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The motion of the Krueger flap -as the most promising leading edge high-lift system device for laminar wing technology -is characterized by a relatively large movement (about 140 deg deflection) at a relatively high deflection speed (up to 200 deg/s) compared to classical leading-edge devices. The geometries vary throughout the motion from a nearly sealed retracted position to a gapped flow in fully deflected position, comparable to a slat device. This expects dynamic effects may get dominant and a valid simulation of this flow is needed for proper design and analysis.

In terms of simulation, the Chimera method is an established method for simulation of moving bodies by employing overlapping grids. In the framework of the UHURA project, several partners applied their CFD capabilities based on the Chimera technique in order to validate the method for this specific application in comparison to wind tunnel tests. The presentation outlines the different Chimera approaches ranging from structured/2D to hybrid/3D in steady and unsteady simulations for the different type of setups investigated, namely straight and swept wing with full-span and part-span Krueger flap. It summarizes common challenges and best practice for application of the Chimera approach for such a device.

Introduction

Werner Krueger was the first to define the 'nose split flap' in Göttingen [START_REF] Krüger | Über eine neue Möglichkeit der Steigerung des Höchstauftriebes von Hochgeschwindigkeitsprofilen[END_REF], which would later be known solely by his name as 'The Krueger Flap'. This leadingedge high-lift device was intended to increase the stall angle, thereby increasing the maximum lift coefficient and reducing the flight speed at take-off, approach and landing. These flaps are unique as they are deployed from the pressure side of the wing, against the flow direction. The Krueger flaps were extensively used by Boeing on all transport aircraft from B707 to B747 at the beginning of the age of the jet liners [START_REF] Rudolph | High-Lift Systems on Commercial Subsonic Airliners[END_REF] [START_REF]High Reynolds Number Hybrid Laminar Flow Control (HLFC) Flight Experiment -II. Aerodynamic Design[END_REF]. Although the original Krueger flap was simply a hinged panel, the B747 already introduced a small slot to improve the aerodynamic performance. Krueger flaps gained attraction again as the laminar wing technology was flourishing [START_REF]High Reynolds Number Hybrid Laminar Flow Control (HLFC) Flight Experiment -II. Aerodynamic Design[END_REF], as the technology offers the highest potential in aerodynamic drag reduction by keeping the wing boundary layer flow in a laminar state and thus reducing frictional forces. Apart from that, they also serve as shielding devices against contaminants such as dirt, insects and other pollutants. As the Krueger flap needed to be re-visited to be at par with the current aerodynamic requirements, it served as motivation for the UHURA project. During the deployment from the pressure side of the wing against the flow, the Krueger flap is perpendicular to the flow and produces large area of separation. Thus, it is crucial to pass this position as fast as possible and also avoid the risk of jamming in case of the full-span configuration. These requirements introduce multiple challenges while studying the flow behaviour around the Krueger flap.

In order to accurately simulate the aerodynamics associated with the motion, this paper concentrates on the CFD analysis applying the Chimera technique, compares the results with the experimental findings from the wind tunnel tests and also tries to understand the limitations and challenges experienced. The Chimera method [START_REF] Steger | A Chimera Grid Scheme[END_REF] is an established method for simulation of overlapping grids. Meshing parts independently has made this method popular for complex geometries as well as moving bodies like propellers and rotors (e.g. [START_REF] Meakin | Moving body overset grid methods for complete aircraft tiltrotor simulations[END_REF]) or control surfaces (e.g. [START_REF] Blanc | Numerical Methods for Control Surfaces Aerodynamics with Flexibility Effects[END_REF]). It is thus a promising method to simulate deflecting high-lift systems.

Krueger panel motion

In order to address the flow physics of a Krueger flap during deployment and retraction, in a first step a Krüger flap was defined for the of the DLR-F15 airfoil with the laminar leading-edge variant [START_REF] Iuliano | High-Lift System Design Optimization[END_REF]. The design incorporated the requirements on a feasible kinematics, which was further used to establish the exact motion path depending on the geometric relations inside the mechanical system.

