact, together with the employed second order schemes in the spatial and temporal discretization, gives confidence about the obtained numerical results. The computed turbine operation point was that reported in [14], i.e., tip speed ratio λ = 1.745 which is defined as λ = ω D/2 V0, being V0 the incoming water velocity. The performance of the turbine is given by the power coefficient defined by Equation (4):


Cp = P/0.5ρ V03Sref



(4)




where P represents the CFWT power and ρ the water density, Sref = DH is the turbine cross section being H the blade span. Also important is the torque coefficient, which is defined as:


Cm = M/0.25ρ V02 D Sref



(5)




which is related with the power coefficient through the tip speed ratio as: Cp = Cm λ. In (5) M represents the torque that the fluid provides to the turbine.



The computational results are compared versus the experimental results of [14,45] in the straight blade configuration and are presented in Figure 5. The measured values (Test legend) of torque coefficient were adjusted to compensate some extra friction that “was unaccounted for in the turbine test” [45] (Test adjusted legend), and both experimental points are shown in the graph. Moreover, the results obtained with the Double Multiple Streamtube (DMS) model and 2D CFD simulations by Dai et al. are included. Finally, the results of the three-dimensional computations performed in the present work are also presented in the same graphic.



As it can be readily seen from Figure 5, the DMS and 2D CFD computations overestimate the tip speed ratio in which the maximum Cm is reached. Also, the trend of the curve shown by these computations differs from that of the experimental measurements, providing substantially higher torque coefficient for TSRs larger than two. In the DMS model this attributed to the well-known deficiencies of such approach when dealing with high solidity turbines. On the contrary, the obtained 3D results provide values close to the experiments (adjusted test curve) showing also the same curve tendency. However, the simulations overpredict slightly the measurements. This behavior was expected as the numerical model only considers the blades not including the shaft and supporting arms, which are known to decrease the turbine efficiency. As a result, the present numerical computations are close enough to the experimental measurements, reproducing also the shape of the curve, and improve greatly the simplified models predictions. Therefore, the present computational simulations can be considered validated in the straight blade configuration.



The influence of adding winglets at the blade’s tip on turbine performance is analyzed in the next section.



4.1. Analysis of Influence of Winglets in Turbine Performance


After a few turns, around 10, Cm reached a quasi-periodic regime (with second order schemes) after initial transient. However, in this study the total number of performed turns has been 20 to assure that the averaged torque in a revolution differs less than 0.1% regarding the value obtained in the previous revolution [46].



As the turbine rotates, the incoming velocity approaches the blades with varying angles of attack resulting, for certain angular positions, in a separation of the boundary layer and detachment of vortices. Additionally, the flow downstream the turbine has lower speed than upstream, which is reflected in a smaller contribution to torque (Figure 6). As a consequence, in a revolution, a single blade generates positive contributions for Cm but in some angle ranges, the produced Cm can be slightly negative. Figure 6 (top) shows the evolution of the torque in a turn for the first blade. At azimuthal angle θ = 0°, the blade chord is parallel to the incoming flow (i.e., with angle of attack α of zero degrees); at this position Cm starts slightly negative, experiencing a minimum value around 25°; then the curve increases monotonically until reaching the absolute maximum at roughly 100°; after that, Cm decreases up to 180° where it has a local minimum, slightly higher than the absolute one, for increasing again attaining a secondary maximum, slightly positive, at about 220°; finally, the torque coefficient decreases gently up to finishing the turn where it becomes hardly negative again. The total torque generated by all the blades yields a quasi-periodic curve which presents three maxima and three minima in a revolution (Figure 6 bottom). Such number is equal to the turbine number of blades, three in this study. From this last figure, it can be clearly seen that both maxima and minima of the total Cm have higher absolute value than the Cm of only one blade, due to the different contributions of each blade to torque at those angular positions. In the studied case there is an interaction among the blades that adds the primary and secondary maxima of consecutive blades, resulting in a noticeably higher Cm than that produced by one blade.



