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Backflow flaps as stall control elements on wind turbines
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Wind turbine blades suffer from static and dynamic stall effects during their normal operation. At the same time strong secondary flows (cross-flows) exist at the inner and the outermost regions of the blade. Most of the modern wind turbine blades are equipped with flow control devices such as vortex generators (VGs) in an effort to avoid stall and stabilize their aerodynamic performance. The current invention and research work proposes a solution to the unsteady stall issues and at the same time offers a performance boosting potential. The solution comprises a passively actuated backflow flap positioned in span-wise or chord-wise orientation depending on the local flow characteristics. Wind tunnel tests in combination with extensive field preliminary work as a part of the VG development efforts of the authors form the ground work for a new and innovative aerodynamic solution for wind turbines.

INTRODUCTION

Wind turbine blades traditionally were characterized by low drag "clean" configurations aiming at peak efficiency. However in recent years it has become apparent that the exposed rotorblade surface suffers from heavy rain erosion [START_REF] Hugh Keegan | On erosion issues associated with the leading edge of wind turbine blades[END_REF] as well as surface roughness and irregularities [START_REF] Pechlivanoglou | The effect of distributed roughness on the power performance of wind turbines[END_REF]. Many blade manufacturers therefore tend to shift their focus from the ultimate efficiency towards performance reliability. Furthermore there is a rapid increase in rotor diameters in an effort to increase the capacity factors of wind turbines and reduce the Levelized Cost of Energy while trying to maintain constant mechanical loads. This leads to slender blade plan-form designs which utilize more cambered airfoils in order to produce the same or even more lift from a given blade area.

In order to avoid stall and its adverse effects in AEP performance as well as with respect to aeroelastic loads many manufacturers try various designs of vortex generators [START_REF] Castro | The use of a new fatigue tool (albdes) to analyse the effects of vortex generators on wind turbines[END_REF]. These energize the boundary layer and avoid stall. The authors have done considerable research and development efforts in this field and more information on VGs and their function and placement can be found at the publications of Pechlvanoglou et al. [START_REF] Mueller-Vahl | Vortex generators for wind turbine blades: A combined wind tunnel and wind turbine parametric study[END_REF], [START_REF] Pechlivanoglou | Passive and active flow control solutions for wind turbine blades[END_REF]. The main disadvantage of vortex generators is that they generate drag. This is especially present in the situations where the VG effect is not needed. There they act as efficiency inhibitors rather than performance boosters. The aim of the current research work is to propose and analyze an alternative to VGs for the blade regions where VGs could be replaced.

CONCEPT AND INITIAL RESEARCH

The basic idea for the current research was first expressed by Prof. Bechert et al. from HFI TU Berlin in the 90's [START_REF] Dw Bechert | Aeroflexible oberflächenklappen als rückstrombremsen nach dem vorbild der deckfedern des vogelflügels[END_REF]. After examining the behavior of birds when gliding at high angle of attack (e.g. when landing), it was apparent that many species were able to actually land without flapping their wings. When trying to explore the way those birds avoid stall, it became apparent that they were equipped with a stall control solution on their wings (see Fig. 1). A line of feathers located close to the trailing edges of the bird wings is able to lift during the initial development of stall and thus restrict the stall severity and enhance the generation of lift. This mechanism allows certain bird species to achieve controllable landings with very low speeds without the need of energy consuming wing flapping actions.

Further research on this topic was performed by Meyer [START_REF] Kurt | Experimentelle untersuchungen von rückstromklappen auf tragflügeln zur beeinflussung von strömungsablösungen[END_REF] and Schatz [START_REF] Schatz | Numerische Simulation der Beeinflussung instationärer Strömungsablösung durch frei bewegliche Rückstromklappen auf Tragflügeln[END_REF] at the institute of fluid dynamics and technical acoustics (ISTA/HFI) of TU Berlin. The work of Meyer focused around the HQ17 airfoil and glider aircraft applications. Extensive wind tunnel tests demonstrated the feasibility of this concept and it was shown that a slotted version of the design, similar to bird feathers was the configuration that achieved the highest lift increase with a subsequently minimal drag penalty (see Fig. 2 and3).

