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The importance of wind energy has progressed rapidly in the last years. Although Horizontal Axis Wind Turbines (HAWT) are most well-spread, there is an increasing interest in Vertical Axis Wind Turbines (VAWT), especially in the H-Darrieus concept, as these rotors are omni-directional and affordable. However, the physics of these rotors is more complex; they can only be analyzed using transient CFD simulations. Due to the finite aspect ratio of the rotors, a wingtip vortex is created, which generates losses. Optimizing the wingtip geometry could be advantageous for increasing the efficiency of the rotors: this can only be achieved with three-dimensional turbulent transient simulations.

For the optimization of winglets, the whole process (mesh generation, CFD computation, postprocessing) has to be automated. This is achieved using the OPtimization Algorithm Library++ (OPAL++), a custom C++ code for the description of blended and canted winglets, coupled with a CD-Adapco StarCCM+ JAVA script for the automatization of the mesh generation and CFD computations. To check the viability of the present concept, two parameters have been varied in the simulations.

As shown in what follows, an efficient automatic optimization of wind turbine wingtips can be implemented in this manner.

INTRODUCTION

As a result of the growing customer awareness and due to increasing fuel prices, the importance of wind energy has progressed rapidly in the last years. Energy companies are strongly encouraged to adopt sustainable energy generation processes. The gross production of wind energy in the EU27 increased from 80 PJ (2000) to 537 PJ (2010) [1], and an increase to 3900 PJ is prognosed for 2050 [2]. As a result, further increasing the efficiency of the rotors is a critical area, which can only be accomplished by computer-based optimization.

Although Horizontal Axis Wind Turbines (HAWT) are most well-spread, there is an increasing interest in Vertical Axis Wind Turbines (VAWT), as these rotors, especially the H-Darrieus concept are quite affordable due to a simple design. Being omni-directional, such rotors can be installed even in urban environments and may be still quite efficient at low wind speeds. However, these rotors may suffer from large wingtip losses at small aspect ratio, which justifies the following analysis and optimization of wingtips.

H-DARRIEUS ROTORS

The original patent of the Darrieus rotor from Georges Jean Marie Darrieus dates back to 1927, but its very complex aerodynamics are still not completely understood, as the operation of VAWTs is far more complex compared to Horizontal Axis Wind Turbines. The operation of wind turbines is usually characterized by the characteristic curve, or TSR-C p curve. The tip-speed-ratio (TSR = λ = v t i p u = Rω u ) is the ratio of the highest velocity of the rotating blade compared to the wind speed (u), where R is the maximal radius of the rotor and ω is the angular velocity of the rotor.

Throughout the rotations, the blades of the Darrieus rotors experience significantly varying angle-of-attacks, see Fig. 1. This leads to stall/dynamic stall effects and results in complex wake interactions. As a result, these rotors can only be analyzed using transient simulations. The efficiency of the energy Angle-of-attack during rotor rotation generation of a rotor is described by the power coefficient (C p ), which is the ratio of the power generated by the wind turbine compared to the available energy in the wind:

C p = P mech P t ot al = Tω 1 2 ρu 3 A = Tω 1 2 ρu 3 2RH , ( 1 
)
where A is the projected area of the rotor, ρ is the density, H is the height of the rotor and T is the (average) torque generated by the rotor. The moment or torque coefficient (C Q ) is the indicator for the generated torque, and is computed as:

C Q = T 1 2 ρu 2 RA = C p λ .
(2)