The Cm values obtained for the three winglet configurations can be also appreciated in Figure 6. Light color lines indicate the average values of torque coefficient along this revolution.



The straight blades base case presents the lowest maxima and minima, which reflects in the lowest turbine performance. Both winglet cases provide slightly higher minima and substantially higher maxima than the base case, resulting in a noticeable higher efficiency. From them, the symmetric hybrid fence-raked tip device provides the highest maxima and mean values for the power coefficient. Therefore, from Figure 6 is clearly seen that the improvement in efficiency generated by the blade tip devices is mainly due to the enhancement of the maximum power delivery at the angular positions where the lift attains a maximum. According to [8], is precisely in such locations where the trailing tip vortex is close to its maximum strength; nevertheless, the winglets are specifically designed to weaken such vortex, consequently implying lower drag and higher torque delivered by the fluid to the turbine.



From the performance results shown in Figure 6, it is obvious that the symmetric winglets results predict a remarkable improvement for Cm which translates in an increase in turbine performance of around 20%, regarding the standard straight blades configuration. These results agree with previous studies [29,35,36].



Another interesting parameter of a CFWT is the thrust coefficient, i.e., the non-dimensional parameter associated to the force experienced by the turbine in the direction parallel to flow. The obtained results for such coefficient are shown in Figure 7. The top figure shows the evolution of the thrust coefficient of a single blade along a revolution, whereas the bottom plot illustrates the same variable for the complete CFWT. As it can be readily seen, the shape of the curves in Figure 7 (top) is pretty similar to those of the torque coefficient. At θ = 0° the thrust coefficient is very small as in this position the flow is parallel to the chord; increasing the azimuthal angle it increases up to θ = 90° where the blade is located exactly perpendicular to the incoming velocity. The thrust decreases then up to values close to zero in the azimuthal position of 180°, where the chord is again parallel to the flow. In the downstream semicircle, the thrust on the blade increases again up to θ = 225° and later it decreases gently up to 360° reaching again its minimum value. Due to the perturbed velocity field in the downstream semicircle, the absolute value of the thrust coefficient here is much lower than in the upstream semicircle. The total thrust coefficient on the three blades is presented in Figure 7 (bottom). Curves present three maxima, corresponding to the positions where any of the blades is orthogonal to the incoming flow in the upstream semicircle (i.e., θ = 90°, 210° and 330°) and three minima placed at θ = 30°, 150° and 270°, where the flow direction is perpendicular to any of the blades in downstream semicircle.



The shape of the curves in Figure 7 is the same for the three blade configurations. However, the maximum of thrust coefficient for a single blade is the highest for the symmetric winglet blade and the lowest for the configuration without winglets, but of similar magnitude in the rest of the revolution. When the total thrust is taken into account, the symmetric winglet blade presents not only the highest maxima but also the highest minima, while the straight blade experiences the lowest maxima and minima among the three configurations. Therefore, it is concluded in our case that the addition of winglets to the straight blade not only increases performance but also the thrust coefficient, a fact that must be accounted for during the blade design process.



The total fluid-dynamic force F acting on the blades can be projected on the directions parallel (tangential component, Ft) and perpendicular (normal component, Fn) to the profile chord, as it is shown in Figure 8. The software computes such force in a x-y coordinate system; therefore, force coefficients (Cx and Cy) are obtained in such a reference system and a coordinate transformation (rotation) must be performed to obtain the force coefficients in the t-n reference system (tangential-normal) in terms of the angular position θ [1]:


      C t    =  C x  cos θ +  C y  sin θ      C n    =  C y  cos θ −  C x  sin θ     



(6)




where Ct is the non-dimensional value of the tangential force, which is responsible for the torque transmitted by the flow to the turbine.



As it can be appreciated from Figure 9 top, negative values of tangential force are needed to obtain a positive torque provided by the blade. Ct is negative in the upstream semicircle presenting an absolute minimum around θ = 90° and reaching a slightly positive maximum at θ = 180°. In the downstream semicircle, the tangential coefficient crosses zero value at about θ = 200° to be kept gently negative up to θ = 360°. The only angular positions where Ct is positive are in a small range around θ = 0° and 180°, where the chord is parallel to the incoming flow.