The proposal of Meyer at al. was the utilization of such devices on aircraft as a means of lift enhancement during landing. The solution was tested on a glider and performed very well. However to the best of the authors' knowledge it was never implemented on a serial basis for any other aircraft. 

Stall control in the field of wind energy

Wind turbine blades have to operate in severe atmospheric conditions under extreme turbulence, gusts and wind sheer. Rotorblade manufacturing is also heavily driven by the extreme cost-reduction pressure of the competitive electricity market. Automated high precision production is therefore out of the scope for wind turbine blade manufacturers. Therefore wind turbine rotorblades have to be able to operate effectively without stall under extreme conditions while being simple and very tolerant to manufacturing deviations. A common method in the direction of "reliable aerodynamics" for wind turbines is the use of vortex generators.

The company SMART BLADE GmbH TM in collaboration with the authors has developed and installed retrofit VGs (Fig. 4) on more than 2000 wind turbines as a means of performance boosting. The performance improvement is achieved by the elimination of the flow separation from the inner 1/3 of the blade which usually operates under static stall. Depending on the blade design details as well as the local site characteristics, the retrofit VGs achieve a performance enhancement of 1-3% over the Annual Energy Production (AEP) of the turbine [START_REF] Mueller-Vahl | Vortex generators for wind turbine blades: A combined wind tunnel and wind turbine parametric study[END_REF], [START_REF] Ekaterinaris | Know-blade task-2 report aerodynamic accessories[END_REF] and [START_REF] Pechlivanoglou | Vortex generators for wind turbine blades: Wind tunnel tests, field simulations and structural analysis[END_REF].

A drawback however of the VG solution is the fact that it consists of rigid units that are able to enhance performance only in certain operating regimes. Outside their operational envelope, vortex generators simply add drag. The net benefit from the use of VGs on blade regions that experience constant stall is positive, however other stall control solutions (e.g. backflow flaps [START_REF] Pechlivanoglou | Rotorblatt[END_REF]) are explored in an effort to further improve the performance of outboard blade sections, which do not experience severe permanent stall but are currently equipped with VGs (see Fig. 5).

WIND TUNNEL TESTING

Wind Tunnel Setup Wind tunnel measurements were carried out in the wind tunnel facility of ISTA/HFI, TU Berlin. The closed loop wind tunnel is powered by a 500 kW speed regulated motor. The test section has an overall length of 10m, a cross-sectional area of 2 × 1.4 m 2 and a contraction ratio of 6.25 : 1 (see Fig. 6). The turbulence level of the free stream is below 0.5% in the test section. The airfoil was a NACA 63 (3) 618 with a chord length of 600 mm. The airfoil is mounted to an external 6-component balance, which is decoupled from the wind tunnel. The test section is equipped with splitter walls to minimize the influence of boundary layer effects while the wing is mounted horizontally extending over the entire span (a=1.554m) between the splitter walls. The gaps (≈ 0.5 mm) between test wing and splitter walls are covered with thin adhesive tape to reduce the pressure losses at the tips of the airfoil. The sealing tape is not in contact with the splitter walls and thus the force measurements are not impaired. All tests are carried out at a wind speed of 29 m s . The resulting Reynolds number based on the chord length was Re ≈ 1.1 • 10 6 .

Generally all the wind tunnel measurements performed at the facilities of HFI TU Berlin undergo a solid blockage and wake blockage correction according to Barlow et al. [START_REF] Pope | Low Speed Wind Tunnel Testing[END_REF] and Meyer [START_REF] Dw Bechert | Aeroflexible oberflächenklappen als rückstrombremsen nach dem vorbild der deckfedern des vogelflügels[END_REF]. However in the case of the backflow flap tests on the NACA 63 (3) 618 test wing some of the solidity requirements of the blockage correction were causing accuracy problems. Considering that the correction does not give reliable results for solidity levels higher than 7.5% [START_REF] Pope | Low Speed Wind Tunnel Testing[END_REF], which is the case for our test wing at the AoA range where backflow flaps are operational, it was decided to avoid corrections all-together. For an actual blade design process, corrections would be necessary, but for our comparative study, a total absence of polar corrections is considered non-problematic.