Blade tips

Darrieus rotors are lift-driven rotors equipped with airfoils. Airfoils generate lift through the pressure difference on the two sides of the airfoil. All blades have a finite aspect ratio. As a result of the pressure difference, an airflow is induced from the higher pressure side to the suction side along the end of the blade and a wingtip vortex is generated, which results in losses. In wind turbines with small aspect ratio these losses can be large (even up to 25%; [START_REF] Raciti | Modeling Strategy and Numerical Validation for a Darrieus Vertical Axis Micro-Wind Turbine (IMECE2010-39548)[END_REF]), while at high aspect ratio corresponding losses become negligible. As shown in the study of Gosselin et al., the last 20-30% of the blade height is less effective [START_REF] Gosselin | Parametric study of H-Darrieus vertical-axis turbines using uRANS simulations[END_REF]. Amet also came to a similar conclusion, with 22% loss of performance due to the tip vortices and blade/arm junctions [START_REF] Amet | Simulation numérique d'une hydrolienne à axe vertical de type Darrieus[END_REF], while Qin et al. reported 40% losses compared to 2D simulations [START_REF] Ning Qin | Unsteady flow simulation and dynamic stall behaviour of vertical axis wind turbine blades[END_REF]. This aerodynamic problem has been known for a long time, mostly in connection with airplanes, and several blade tip modifications were already proposed to overcome it, e.g., vortex diffuser, tip sails [START_REF] Kroo | DRAG DUE TO LIFT: Concepts for Prediction and Reduction[END_REF], wing-grids, raked tip [START_REF] Guerrero | Biomimetic spiroid winglets for lift and drag control[END_REF] and many different winglet designs. Some of them are presented in Figure 3. Winglets are now widely used for airplane wings [9] and, to a less extent, for wind turbines.

Only few studies consider winglets on wind turbines in the scientific literature. Taborda et al. [START_REF] Taborda | Design Improvement of Cross Flow Water Turbines using CFD[END_REF] analyzed a crossflow vertical axis wind turbine based on 3D transient turbulent simulations using the Transitional SST model. The original rotor without winglet, with an asymmetric winglet and with a symmetric winglet was analyzed. They came to the conclusion, that the performance can be increased using winglets, the optimal solution being to use a symmetric winglet. Berlferhat et al. experimentally analyzed the polars for different winglets [START_REF] Belferhat | Aerodynamic Optimization of a Winglet Design[END_REF]. The aerodynamic efficiency of HAWTs with blade tip modifications was also discussed in the work of Gaunaa and Johansen [START_REF] Gaunaa | Determination of the maximum aerodynamic efficiency of wind turbine rotors with winglets[END_REF] and in the work of Imamura et al. using a vortex lattice method [START_REF] Imamura | Numerical analysis of the horizontal axis wind turbine with winglets[END_REF].

Winglets on VAWTs have been even less considered. Amato et al. investigated Darrieus rotors equipped with different blade tips [START_REF] Amato | Numerical Analysis of the Influence of Tip Devices on the Power Coefficient of a VAWT[END_REF]. The original configuration, an aerodynamic bulkhead, elliptic termination and three different winglets were evaluated using numerical simulations, validated by the measurements of Castelli et al. [START_REF] Raciti | Modeling Strategy and Numerical Validation for a Darrieus Vertical Axis Micro-Wind Turbine (IMECE2010-39548)[END_REF]. This study indicated that using a correct wingtip configuration, the performance can be increased. However, a poorly chosen solution can further decrease it.

AIM OF THE PROJECT

The blade shape optimization of Darrieus wind turbines has not been often considered in the literature. The present project is even more challenging, since the evaluation of the winglet performance can only be achieved using three-dimensional, transient, turbulent, large-scale Computational Fluid Dynamics (CFD) simulations. As a result, only very few articles deal with the CFD simulation of winglets for VAWTs (e.g., [START_REF] Amato | Numerical Analysis of the Influence of Tip Devices on the Power Coefficient of a VAWT[END_REF]). The optimization of such winglets has never been discussed in the literature according to the best knowledge of the authors.

The first step of the current project is to derive a fully automatic procedure to optimize winglets for H-Darrieus rotors. To show the viability of this proof-of-concept, the general geometrical description of parametric winglets is first given, followed by a simplified model parameterized by only two parameters. Afterwards, a very simple Design-of-Experiment is created with 6 different configurations and CFD simulations are carried out for a single tip-speed-ratio.

Finally, results are analyzed and conclusions are drawn. The evaluation of the cases is executed in a completely automatic manner in an optimization framework, proving the viability of the developed approach.