Cn is the non-dimensional value of the normal force, and it is connected with cycle loading and fatigue on the CFWT shaft. In the t-n system (Figure 8) the normal force tends to be negative in the upstream and positive downstream semicircle, a fact that is corroborated by Figure 9 (bottom). At 0° the normal force is positive, but around 15° it becomes negative, reaching its minimum value approximately at 80°. Then the normal force coefficient increases and near 175° becomes positive again, keeping a roughly constant value during the downstream semicircle.



In accordance with what was found in the analysis of the torque and thrust coefficient, the tangential and normal force coefficient are, in absolute values, the highest for the symmetric winglet blade configuration and the lowest for the straight blade, being the asymmetric case between them.



In summary, in the present study the blade with winglets provides higher power coefficient estimation than for the straight blade configuration. However, this is not always the case: Amato et al. [32] found that it is also possible to obtain the contrary effect, i.e., a performance prediction lower than in the case of the straight blade. Nevertheless, interestingly, the study of Gupta and Amano [39] in HAWT’s demonstrated that a winglet forming a cant angle of 45° had better performance than the same winglet forming a cant angle of 90° in agreement with the results presented in [29]. As in our study the cant angle of both winglet types is 45°, the present results agree with those obtained by [39].




4.2. Sensitivity of Results versus Turbulence Modelling


To study the sensitivity of results regarding the employed turbulence model, three additional turbulence models have been tested: RNG k-ε [47], SST k-ω [48] and Reynolds Stress Model (RSM) [49].



The RNG k-ε turbulence model extends the application of the standard k-ε to flows with non-equilibrium strain rates and it has been previously applied in simulation of vertical axis wind turbines [8]. The SST k-ω turbulence model has been widely applied in turbomachinery problems where it has become a kind of standard, so it is a good choice for comparison. In contrast to the two-equation eddy viscosity models, the Reynolds Stress Model solves independent transport equations for each component of the Reynolds Stress Tensor, avoiding the Boussinesq approximation for closing them. It is preferred when the underlying turbulence of the flow field is anisotropic, there is strong curvature of the streamlines and/or the flow is characterized by strong swirl and adverse pressure gradients.



Results obtained with the four turbulence models in the three considered blade configurations can be appreciated in Figure 10. Although a dispersion of the predicted average torque coefficients can be noticed, all the turbulence models indicate that the blade performance is higher when winglets are added to the blade tip. These computations suggest that the blade equipped with the symmetric winglet is able to extract the highest power from the water current, followed by the asymmetric winglet, both being superior than the reference straight blade case. Therefore, the trend shown in Figure 6 is corroborated by the other turbulence models.



There is still one comment to be mentioned: the result corresponding to the symmetric winglet with the RNG k-ε turbulence model is absent. The reason is that it was not possible to get convergence on this case using second order numerical schemes. When the numerical scheme was switched to second order, the dissipation equation always started to behave unstably leading to an eventual divergence.



In Figure 10, the dotted line shows the experimental value of [8]. From that figure, it can be seen that the closest values to the expected value are provided by the k-ω SST Transition model and the RSM model. The Transition k-ω SST model good prediction of the expected value can be explained by the fact that it is a low-Re turbulence model that does not rely on empirical damping functions (as typical two-equation models). The advantages of this model in the prediction of boundary layers with adverse pressure gradient and separation are well-known. On the other hand, the RSM model can provide a better performance than two equation turbulence models especially in flows with sudden changes in the strain rate and with high swirl and rotation, which is the case of the simulation of vertical axis turbines.



Moreover, the obtained three-dimensional results are in qualitative agreement with the two-dimensional computations of [1], where the RSM and Transition SST turbulence models provided the closest results to the experimental expected torque coefficient value. However, in the 3D case the predictions of the Transition SST model are above the standard SST while in the 2D computations the contrary happens. Marsh et al. [25], also found in their 3D computations that the transition version of the SST turbulence model provided higher values than the standard version for tip speed ratios higher than that corresponding to the maximum power coefficient, but the contrary happens for lower tip speed ratios. Additionally, the same trend is obtained in the case of own computations of a horizontal axis hydrokinetic turbine.



