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A 2D Validation Experiment for Dynamic High-Lift System Aerodynamics

The feasibility of laminar flow control technology for future wing is bound to the development of a leading edge high-lift system that complies with the requirements on smooth surfaces to enable maintaining the laminar boundary layer flow, such as a Krueger flap. Although in principle the aerodynamic performance of a Krueger flap is known, the unsteady behaviour of the flow during deployment and retraction is completely unknown. This is as even more important as during deployment the Krueger flap is exposed to highly unfavourable positions perpendicular to the flow. To mitigate the risk of unfavourable aircraft behaviour, it is therefore expected that a Krueger flap has to be deflected significantly fast and may trigger unsteady aerodynamic effects.

Within the European H2020 project UHURA, currently a wind tunnel test is conducted incorporating the vented foldable bull nose Krueger flap. A wind tunnel model based on the DLR-F15 airfoil has been designed and manufactured that features a part span and a full span Krueger device, which can be actuated at high deflection rates up to 180°/s. First wind tunnel tests have been conducted at the ONERA L1 wind tunnel in Lille in October 2020. The tests included the measurements of internal forces, steady and unsteady pressures, as well as phase locked Particle Image Velocimetry (PIV) to achieve high quality validation data for comparison with numerical methods.

Introduction

Laminar wing technology is expected to be the most significant aerodynamic contribution to aircraft drag reduction and fuel savings of next generation transport aircraft. For such aircrafts Krueger flaps are currently the most favored high-lift system concept at the leading edge of a transport aircraft wing. Aside the high-lift performance, it serves as a device for shielding the wing against contamination by insects or other pollutants during low altitude flight. Especially the vented Krueger flap with or without folding bull-nose is most likely the high-lift system enabling laminar wing technology. Previous studies already showed the feasibility in terms of aerodynamics and wing integration [START_REF]High Reynolds Number Hybrid Laminar Flow Control (HLFC) Flight Experiment[END_REF] [START_REF] Strüber | Aerodynamic Design of a High-Lift System Compatible with a Natural Laminar Flow Wing within the DeSiReH Project[END_REF]. Fig. 1 Vented folding bullnose Krueger flap at specific positions on the deployment path A Krueger flap deploys from the lower side of the wing and moves around the leading-edge until it reaches a position in front and slightly above the wing leading edge. Fig. 1 depicts the Krueger flap developed in the DeSiReH project [START_REF] Strüber | Aerodynamic Design of a High-Lift System Compatible with a Natural Laminar Flow Wing within the DeSiReH Project[END_REF] at several positions during this deployment. Especially the positions when the Krueger flap is perpendicular to the flow bears possible risks during operation. When the Krueger flap is passing the leading-edge it may shield the wing from the flow, thus causing a sever loss in lift. It is therefore required not to move all Krueger flaps along the span at the same time. Even older aircraft having sealed Krueger flaps operated in sequential mode -e.g. the Boeing B707 seen in Fig. 2 -or in groups like the Boeing B747. In any case, the passage around the leading case poses an additional criticality. For this reason, additional challenges arise, which should be addressed during the design. The limited overall deployment time requires an increase of the deployment speed. The less number of flaps is operated at the same time the higher is the required angular speed to deflect the full system in an acceptable time within about 20 to 30 seconds. At such high rotational speeds, unsteady effects on the flow start to get likely. In order to take these effects into account during design, it is necessary to validate the simulation methods in this flow regime. Since the movement of the Krueger flap significantly differs by the amount of movement and the characteristic speed from other unsteady flow problems, a new validation approach is needed to get confidence into the simulation methods.

The UHURA project (UHURA = Unsteady High-Lift -Unsteady RANS Validattion) is an activity funded within the Horizon 2020 Programme of the European Commission. It aims at validation of unsteady flow simulation methods for the designated type of unsteady flow problem. After an initial phase of designing the appropriate flow problem, the project in parallel matures methods for calculating the flow by different means of Computational Fluid Dynamics (CFD) and sets up a series of wind tunnel tests to obtain high-quality validation data. Wind tunnel tests are foreseen in three different wind tunnels with two models to cover a broad range of conditions including variation of Krueger span (full span -part span), wing sweep angle and Reynolds number.

From the envisaged series of tests, a first wind tunnel entry has been conducted at the ONERA L1 wind tunnel to prove the test setup and to get first insight into the quality of data on the one side, but also on the other side to provide initial validation data sets to adjust the basic flow conditions for the dynamic CFD simulations. This test and its first results are described in the following. 

The modified DLR-F15 wind tunnel model

ONERA L1 Wind Tunnel Facility and test setup

The first set of wind tunnel tests within the UHURA project were performed in the ONERA L1 subsonic wind tunnel (Fig. 6) located at the research center in Lille, France. It is an Eiffel-type open loop wind tunnel operating at ambient conditions. Some kind of closed loop is obtained as the tunnel is operated in a closed building. The flow is driven by a 3.80m diameter fan up to 75m/s within the closed test section corresponding to a Reynolds number based on the square root of the test section are of 1.06 × 10 6 .

Fig. 6 Schematics of the ONERA L1 wind tunnel facility

The DLR-F15-LLE model is mount vertically in the dodecagonal test section of the ONERA L1 wind tunnel as shown in Fig. 7. The section has a diameter of 2.4 m and can provide a wide optical access thank to modular glass or opaque panels.