PARAMETERIZATION

Winglets are essentially the composition of one or more wings, with (usually) blended center line and non-uniform crosssection. Thus, the geometry of the winglet can be defined based on several support sections and/or by varying all parameters along the span. This approach is described, e.g., in the work of Sobieczky [START_REF] Sobieczky | Notes on Numerical Fluid Mechanics[END_REF].

General parameterization

In the current study variation of parameters along the span were defined. The different geometrical parameters of the winglet are defined along a non-dimensional parameter (ψ = 0...1). First, a guiding line (see Fig. 2(a)) of the winglet is defined by

x(ψ) = (x(ψ), y(ψ), z(ψ)) . (3) 
This is equivalent to the definition of the parameters along the span as the arc length can be simply computed as

s(ψ) = ψ 0 dx d ψ 2 + dy d ψ 2 + dz d ψ 2 d ψ. ( 4 
)
For each ψ a local coordinate system (x L , y L , z L ) is defined with (x(ψ), y(ψ), z(ψ)) as center and with α(ψ), β(ψ), γ(ψ) angle rotation around the x-, y-and z-axis, respectively. In this coordinate system, a profile is mounted on the (x L , y L ) plane, defined by the equation C(x L , y L , ψ) = 0. Using this method, the contour of the winglet is completely defined. This parameterization is implemented in C++ and the centerline positions and profiles are exported at the p(ψ) = (p 1 (ψ), p 2 (ψ), ..., p n (ψ)) positions as support sections. Star-CCM+ can create the surface of the winglets as a NURBS based on these data. 
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Specific parameterization A l t h o u g h t h e p r e v i o u s l y p r e s e n t e d (a n d w i d e l y u s e d ) p a r a m et e r i z a t i o n i s v e r y fl e x i b l e , i t i s t o o g e n e r a l t o b e u s e d f o r a n o p t i m i z a t i o n (a s a l l p a r a m e t e r s a r e a r b i t r a r y f u n c t i o n s ). A s a r e s u l t , a s i m p l i fi e d f o r m w a s d e fi n e d , s e e F i g . 2 (b ). I n t h i s m e t h o d t h e f r o n t a l p r o j e c t i o n o f t h e c e n t e r l i n e o f t h e w i n g l e t i s c o m p o s e d o f a v e r t i c a l s e g m e n t w i t h l e n g t h L 1 a n d a n i nc l i n e d s e g m e n t w i t h L 2 l e n g t h , t h e a n g l e b e t w e e n t h e t w o s e g m e n t s i s d e n o t e d b y γ. T h e t w o s e c t i o n s a r e c o n n e c t e d b y a c i r c u l a r a r c w i t h r a d i u s R 1 . B e s i d e s t h e f r o n t a l p r o j e c t i o n , t h e s i d e v i e w t h e t h e w i n g l e t i s d e fi n e d s o , t h a t i t s h e i g h t i s e q u a l t o t h e l e n g t h o f t h e f r o n t a l p r o j e c t i o n : t h i s w a y t h e s a m e f o r m c a n b e b e n d e d o n t h e f r o n t a l p r o j e c t i o n i n d e p e n d e n t l y f r o m t h e s i z e o f γ. T h e s i d e v i e w i s d e fi n e d b y t h e t r a i l i n g a n d l e a d i n g e d g e , w h i c h a r e b o t h c r e a t e d b y t w o v e r t i c a l s e g m e n t s c o n n e c t e d b y c i r c u l a r a r c s . T h e l o w e r c a m b e r h a s a l e n g t h o f c 0 , t h e w i n g l e t e n d s w i t h a c a m b e r o f c end .

I n t h e c u r r e n t s t u d y R 1 ,2 ,3 , c 0 , c end , L 1 , L 2 w e r e fi x e d a n d γ a n d α 2 w e r e v a r i e d . 