A fact that is not frequently studied in the CFD simulations of CFWT’s is the effect of the inlet turbulence intensity (Tu) on turbine performance, i.e., torque coefficient. Figure 11 shows such influence in the case of symmetric winglet blade with the SST Transition turbulence model for a single blade (top) and three blades (bottom). As it can be seen from Figure 11 (top) the maximum torque is slightly increased with turbulence intensity, but the local maximum, around θ = 220°, noticeably decreases for higher turbulence levels. From about 230° to 360°, in the downstream semicircle, apparently the torque is not affected by the turbulence intensity of the underlying flow. As the total torque is the sum of the values experienced by the three blades, it is found that the Cm maxima decrease with turbulent intensity but the minima increase with it (see Figure 11 bottom). The net result is that the average torque in a revolution increases with the turbulence level at inlet; in the present case such increment is close to 6% when the inlet turbulent intensity increases from 1% to 20%. Although not shown, the average thrust coefficient also increases slightly when turbulence is augmented (1% in this case). Therefore, such parameter should also be taken into account in the sensitivity analysis of the CFD computations of CFWT’s.




4.3. Visualisation of Flow Structures


Because CFD provides the flow variables along the entire fluid domain, it is a tool that can be exploited to identify flow structures and study their behavior. In order to illustrate some of them generated in the flow around a CFWT, vorticity isosurfaces and skin friction line patterns on the blade surface will be shown in the following.



It is known that the skin friction lines along a surface allow the analysis of the flow separation near it [50]. In fact, it is an experimentally common observation that the convergence of oil streak lines into a particular line is a necessary condition for the occurrence of flow separation.



Singular points in the pattern of skin friction lines occur at isolated points where the wall shear stress is zero and largely determine its distribution on the surface. There are three types of singular points: nodal points, focus and saddle. A nodal point is a singular point common to an infinite number of skin friction lines with the same direction, either emerging from it or converging to it; a nodal point of attachment is typically a stagnation point on a forward facing surface (i.e., the nose of a body). In a focus, the skin friction lines spiral around the singular point, either away of it or into it. A saddle point is determined by the intersection of only two skin friction lines which converge on a direction and diverge in the other; all the other lines miss the singular point and take direction consistent with those of the adjacent particular lines [50]. In particular, a skin friction line going through a saddle point is called a separation line; if the adjacent lines converge towards it, it is called a detachment line (where the flow detaches from surface) and if adjacent lines diverge from it, it is called an attachment line (where the flow attaches to surface). The direction of the lines can be determined by observing the wall shear stress vector on the surface. In a skin friction line pattern on a surface the number of singular points must satisfy the topological rule that the number of nodes (nodal points plus foci) must exceed the number of saddle points by two. Typical configurations are the combination of nodal points with saddle points or the focus—saddle that generates a concentrated vortex filament.



Figure 12 (left) shows the distribution of the skin friction lines along blade intrados (side pointing toward rotation axis) of the three blade configurations at the azimuthal position θ = 180°. In Figure 12 the flow is from left to right. As it can be readily seen, the three types of mentioned singular points are identifiable. As examples, some nodal (N), focus (F) and saddle (S) points are marked in the figures. The separation line (red line AA in the plots) is a detachment line where the flow separates from the surface. This fact is clearly seen in the right column of Figure 12 that shows the 60 Hz vorticity isosurface around the blades: along the AA line the isosurface grows in the y direction illustrating the boundary layer detachment. It can also be seen by checking the shear stress vectors at the surface where the adjacent lines converge to AA (not shown). As a result, the skin friction lines pattern and the shape of the vorticity isosurface differs noticeably among the three blade configurations, especially near the blade tip: in the straight blade the typical long trailing vortex is developed extending downstream following a curved path; the asymmetric winglet is able to weak such a vortex, delaying its detachment; and, in the symmetric winglet case, also a detachment of the vorticity isosurface happens in the intrados of the winglet and no trailing vortex is observed. An analysis of the variation of the skin friction lines and non-dimensional form of the wall shear stresses along a revolution in the case of the symmetric winglet is discussed in Appendix A.