Vortex Generators Extensive multi-parameter testing of vortex generators has been performed by various researchers (e.g. [START_REF] Wa Timmer | Summary of the delft university wind turbine dedicated airfoils[END_REF], [START_REF] Mueller-Vahl | Vortex generators for wind turbine blades: A combined wind tunnel and wind turbine parametric study[END_REF] and [START_REF] Fuglsang | Development of the riso wind turbine airfoils[END_REF]), however the specific shape and positioning of the SMART BLADE vortex generators was tested on the NACA 63 (3) -618 in order to examine the combination of lift enhancement at high AoA in combination with the re- 
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1 . B a s e l i n e a i r f o i l e x h i b i t i n g f r e e t r a n s i t i o n (i . e . n o t t r i p p e d ). What was especially interesting in the current case was the performance with double rows of backflow flaps, where the lift was further enhanced and the flow separation was delayed even more (see Fig. 11). The outcome of that case was an almost neutral behavior with respect to drag at low AoA in combination with a drag reduction at higher AoA due to the flow separation delay and the subsequent reduction of the pressure drag component. On the negative side, the pre-stall lift seems to be slightly adversely affected by the presence of the backflow flap. The reason for that seems to be the slight modification of the Kutta condition of the airfoil at the pre-stall region. More specifically, the existence of the compliant backflow flap material at the trailing edge region of the suction sice of the airfoil leads to a less-than-optimal trailinge edge shape. The overall behavior therefore of this solution was similar with that of the VGs, but without the associated drag penalty.
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The addition of a Gurney flap (see Fig. 9) at the pressure side enhanced even more the lift through the entire range of inflow angles with a very small overall drag penalty, thus proving that the existence of a Gurney flap with its associated local circulation modification does not have an adverse effect on the backflow flap physical mechanism. This makes this combined solution quite attractive for wind turbine applications.

SMARTVIZ TM FIELD ANALYSIS

Description of the method The final part of the current research was the investigation of the aerodynamic performance for a real life wind turbine blade in the field. This was possible with the use of the proprietary experimental flow visualization technique, called SMARTviz jointly developed by SMART BLADE GmbH and HFI/ISTA TU Berlin. This method is based on the well known use of flow tufts to visualize the near-wall flow. However the use of modern high resolution digital cameras and image processing capabilities allows the automatic position recognition of each tuft and the calculation of the statistics of its behavior in time. In addition to that, parameters such as the instantaneous wind speed and wind direction at the turbine are recorded and synchronized with the images thus forming a comprehensive quantitative aerodynamic performance database for the blade. More details on the SMARTviz method can be found in the relevant publications of Vey et al. [START_REF] Vey | Extracting quantitative data from tuft flow visualizations on utility scale wind turbines[END_REF], [START_REF] Vey | Experimental and numerical investigations of a small research wind turbine[END_REF] and [START_REF] Vey | Utility scale wind turbine yaw from a flow visualization view[END_REF].

The wind turbine selected for this experimental campaign was a 1.5MW pitch regulated, variable speed utility scale turbine. The turbine was located at the state of Lower Saxony in Germany and was equipped with 37m rotorblades which were not equipped with any form of flow control add ons (see Fig. 12). The condition of the turbine and its rotorblades was good without signs of leading edge erosion. More than 6000 flow tufts were installed along the entire span of the blade and the turbine was then put back in operation. Several thousands of images were captured until enough images were collected for every wind-bin of the operating range of the turbine. At this point it is important to note that only limited images were captured for wind speeds above the nominal wind speed. The reason for that is the fact that above the rated wind speed the pitch system rotates the blades towards reduced inflow angles thus eliminating stall from the outboard blade regions (i.e. this region is irrelevant for backflow flaps and/or VGs).