Analyzed configurations

OPTIMIZATION WORKFLOW

MESH GENERATION

After the geometry was imported into StarCCM+ v10, the mesh generation is executed in a completely automatic manner based on a custom JAVA script developed for the present case. Relevant parts of the geometry are retained and combined with the surroundings with the help of the 'Surface Wrapper'. Mesh for the stationary and rotating domain is created using polyhedral mesh, additional refinements are created with several volume controls, surface and edge controls to ensure an appropriate resolution. In the stationary domain, refinement is added for the wake, in the rotating domain for the blade, wingtip and trailing edge (see Fig. 5). Extreme care was given to resolve the flow around the wingtips. The most important settings are summarized in Table 1.

The inlet and outlet domains are extended to allow development of the flow and to ensure an appropriate distance from the boundaries with the help of 'Directed Mesh'.

CFD SETUP

Physical model

As a series of experimental validations based on two-dimensional CFD computations have revealed that k-Realizable and kω SST models could be appropriate for the simulation of the flow around an H-Darrieus rotor [START_REF] Daróczy | Comparative analysis of turbulence models for the aerodynamic simulation of H-Darrieus rotors[END_REF], only these two models were retained for the analysis. The flow around the rotor was modeled as incompressible (this is a widely adopted simplification in the literature [START_REF] Raciti | Modeling Strategy and Numerical Validation for a Darrieus Vertical Axis Micro-Wind Turbine (IMECE2010-39548)[END_REF], as the relative speed of the blades stays well below M = 0.3 due to the relatively small rotation speed of small Darrieus rotors). Reference density ρ = 1.225 kg/m 3 was chosen according to DIN EN 61400 [START_REF]V. Design requirements for small wind turbines[END_REF], and the dynamic viscosity was chosen correspondingly as µ = 1.7894 • 10 -5 Pa s.

The system of equations was solved in a Coupled manner, as the solver was revealed to be superior by earlier studies (according to the CD-Adapco StarCCM+ User Guide [START_REF]USER Guide Star-CCM+ Version 9[END_REF], the Coupled solver is always recommended when sufficient resources are available due to its increased robustness). Additionally, Cell Quality Remediation was activated. This model can efficiently improve stability locally if divergence is detected in a couple of deformed cells, which is unavoidable in an automatic 3D mesh generation process. To promote precision, second-order implicit temporal discretization is always applied in the current work together with second-order (central or upwind) derivatives.

Boundary Conditions

The sides of the computational domain are defined as velocity inlet, pressure outlet and symmetry boundaries (except for the validation in the wind tunnel, where no-slip conditions are applied except for the symmetry plane). Proper inlet conditions are clearly the most important ones: u = 9 m/s, I = 0.1% and TVR = 10 were retained for all configurations, in agreement with recommendations from the literature [START_REF] Lanzafame | 2D CFD modeling of H-Darrieus wind turbines using a transition turbulence model[END_REF][START_REF] Blair | A Correlation-Based Transition Model using Local Variables for Unstructured Parallelized CFD codes[END_REF] and as a result of preliminary studies [START_REF] Daróczy | Comparative analysis of turbulence models for the aerodynamic simulation of H-Darrieus rotors[END_REF]. To reduce the mesh size, only half of the rotor and wind tunnel were retained. The mesh was created with the same setup as the optimization process itself (except the wall of the wind tunnel, where prism layers were added and no-slip condition was set).
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VALIDATION OF THE MODEL T h e e x p e r i m e n t a l v a l i d a t i o n r e l i e s o n m e a s u r e m e n t s f r o m t h e l i t e r a t u r e . I n t h e w o r k o f C a s t e l l i e t a l . [ 3 ] a s m a l l H -D a r r i e u s r o t o r w a s t e s t e d . T h e r o t o r h a s N

The recommendation of Castelli et al. was retained, i.e., y + > 30 and 2 mm cell size on the blades. The resulting mesh contained 7.05 million polyhedral cells. The simulations were performed with the k-Realizable and k-ω SST model for tipspeed-ratios for λ = 2.05, λ = 2.35, λ = 2.6, λ = 3.1 (near the optimal tip-speed-ratios; the curves between the operating points have been interpolated with cubic spline); the blunt edge was disregarded and modeled instead as being sharp. The characteristic curve of the complete rotor is compared in Fig. 7 As one can see, the agreement in the location of the optimal tip-speed-ratios is quite good (exp.: λ o pt = 2.7; sim.: λ = 2.5), but the exact values are not reproduced. As struts were not modeled and gear losses were not computed, this is not really a surprise. Furthermore, the large deviation in the trend at small tip-speed-ratios is most likely due to the application of the Wall Function approach (y+ > 30). In this domain the flow is very complex due to the presence of dynamic stall and a finer grid resolution would be required.