Additionally, when looking to the shape of the vorticity isosurfaces on the extrados (blade side pointing outward rotation axis) a rough, corrugated structure can be clearly distinguished (Figure 13 top). Here, only plots for the straight blade are shown as illustration, although the same is observed for the winglet cases. As far as the authors are aware such corrugated isosurface has not been reported before in the literature. On top of the wrinkled surface several stream-wise tubular structures are visible, inside of the blue ellipses, which we call “vorticity fingers”. Such corrugated pattern follows the direction of the skin friction lines which are the footprint of counter-rotating quasi-stream vortices, similar to the coherent structures which appear in the near wall region of a turbulent channel flow. This can be demonstrated by coloring the 60 Hz vorticity isosurface with the stream-wise vorticity component (z in this case): an alternation of blue and red colors identifies the counter-rotating vortices developing in the stream-wise direction (see Figure 13 bottom). Moreover, a span-wise vortex close to detachment can also be appreciated in its trailing edge in green color.



Finally, to illustrate the behavior of the transitional boundary layer along a blade revolution the intermittency field is discussed. Intermittency is defined as the fraction of time that the flow is turbulent in a point in the boundary layer. It adopts the value of 1 in fully turbulent flow and 0 in laminar flow. In the locations of the boundary layer where turbulent structures start to be visible, intermittency begins to deviate from zero [51]. Together with an empirical transport equation for the transition momentum-thickness Reynolds number, the transition features of boundary layer are modeled [43]. This fact is relevant for CFWTs as the values of skin friction coefficient along the blades depend on the boundary layer development which has an impact in their performance (see Figure 10).



Figure 14a–d illustrate the evolution of the intermittency field during one cycle of the symmetric winglet turbine. The behavior of this variable is rarely shown in the literature, so it deserves some attention. The 2D view corresponds to a plane located at 5 cm from the symmetry plane and a value of 1 indicates always turbulent flow. In that figure, the water flow progresses from left to right and transition from one image to next correspond to a change of 30° in the airfoil position.



When the cycle starts (θ = 0°), the boundary layer in both upper and lower sides of the blade has a noticeable portion of laminar boundary layer (see Figure 15a) very similar to the observations of [1]. In fact, in all the blade positions along the cycle it is possible to observe that there is an area with intermittency values noticeably lower than 1 around the profile. In the downstream semicircle (actually in the range of 210°–30°) the extension of such area is circumscribed mainly to the boundary layer, which is illustrated in Figure 15b for θ = 270°. However, in the upstream semicircle (roughly between 30° and 210°) the intermittency field presents values lower than 1 in wide regions around the profiles, reaching the wake (Figure 14a–d). In such regions the eddy viscosity and the production of turbulent kinetic energy is lower than in fully turbulent conditions. Therefore, the effects of laminar-turbulent boundary layer transition are present along the whole revolution of the turbine.



Figure 15c shows the isosurface of intermittency with value of 0.5 at the blade azimuthal position of θ = 60° for the symmetric winglet. As it can be readily noticed, the isosurface at the intrados presents also the corrugated structured inherited of the vorticity distribution and it does not reach the trailing edge, consistent with the contour plot of Figure 15c. On the other hand, such isosurface wraps around the extrados of the blade showing that in such instantaneous position the boundary layer development is entirely laminar.