Field Results

The experimental field results are analyzed by means of various statistical modes. However one of the prevailing methods is that of the standard deviation of the flow tuft position [START_REF] Haans | Stall in yawed flow conditions: A correlation of blade element momentum predictions with experiments[END_REF] (i.e. tuft activity). On the color scale (see Fig. 13), red regions denote stall (i.e. high tuft activity) and blue regions denote attached flow (i.e. low tuft activity). The right side graph is a form of synthetic flow streamlines on the blade surface. It is the result of the LIC (Linear In- tegral Convolution) [START_REF] Cabral | Imaging vector fields using line integral convolution[END_REF] method and it is very useful for the identification of the cross-flow zones on the blade. After the analysis of the flow tuft behavior, the date showed some distinctive patterns. The inner 1/3 of the blade span exhibited the typical static stall behavior for the entire range of wind speeds below the nominal. This is the region that is typically treated with vortex generators in order to re-energize the flow and reduce stall.

The outboard part of the blade exhibited a small region of static stall at the trailing edge. Due to the low frequency of the image capture (2 images per rotation) it was not possible to examine the presence of dynamic stall, especially in the event of gust or temporary yaw misalignment. However the onset of static stall at the outboard part of the blade anyway denotes that this region of the blade could be benefited by the installation of backflow flaps. In essence the stall delay effect of backflow flaps would act beneficially, preventing the loss of lift (and therefore the loss of AEP) due to T.E. stall. Furthermore the stabilization of lift would reduce the loading variations throughout the rotation of the blade and would therefore be beneficial with respect to the fatigue loading of the blade. The effects of such devices would therefore be overall beneficial, probably justifying the added device cost and installation & maintenace cost.

DISCUSSION & CONCLUSIONS

The current paper describes the efforts of the authors to identify experimentally the real-life aerodynamic shortcomings of rotorblades and to develop methods to rectify the blade performance. Wind tunnel tests have been performed on a relatively common wind turbine airfoil (NACA 63 (3) 618) with vortex generators as well as with bio-inspired backflow flaps. The results of the wind tunnel tests are very encouraging for the use of backflow flaps on wind turbines either as retrofit solutions or integral design elements. It was shown that the performance of backflow flaps is similar to that of VGs with respect to lift enhancement, but without the inevitable drag penalty of VGs for out-of-design operation points.

The aerodynamic field analysis also demonstrated the potential use of such solutions as retrofit elements for the reduction of trailing edge stall of existing rotorblades. Future work in this project will include field experiments by means of SMARTviz of the turbine equipped with VGs and back-flow flaps. The realization of the backflow flaps is in process together with a large materials corporation and will have the form of custom-built multi-layered tape. Special fiber reinforcements are integrated in the tape material in order to enhance the fatigue life of the tape and thus reduce maintenance and replacement costs.

Furthermore, additional efforts for full characterization of this solution are necessary in order to be able to simulate the turbine performance by means of aeroelastic tools. Finally the last part of the planned future experiments include the use of backflow flaps in the dynamic pitching setup of the laminar wind tunnel of TU Berlin in order to study the dynamic response of backflow flaps.
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 1 Figure 1. Backflow feathers lifted by the trailing edge separation. [Source: Stewart Baird]
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 23 Figure 2. Segmented backflow flaps mounted near the trailing edge of the HQ-17 airfoil. [Source: Meyer[7]]
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 4 Figure 4. 3D model of the SMART BLADE vortex generator unit. [Source: SMART BLADE GmbH]
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 5 Figure 5. View of an outboard section of a SIEMENS blade with trailing edge serrations and VGs. [Source: SIEMENS]
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 678 Figure 6. Schematic representation of the airfoil test section of the ISTA/HFI TU BERLIN large wind tunnel
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 11 Figure 11. Experimental results of various backflow flap configurations mounted on the NACA 63 (3) 618 test wing, measured at TU Berlin.
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 12 Figure 12. Picture of the turbine with the flow tufts installed on one of its blades.

Figure 13 .

 13 Figure 13. Experimental SMARTviz field results showing on the left side the standard deviation[20] (i.e. activity) of tufts. Red regions denote stall (i.e. high tuft fluctuations) and blue regions denote attached flow. The right side graph is the result of LIC (Linear Integral Convolution)[21] method showing the streamlines and respective cross-flow zones.
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