The two turbulence models deliver very similar results. This is again not a surprise: the k-ω SST model is a blended model, which falls back to kin the free stream and to k-ω near the wall. Sinces y+ > 30 was employed, the benefits offered by the k-ω model are replaced virtually with the Wall Functions. As a result, the k-Realizable model was retained for all further computations.

RESULTS AND DISCUSSION

The direct comparison of the performance of the different rotors is not possible, as the projected area (see Table 3) and height of the rotor changes from configuration to configuration. As a result, four different analysis were performed, as discussed in the followings. 

Performance coefficient far away from the wingtip

In the first step the performance coefficient of the first 0.1 m blade section was analyzed, far away from the wingtip (near the symmetry plane). Although far away from the wingtip it is expected, that the different rotors will deliver a similar performance, this is not necessarily true. The wingtip vortex changes the flow structures near the end of the blades, and through 3D instabilities it can have an effect on the flow structure of the whole rotor, see Table 4. As one can see, the performance coefficients remain very similar to each other; only small differences can be seen. Nevertheless, more than 1% (relative) improvement is detected for the B2 and C2 configurations. This can be either the effect of the decreased energy extraction of B2 and C2 configurations near the wingtip, which results in an increased energy flux, or could be a result of the different blockage, since the wingtips restrict the 3D expansion in the vertical direction, leading to an increased efficiency. For rotors with high aspect ratios (AR) this effect could provide an advantage. 

Performance coefficient of the complete rotor

In the second step the total performance coefficient of the rotor was analyzed, non-dimensionalized by the projected area for each case. The results can be seen in Table 5. As one can see, instead of the expected improvement, the winglets provide a decrease in the performance for the current case. However, in case of the endplate variant, a small improvement can be seen. The improvement is small, showing that the wingtip losses do not seem to be that significant in this case. Obviously, this statement does not necessarily hold for rotors with more significant wingtip effects. 

Effect of the wingtip on the distribution of the energy generation

Afterwards, the energy generation of the different sections were analyzed and compared graphically. The results can be seen in Fig. 8. Section 0 denotes the first 0.1 m near the symmetry plane (far away from the wingtip), while Section 6 denotes the last section (0.6 m -to the end of the blade). All results are non-dimensionalized by the projected area of the section. As one can see, all configurations resulted in a decreased performance coefficient for the last section compared to the base geometry, except the endplate. This supports the importance of endplates. The decreased performance of the winglets is most probably the result of the decreased camber length and rotor radius. For an efficient improvement, smaller winglet configurations or rotors with more significant wingtip losses would be needed. A2 proved to be the best configuration among the winglets for Section 6. The B2 and C2 configurations provided an increased performance coefficient far away from the wingtip, as discussed previously.

Size of wingtip vortex

Finally, the vortex structures were compared for a single angular position for all the different cases (ϕ = 0°, starting position), see Fig. 9. In the figure the isosurface for 75 1 s vorticity magnitude is presented along with the vorticity magnitude in two cross-sections. As one can see, A1 and B1 configurations efficiently reduced the size of the vortices, while C1 and C2 provided similar sizes to the base and endplate configuration.