5. Conclusions


The presented computational results show clearly that the performance of the CFWT can be improved by adding winglets to the blades’ tips. The enhancement in turbine efficiency is mainly due to the weakening of the trailing tip vortex at locations of maximum lift in a blade turn. This fact implies the reduction of lift induced drag over the blade, because the tip devices increase its effective aspect ratio without significantly modifying blade’s span. From the studied configurations, the maximum improvement predicted in the CFWT power coefficient is attained by the symmetric hybrid fence-raked winglet and it is estimated in a 20% regarding the straight blade base case. Moreover, the addition of winglets also increases the thrust on the CFWT, a fact that should be taken into account in the design process of the turbine. The obtained results are corroborated in a sensibility study considering various turbulence models, as the same trends are obtained with the four models considered in this work. Additionally, the effect of turbulent intensity of the incoming flow on turbine performance has been evaluated. It has been found that increasing the turbulence levels at the inlet, keeping them moderate (lower than 20%), increases the global torque on the turbine as well as the thrust on it. Finally, visualization of skin friction lines pattern and their connection with vorticity isosurfaces, illustrating the flow detachment in the three blade configurations, has been carried out. It has been found that vorticity isosurfaces present a corrugated structure which is indicative of the presence of counter-rotating quasi-stream vortices, similar to the coherent structures which appear in the near wall region of a turbulent channel flow or in the development of the boundary layer along a flat plate. Moreover, a qualitative description of the behavior of the intermittency (variable not shown frequently in the literature) along one turbine revolution has been presented, demonstrating that laminar-turbulent boundary layer transition effects are important at all blade positions. Future work will be focused in the analysis of the identified quasi-stream vortices depending of tip-speed ratio, especially for small values, where the flow around the blades experiences massive stall.
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Appendix A


Here, the behavior along a revolution of the skin friction coefficient and the skin friction lines is discussed for the case of symmetric winglet.



Figure A1 shows the skin friction lines pattern on the blades extrados (top row) and intrados (bottom row) along a turn of the turbine for the symmetric winglet configuration. Moreover, the surfaces are colored by the value of the skin friction coefficient which is the non-dimensional value associated to the wall shear stress.
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Figure A1. Skin friction coeficient and friction lines on the extrados (top row) and intrados (bottom row) for different angular positions along a turbine revolution. Blade with symmetric winglet. 






Figure A1. Skin friction coeficient and friction lines on the extrados (top row) and intrados (bottom row) for different angular positions along a turbine revolution. Blade with symmetric winglet.
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At 0° angular position, the flow is attached in both surfaces, extrados and intrados, but near the trailing edge on the extrados some foci can be seen implying the generation of vortex cores that extend into the fluid. In both sides the transition from laminar to turbulent boundary layer can be appreciated because the skin friction coefficient, starting from the leading edge (LE) towards the trailing edge (TE), first decreases reaching light blue color and then increases again (green or even yellow color). The same conclusion can be drawn from Figure 15a looking at the intermittency contours. For positive azimuthal angles and in the upstream semicircle, Figure A1 indicates that boundary layer around extrados surface keeps laminar because the skin friction coefficient keeps a monotonically decreasing trend from LE to TE. However, the flow in the intrados experiences a more complex dynamics. At θ = 60°, the laminar boundary layer develops, the skin friction decreases very fast and the flow detaches as indicated by the vertical separation line in Figure A1h, where the color changes from light to dark blue; then, flow reattaches in a vertical attachment line (color changes from dark to light blue or green); from that point a turbulent boundary layer develops and the flow is detached again in another vertical separation line close to the trailing edge. The flow in the intrados at θ = 120° shows the same three separation lines of Figure A1h but closer to the leading edge; at around 40% of the chord the boundary layer is completely detached with a bound vortex along the blade span and a trailing vortex in the winglet. At θ = 180° (Figure A1j) the boundary layer is fully detached along the intrados surface (see also Figure 12 right column) which is reflected in the smallest values of the skin friction coefficient; at this point the blade does not produce net torque.