The Krueger device movement can be best defined as a multi-body motion, wherein the main wing motion is described w.r.t. the wind-tunnel, that of the panel w.r.t. the wing and of the bullnose w.r.t. the Krueger panel. In order to simulate the very large deflections out of scope for any standard mesh deformation technique, most widely the overset mesh -or Chimera -method was chosen to be validated for the designate purpose of high-lift system deflection. To implement the Chimera technique with overlapping meshes, each moving part is meshed individually and the grids are put together using various predefined approaches according to specifications of the underlying CFD codes to establish the desired overlap. (Fig 1 . shows an example of such a Chimera grid composition by one grid each around every Krueger element and the wing. The mesh parameters are chosen depending upon the necessary overlap with the neighbouring moving part. Within the project we also addressed improvements in mesh technology by assessing the proprietary solver technology of the different partners. It was observed during initial simulations that a minor gap was desired to establish Chimera boundaries. Thus, a gap of about 0.1% of reference chord was introduced (Fig 2 .). This essentially helps provide an interpolation zone between the different moving components even in the fully retracted position and allows determining the interpolation points of the overlapping grids to implement the chimera technique. A fully closed surface would have isolated the cavity and removed the interpolation capability in time.

After finalising this configuration, it was up to individual partners to take on the meshing and CFD simulations. As there are many established meshing strategies, the project partners chose their distinct approaches to tackle the task at hand, which will be discussed in this paper in a later chapter. 

Experimental validation data base

A major block of activity in the second phase was the preparation and the execution of a series of wind tunnel tests to create a data-set on the unsteady aerodynamics of the Krueger flap deployment. We tested with two wind tunnel models of the DLR-F15 family in three separate facilities. Test matrices were set up to try various wind speeds, wing sweeps and panel configurations. The wind velocities were chosen at 30 m/s and 45 m/s with respect to the wing leading edge normal direction. This was done to eliminate compressibility effects based on the wing sweep and to enable direct comparison of pressure levels independent of wing sweep.

The smaller model -the standard DLR-F15 model with 600 mm clean wing chord -was first setup as a 2D straight wing with a full span Krueger flap in the ONERA-L1 wind tunnel facility in Lille, France (Fig 3 left). The various tests conducted include wing-pressure distribution, unsteady pressure measurements with MEMS and PIV measurements.

The DLR-F15 model was mounted in cantilever configuration in the DNW-NWB tunnel (Fig 3 middle). Here, the emphasis was on the impact of wing sweep -we measured a straight and a 23 deg. swept wing configuration -as well as the variation of deployment profiles in terms of time, speed and acceleration. The tests conducted include unsteady pressure measurements using kulites and MEMS, steady pressure measurement using PSI-scanner, study of the wake rake, Krueger deformation (SPR) and Krueger deployment angle. Emphasis of this test was put on the variation of the motion profile, even with using different levels of acceleration ranging from 165 m/s2 to 1000 m/s2 Emphasis here was to obtain data at even higher Reynolds umber and higher wing sweep. In addition, the larger model size allowed for the implementation of more pressure sensors thus giving additional information on the spanwise variation. The wing pressure distribution was measured along with the unsteady pressure on Krueger with MEMS and PSI. Krueger deformation, deployment angles and PIV flow field were studied. For the motion, the deployment times were doubled according to the model scale to keep the convective time constant. Further details of the wind tunnel models and the test setups can be found in [START_REF] Wild | A Validation Program for Dynamic High-Lift System Aerodynamics[END_REF].

During analysis of the wind tunnel experiments, some critical motion features regarding the prescription of the motion were found at all the three wind tunnels. To highlight this, (Fig 4 ) shows the drive and lever speeds during motion. Please note that the rotational speed of the driving motor -represented with the colour blue -was directly measured at the driving engine, while the angular speed of the lever was derived as the time derivative of the measured angle at the kinematics station and is depicted in orange. A time lag was also observed between the drive motion (start of engine) and the Krueger deflection (start of Krueger panel motion). This is related to releasing a certain pre-tension inside the kinematics for keeping the Krueger in retracted position slightly tightened against a stop position. Further, it was observed that the Krueger arm tends to accelerate towards the end of extraction, which is caused by a load direction change just when the Krueger gest to the deflected position. Since a mechanical stop was introduced to ensure that the Krueger stopped at the exact desired position, the rotational speed of the lever suddenly stops when hitting the stop contact. On the retraction side, again a delay is seen between the start of the engine motion and the start of the Krueger deflection. This is due to the fact that again certain amount of torque is required to set the lever into motion from stationary position and additionally to overcome the aerodynamic forces. Furthermore, during early retraction, the lever speed tends to oscillate due to the load change during the acceleration phase.