Fig. 7 DLR-F15-LLE wind tunnel model mounting in the dodecagonal test section of the ONER L1 wind tunnel

The flow field over the lower surface of the wing is measure with a 2D twocomponent Particle image Velocimetry (PIV) acquisition system. The optical access for the PIV cameras is made possible by a top endplate integrating a large glass window. The velocity flow field is measured with two 5.5MP SCMOS cameras mounted on the top of the test section. A dual cavity frequency-doubled pulsed Nd:YAG laser with a maximum power of 200mJ per pulse was used to illuminate the region of interest. The laser is mounted outside of the test section. A series of lenses and mirror was used to deliver the laser beam into an estimated 2 mm thick light sheet to illuminate the lower surface the mid-section plan of the wing. The laser light is fired with a 40° angle from downstream in order to minimize the light obstruction during the Krueger deployment. The PIV acquisition frequency for the UHURA test at ONERA is 10Hz. The cameras acquisition rate for UHURA test campaign is 10Hz and 2000 snapshots were captured for each test configuration in order to perform the statistical analysis of the flow field. The observed area of the flow field by the resulting two PIV windows is depicted in Fig. 8. 

Test matrix

Before specifying the test matrix for the wind tunnel test, it is important to reconsider the designated flow condition for the deployment of the Krueger flap. A side constraint for the operation is that the flow should be attached both for the retracted and for the deflected Krueger flap. Otherwise, on aircraft level it would not be possible to retract the Krueger without running into a wing stall. Thus prior to specifying the test conditions, the 2D CFD simulations made during the design were evaluated. Fig. 9 shows the lift coefficient in dependency on the angle of attack for the retracted and the deflected Krueger flap. Both curves intersect at an incidence at an angle of attack of 𝛼 = 6° and a section lift coefficient of about 𝑐 𝐿 ≈ 2.9. Since for the retracted Krueger flap this is already in the non-linear range the Krueger operation should be done below this angle. Below this angle of attack, the aerodynamics with retracted Krueger flap appear to be better than with deflected one. Thus, this is likely the highest incidence where the Krueger flap may be operated and therefore a good selection for the operating flow condition.

Fig. 9 Selection of flow condition for Krueger flap operation

Derived from this operational flow condition, the full test matrix for the wind tunnel test in ONERA L1 captures steady conditions around the operating point as well as dynamic tests at the operating point. Tests are to be performed both with the full-span and the part-span Krueger flap at two wind speeds 𝑈 ∞ = 30 𝑚 𝑠 ⁄ and 𝑈 ∞ = 45 𝑚 𝑠 ⁄ , which corresponds to Reynolds numbers related to the airfoil chord of 𝑅𝑒 𝑐 = 1.15 × 10 6 and 𝑅𝑒 𝑐 = 1.73 × 10 6 , respectively.

For the fully retracted and fully deflected Krueger flap, sweeps of the angle of attack were performed in a large range to cover the steady aerodynamic performance of the airfoil on both configurations. At the operational condition of 𝛼 = 6° steady measurements are made for three intermediate Krueger flap deflection angles at 25%, 50% and 75% deflected Krueger. This enables later on the assessment of the severity of dynamic amplifications of aerodynamic characteristics. The dynamic tests are made for different time scales. The setup allows a rotational speed of the Krueger at up to 360°/s. Considering the limited acceleration and deceleration of 𝛿 ̈𝐾 = 1000 °𝑠 ⁄ the minimum time required for deflection is 𝑇 𝑚𝑖𝑛 = 0.8𝑠. In the test matrix deflection times are chosen at 𝑇 = {1𝑠; 2𝑠; 4𝑠}. The fastest deployment results in a deflection speed of 𝛿 ̇𝐾 ≈ 200 °𝑠 ⁄ , the slowest to 𝛿 ̇𝐾 ≈ 40 °𝑠 ⁄ .

Due to tunnel occupation and to de-risk the project, the wind tunnel test is split into two entries. The first entry performed concentrated on the full-span flap installation. During this first test entry the steady behavior was tested as well as the dynamics at the lower wind speed. The remaining test matrix is scheduled to be measured in a second test entry in late summer 2021. 

First results

The major target of the first test entry was the confirmation of the basic steady flow conditions. The adequate representation is a prerequisite for later comparison of numerical and experimental dynamic data. 

Fig. 2

 2 Fig. 2 Sealed Kruger flap at the Boeing B707 operated sequentially (image obtained from airliners.net © Teemu Tuuri)
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 3 Fig. 3 Airfoil shape of the baseline DLR-F15-LLE airfoil
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 4 Fig. 4 Architecture of the new leading-edge assembly for the DLR-F15-LLE wind tunnel model
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 5 Fig. 5 Optional setup of the Krueger flap as full-span or part-span configuration

Fig. 8

 8 Fig. 8 Arrangement of PIV windows ta the pressure side monitoring the full Kruger flap motion area
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 10 Fig. 10 Comparison of measured pressure distribution at target operational flow conditions with predicted CFD data
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 11 Fig. 11 Overlay of PIV images (velocity magnitude as velocity ratio) with CFD simulated flow field of the DLR-F15-LLE configuration with (a) retracted and (b) deflected Krueger; steady simulations and measurements
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Summary and Outlook

A first wind tunnel test with the DLR-F15-LLE wind tunnel model with a moving Krueger flap was conducted at the ONERA L1 wind tunnel facility within the frame of the UHURA project. This first test aimed to get a first insight into the static flow conditions of the airfoil at different angles of attack and at different Krueger flap deflections. Additionally, first dynamic tests were made for different deployment times.

First comparison of the measured data with predictions made by CFD beforehand show a good agreement, especially at the steady condition with and without the Krueger flap deflected. This is of highest importance as the similarity of the basic flow at the operational condition is a basis before aiming to compare unsteady data. This first comparison shows a corresponding flow both in surface pressure data as well as overlaying PIV field data with CFD field data. Thus, the setup of the experiment is verified.

While the analysis of dynamic data is ongoing, in the meantime, the second wind tunnel entry to complete the full test matrix is scheduled for late summer 2021.