In the downstream semicircle, the flow along the intrados surface tends to be progressive attached as the azimuthal angle increases up to θ = 240° where the flow is completely attached again (Figure A1k). From that point and up to the end of the cycle, the flow around the intrados keeps attached. Here, the transition from laminar to turbulent boundary layer can be observed due to the color change of the skin friction coefficient. On the other hand, the skin friction lines in the extrados present patterns with singular points and separation lines (e.g., see Figure A1e) up to θ = 270° although the boundary layer is not massively separated. From that angle, the flow maintains attached to the extrados, always presenting the boundary layer transition from laminar to turbulent regime.
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Figure 1. Sketch of the geometrical model of the turbine. (Top) perspective of the complete computational domain (dimensions are in mm). (Bottom) rotating domain containing the blades. 
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Figure 2. Geometrical details of the winglet design. (left) asymmetric winglet. (right) symmetric winglet. 
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Figure 3. Details of the surface mesh generated in the blade tip devices: (left) asymmetric and (right) symmetric. 
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Figure 4. Average torque coefficient obtained in each grid considered in the grid independency study. Difference of torque coefficient between intermediate and refined grids is about 3%. 
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Figure 5. Average torque coefficient obtained in each grid considered in the grid independency study. Difference of torque coefficient between intermediate and refined grids is about 3%. 
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Figure 6. Torque coefficient evolution along a turn at λ = 1.745 for the three studied configurations. Single blade (top) and three blades (bottom). 
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Figure 7. Thrust coefficient of the turbine depending on the blade configuration. Single blade (top) and three blades (bottom). 
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Figure 8. Coordinate systems implied in the definition of force coefficients. Flow is horizontal from left to right (positive x direction) and turbine rotates counter-clockwise. 
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Figure 9. Tangential (top) and normal (bottom) force coefficients of a single blade depending on blade configuration. 
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Figure 10. Sensitivity of average torque coefficient versus turbulence models. In all cases the symmetric winglet provides the maximum performance. The dashed line shows the experimentally expected value. 
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Figure 11. Torque coefficient evolution along a turn at λ = 1.745 for the symmetric winglet configuration and three different turbulence levels (Tu) at the inlet. Single blade (top) and three blades (bottom). 
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Figure 12. Skin friction lines (left) and 60 Hz vorticity isosurface (right) on the intrados surface at azimuthal position θ = 180°. Upper row: straight blade; middle row: asymmetric winglet; bottom row: symmetric winglet. Only the lower half of the blades is shown. 
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Figure 13. (Top) Isosurface of vorticity equal to 60 Hz on the extrados of the straight blade. (Bottom) same isosurface colored by values of streamwise vorticity (z-component). 
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Figure 14. Intermittency field evolution in one cycle in a plane located 5 cm from the symmetry plane. From one image to the next, each airfoil experiences a change of 30° in its angular position. First blade located at (a) 0°; (b) 30°; (c) 60°; (d) 90°. 






Figure 14. Intermittency field evolution in one cycle in a plane located 5 cm from the symmetry plane. From one image to the next, each airfoil experiences a change of 30° in its angular position. First blade located at (a) 0°; (b) 30°; (c) 60°; (d) 90°.



[image: Energies 11 00297 g014]







[image: Energies 11 00297 g015 550] 





Figure 15. Close up of the intermittency contours at selected azimuthal locations: (a) θ = 0°; (b) θ = 270°; (c) isosurface of intermittency value equal to 0.5 at azimuthal position θ = 60° at the intrados (symmetric winglet blade). 
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Table 1. Quality mesh parameters for the different blade configurations.
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	Parameter
	Straight Blade
	Asymmetric Winglet
	Symmetric Winglet





	Aspect ratio (average)
	0.86
	0.83
	0.83



	Equiangle skewness (average)
	0.35
	0.38
	0.39



	Determinant (average)
	0.95
	0.93
	0.92



	Expansion factor
	1.15
	1.15
	1.15
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Table 2. Turbulent variables values at the inlet for the SST transition model for the tested Tu levels.
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	Tu (%)
	γ
	TVR
	k (m2/s2)
	ω (1/s)
	    R  e  θ t      





	1
	1
	10
	0.0004
	39.3
	580.2



	10
	10
	10
	0.04
	3992
	73.5



	20
	20
	10
	0.157
	15,715
	45.3
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