In summary it was concluded that the use of the exact motion path is essential for the validation since otherwise the local positions at a certain time stamp would differ between CFD simulation and experimental data. Nevertheless, these effects were noted to be less significant in the DNW-LLF tunnel, due to the presence of drive motors on both ends of the wing. 

Meshing strategies

Various meshing strategies were adopted by individual partners in accordance with the established standards for the CFD analysis. This allowed for a thorough comparison of the obtained results at the end. This section details the approach of each partner.

DLR meshing strategy

The DLR meshing strategy constitutes of hybrid unstructured meshes with embedded structured blocks (Fig 5 .). Standard prismatic meshes are used around sin-gle parts, whereas the global mesh is unstructured. Depending upon first CFD results obtained on state-of-the-art meshes (named v2.0), the meshes were further refined to better capture the flow physics in and close to retracted position, by meshing the wing cavity with a structured mesh block for better alignment of the cells (named v3.3). The hole-cutting algorithm embedded in the DLR TAU code serves the purpose of establishing the chimera technique without necessitating extensive grid overlap. Once the interpolation boundaries are set-up by inserting grid boundaries of interacting grids, the Chimera implementation of the TAU code relies on two layers of interpolation points at the Chimera boundaries [START_REF] Spiering | Development of a Fully Automatic Chimera Hole Cutting Procedure in the DLR TAU code[END_REF]. The comparison below (Fig 5) highlights the differences between the earlier and refined grids. It was realised that the new mesh v3.3 agrees much better with the experimental results. The impact of grid refinement can be seen through the pressure distribution graphs (Fig 6). The dotted line represents the results from version 2.0 of the mesh and the thick line represents the final mesh. Snapshots at the bottom of each graph show the Krueger deflection pertaining to each graph. In case of the mesh v2.0, the pressure distribution shows non-physical behaviour (c p >> 1), e.g. in fully retracted position the flow gets trapped in the cavity resulting in undesirable pressure distribution. On the other hand, the v3.3 mesh captured the flow physics very reasonably apart the flow in the closed gap at fully deflected position. Further, comparison to experimental data as done in a later chapter verified the validity of the v3.3 mesh. 

ONERA meshing strategy

ONERA adopts a more structured approach to meshing (Fig 7 ). A standard structured mesh is chosen around single components. These individual structured meshes are in turn embedded in a Cartesian background grid. . These include the intentional small gap between the Krueger panel and the bull nose and collar grids when the Krueger panel is fully deployed. Such refinement is necessary as it directly affects the CFD results. The refined grids were subjected to CFD analysis using the Chimera technique [START_REF] Benoit | Synthesis of ONERA Chimera method developed in the frame of CHANCE program[END_REF]. 

NLR meshing strategy

NLR also adopted structured meshes for individual components, which are in-turn embedded into a structured global mesh (Fig 9 .). The figure on the left shows the dominant cells of the mesh, and the subordinate overlapping cells are highlighted on the right.

As a demonstration of the Chimera method, the DLR-F15-LLE multi-element airfoil with fully deflected Krueger device is considered. The dominant field cells are shown in (Fig 9 .) left, as determined by the Chimera method using the smallest wall distance as main criterion [START_REF] Boerstoel | a fullfunctionality system of CFD codes for industrial Euler/Navier-Stokes flow computations[END_REF]. The other, subordinate cell types are depicted in (Fig 9 .) right, showing one layer of buffer cells and two layers of fringe cells that encircle the dominant field cells.

Dominant Cells

Subordinate Cells 

VZLU meshing strategy

VZLU implements cascade meshes, with a combination of structured and unstructured meshes (Fig 10 .). The individual components, Krueger panel and bullnose, are meshed with structured quad grids. Whereas, the global grid consists of hybrid grid with refined structured grid to capture the wake of the Krueger, as represented in the image below. The hole-cutting algorithm for chimera method implementation is in this case based on wall distance, augmented for multiple parts [START_REF] Wallin | Scale-resolved simulations of the deployment and retraction of a Krueger high-lift device[END_REF]. The overlapped region needs to be detached from the solid walls, so a small gap is required between the parts. The most challenging regions are: Krueger flap in extended position (small gap between the Krueger panel and the Bull nose), folding of Bull nose (small gap between the Krueger panel and the Bull nose edge) and the fully retracted position (a gap between Krueger panel and the wing cavity). As the data communication occurs only between adjacent grid levels (main wing with Krueger panel, Krueger panel with the Bull nose), slightly higher overlaps may be required to achieve desired results. 