Additionally, a threshold was created for 75 1 s vorticity magnitude and the volume of this threshold was computed to estimate the size of the vortex structures. The results are shown in Table 6. The values further confirm, that A1 and B1 provide the smallest vortex volumes, while C2 shows similar 

CONCLUSIONS

In the current manuscript a completely automatic method was developed and presented for the efficient optimization of winglets for VAWTs. Parameterization, geometry and mesh generation, and CFD simulation are efficiently realized in a fully automatic way. Following a validation of the model using a rotor from the literature, a Design-Of-Experiment was executed with 8 different configurations to check the validity of the developed approach. Unfortunately, no configuration was found that leads to a performance improvement compared to the rotor with a simple endplate. However, two configurations show an increased performance far away from the wingtips, which could be advantageous for rotors with high aspect ratio. To understand this effect, further studies are needed. Some questions are still open, which will be the subject of the upcoming research. Among others (1) mesh independency is to be analyzed in detail; (2) Spalart-Allmaras, Transitional SST and LES models are to be analyzed in 3D and (3) the validation is to be carried out for other rotor geometries as well.

After checking these issues, the optimization will be executed to identify if a better wingtip configuration can be identified.
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 3 Figure 3. Example of different winglet designs: (a) Whitcomb winglet as a composition of two single centerline winglets; (b) Canted winglets; (c) Simple blended winglets; (d) Blended winglets with more complex leading edge
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 67 Figure 6. Torque coefficient for C1 configuration for a single blade
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 8 Figure 8. Performance coefficients of the different blade sections for the different configurations

  

Table 1 .

 1 Settings for mesh generation

	Description	Value
	base size in stator	0.12
	size on the rotating interface	14 mm
	size in the wake of the rotor	55 mm
	size on the edge of straight blade	1.25 mm
	target maximal y+ value	100
	base size in the rotating domain	14 mm
	size around the blades	5.5 mm
	size on the surface of the blades	2 mm
	size near the trailing edge	0.5 mm
	size around the wingtips	4 mm
	size on the surface near the wingtips 0.5...0.75 mm
	prism growth rate	1.3
	volume growth rate	1.06
	surface growth rate	1.075
	volume blending	0.68
	volume density	0.8
	length of extruded inlet domain	13 m
	length of extruded outlet domain	17 m
	length of stator domain	4+6 m
	width of the domain	12 m
	height of domain	7.68 m

Table 2 .

 2 Geometry for validation & optimization

	Parameter	Valid.	Optim.
	number of blades	3	3
	airfoil	NACA0021	NACA0021
	radius of the rotor	515 mm	515 mm
	camber	85.8 mm	85.8 mm
	mounting	0.5c	0.5c
	(half)-length of blades	717 mm	707+200 mm
	wind speed	9 m/s	9 m/s
	TSR	2.05/2.35/2.6/3.1	2.6

Table 3 .

 3 Projected area of the different configurations

		Proj. area [mm 2 ]
	Base/Endplate	934210 mm 2
	[A/B/C]1	812814 mm 2
	[A/B/C]2	889168 mm 2

Table 4 .

 4 Performance coefficients far away from the wingtips

		C	f ir st p	[%] Improv.
	Base	34.72%	-
	Endplate	34.74%	0.0576%
	A1	34.84%	0.3456%
	A2	34.95%	0.662%
	B1	35.02%	0.864%
	B2	35.11%	1.12%
	C1	34.73%	0.0288%
	C2	35.20%	1.382%

Table 5 .

 5 Performance coefficients for the whole rotor

		C r ot or p	[%]	Improv.
	Base	32.47%	-
	Endplate	32.68%	0.65%
	A1	31.84%	-1.94%
	A2	31.95%	-1.60%
	B1	31.75%	-2.22%
	B2	31.29%	-3.63%
	C1	31.36%	-3.419%
	C2	30.23%	-6.899%

Table 6 .

 6 Volume of fluid domain with vorticity magnitude larger than 751 

	s	
		V vor t e x 75	[m 3 ]
	Base	4.437 • 10 -2
	Endplate 4.452 • 10 -2
	A1	2.706 • 10 -2
	A2	2.910 • 10 -2
	B1	2.903 • 10 -2
	B2	3.197 • 10 -2
	C1	3.298 • 10 -2
	C2	3.650 • 10 -2