CFD Simulations

The meshes generated through various approaches were then subjected to CFD simulations using individual CFD tools. Apart from the standard RANS and uRANS approaches, the scale resolving RANS/LES method was also tested for such a dynamic problem involving large scale separations [START_REF] Wallin | Scale-resolved simulations of the deployment and retraction of a Krueger high-lift device[END_REF]. To widen the spectrum, the less standard 'Immersed Boundary Layer (IBM)' and 'Lattice Boltzmann Methods (LBM)' [START_REF] Ponsin | Lattice Boltzmann simulation of a deploying Krueger device[END_REF] were investigated. Due to the underlying cartesian mesh technology and the solution adaptivity it is expected to also provide computational time benefits. The results obtained were used to carry out a number of observations and comparisons with the experimental results from the three wind-tunnels by each partner. Some of the results are shared in this section. 

Validation of CFD results

Here we first consider the static deployment cases of the Krueger flap, i.e. retracted, fully deflected and partially deployed as depicted in (Fig 13 .) for the swept wing configuration in the DNW-NWB set-up. The simulations in static cases consider the model in a free air environment where the experimental pressure distribution of the retracted configuration is adopted as a datum solution. The matching incidence angle reads α = 9 deg for the wind tunnel condition α = 8 deg at an onset velocity V = 48.9 m/s, which transforms to a wing normal wind velocity of 45 m/s to obtain comparable results from all the wind tunnels. The wing normal wind velocities were kept constant by adjusting the onset velocities in case of swept wing conditions wherever applicable. From flow physics point of view, the cross comparison of the results for the fully deflected and retracted configurations reveal the reduction of the suction level at the leading-edge of the main-wing due to the presence of the Krueger device in front of the wing (Fig 14 .). Furthermore, the cross comparison of the results for the partially deflected and retracted configurations depict the reduction of stagnation pressure at the lower-surface of the main-wing due to a separation region downstream of the Krueger device. The good agreement of the numerical and experimental surface pressure distributions indicates a valid capturing of the flow physics and prediction of the static loads on the various components of the configuration. Second, we consider a two-component Krueger device for a dynamic deployment case where the measured time-history of the deployment cycle is adopted, which is characterised by a variable rotational velocity. In case of a nominal deployment time of T = 2 s, the comparison of the numerical and experimental results is presented in the figure below (Fig 15 .). This concerns the sectional pressure distribution, normal to the leading edge at the centre span station of the partspan Krueger. Time instances for a deflection angle of Θ = 60 to 140 degs have been selected. The Krueger leading-edge device moves in front of the wing and modifies the leading-edge pressure distribution. The selected time instances show that the time-variation to the leading-edge pressure distribution is captured (and the time related loss of sectional lift). Furthermore, the sectional pressure distribution on the Krueger elements, i.e. the Krueger panel and the Bullnose, show a good agreement for the experimental and numerical results. This concerns the upper and lower pressure distribution and implies that the time variation of the loads on the Krueger leading-edge device is accurately predicted. 

Conclusion

In this paper, we have described the validation of CFD using Chimera method for a moving Krueger device along with the lessons learnt during its implementation. The CFD results obtained from this method have been compared with results obtained from 5 wind-tunnel campaigns in three different tunnels using two different models for validation. It can be said that the Chimera prediction method is capable to accurately predict the transient aerodynamic characteristics of a high-lift configuration as well as the changing device loads on the components of a deploying Krueger device. It has been observed that the results agree with the experimental data, but significant efforts are required to match the experimental motion path, to ensure availability of detailed experimental data and carry out thorough comparisons between the CFD and wind tunnel results. Furthermore, special thanks are attributed to the entire contributing staff not explicitly named here, mainly all the colleagues contributing to the project -in simulations or experiment, all the colleagues at the testing facilities and all the colleagues running the highly innovative measurement technologies.
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 1 Fig 1. Example of individual and overlapping grids set-up to establish Chimera boundaries.
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 2 Fig 2. Gaps introduced to the Krueger panel set-up to establish interpolation boundaries for the Chimera technique in fully retracted position.
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 3 Fig 3. Set-ups of the DLR-F15 model family in the three wind tunnel facilties used within the UHURA project: (left) DLR-F15-LLE in ONERA-L1; (center) DLR-F15-LLE in DNW-NWB; (right) DLR-F15LS-LLE in DNW-LLF open test section. Finally, the Krueger flap was implemented on the large-scale model DLR-F15LS, which Is an exact 2:1 upscale of the DLR-F15 model with 1.2 m clean wing chord and a span of 7 m, (Fig 3 right). This model was measured as a 30 deg.swept wing in the DNW-LLF, a low speed, high-Reynold's number facility at Marknese, The Netherlands. Emphasis here was to obtain data at even higher Reynolds umber and higher wing sweep. In addition, the larger model size allowed for the implementation of more pressure sensors thus giving additional information on the spanwise variation. The wing pressure distribution was measured along with the unsteady pressure on Krueger with MEMS and PSI. Krueger deformation, deployment angles and PIV flow field were studied. For the motion, the deployment times were doubled according to the model scale to keep the convective time constant. Further details of the wind tunnel models and the test setups can be found in[START_REF] Wild | A Validation Program for Dynamic High-Lift System Aerodynamics[END_REF].During analysis of the wind tunnel experiments, some critical motion features regarding the prescription of the motion were found at all the three wind tunnels. To highlight this, (Fig 4)shows the drive and lever speeds during motion. Please note that the rotational speed of the driving motor -represented with the colour blue -was directly measured at the driving engine, while the angular speed of the lever was derived as the time derivative of the measured angle at the kinematics station and is depicted in orange. A time lag was also observed between the drive motion (start of engine) and the Krueger deflection (start of Krueger panel motion). This is related to releasing a certain pre-tension inside the kinematics for keeping the Krueger in retracted position slightly tightened against a stop position. Further, it was observed that the Krueger arm tends to accelerate towards the end of extraction, which is caused by a load direction change just when the Krueger gest to the deflected position. Since a mechanical stop was introduced to ensure that the Krueger stopped at the exact desired position, the rotational speed of the lever suddenly stops when hitting the stop contact. On the retraction side, again a delay is seen between the start of the engine motion and the start of the Krueger
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 4 Fig 4. Specific challenges for unsteady validation from comparison of commanded (blue) and measured (orange) Krueger flap motion

CFDFig 5 .

 5 Fig 5. DLR meshing strategy based on hybrid unstructured meshes: (left) standard mesh (v2.0) approach; (right) refined mesh (v3.3) with cavity meshed by structured elements

Fig 6 .

 6 Fig 6. Difference of pressure distributions throughout the Krueger movement path for different mesh strategies.

Fig 7 .

 7 Fig 7. ONERA meshing strategy based on structured meshes embedded in cartesian background mesh Specific areas of the Krueger kinematics are considered critical and were further refined by introducing finer meshes (Fig 8). These include the intentional small gap between the Krueger panel and the bull nose and collar grids when the Krueger panel is fully deployed. Such refinement is necessary as it directly affects the CFD results. The refined grids were subjected to CFD analysis using the Chimera technique[START_REF] Benoit | Synthesis of ONERA Chimera method developed in the frame of CHANCE program[END_REF].
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 8 Fig 8. Refined gap between the Bullnose and the Krueger panel

Fig 9 .

 9 Fig 9. NLR meshing strategy based on structured multi-block meshes

Fig 10 .

 10 Fig 10. VZLU meshing strategy based on hybrid unstructured meshes with embedded structured blocks

Fig 11 .

 11 Fig 11. Examples of the results of CFD simulations: (left) DNW-NWB set-up with part span flap at 23 deg sweep; (right) ONERA-L1 set-up with full span flap. The image on the left of (Fig 11) represents the DNW-NWB model in part-span configuration with a wing sweep of 23 deg. This particular simulation was performed at 45m/s wind speed with a 1 second hold and 2 seconds Krueger deflection time. Whereas, the image on the right of (Fig 11) showcases the straight wing in ONERA-L1 wind tunnel in full span configuration. This simulation was performed at a wind speed of 30 m/s with 1 second hold and 1 second deflection
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 12 Fig 12. Pressure distribution for 1 s condition throughout the movement path in dynamic motion
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 13 Fig 13. Krueger configuration for DNW-NWB set-up

Fig 14 .

 14 Fig 14. Comparison of simulated and experimental pressure distribution at different static Krueger positions for the swept DNW-NWB set-up

Fig 15 .

 15 Fig 15. Comparison of simulated and experimental pressure distributions at specific time instances during dynamic motion of the Krueger from data of DNW-LLF set-up: Krueger deflection angles top left to bottom right: 60 deg; 80 deg; 100 deg; 120 deg; 140 deg.
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