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The objective of the present paper is to provide a detailed experimental and numerical investigation on the turbulent flow past a hemispherical obstacle (diameter D). For this purpose, the bluff body is exposed to a thick turbulent boundary layer of the thickness δ = D/2 at Re = 50,000. In the experiment this boundary layer thickness is achieved by specific fences placed in the upstream region of the wind tunnel. A detailed measurement of the upstream flow conditions by laser-Doppler and hot-film probes allows to mimic the inflow conditions for the complementary large-eddy simulation of the flow field using a synthetic turbulence inflow generator. These clearly defined boundary and operating conditions are the prerequisites for a combined experimental and numerical investigation of the flow field relying on the laser-Doppler anemometry and a finite-volume Navier-Stokes solver for block-structured curvilinear grids. The results comprise an analysis on the unsteady flow features observed in the vicinity of the hemisphere as well as a detailed discussion of the time-averaged flow field. The latter includes the mean velocity field as well as the Reynolds stresses. Owing to the proper description of the oncoming flow and supplementary numerical studies guaranteeing the choice of an appropriate grid and subgrid-scale model, the results of the measurements and the prediction are found to be in close agreement.

Introduction

Flow fields around surface-mounted bluff bodies in turbulent boundary layers are of common interest in environmental and civil engineering as they appear in various applications such as presented in Fig. 1. Spherically shaped objects such as domed structures exhibit very complex flow pattern that can be roughly classified into an upstream horseshoe vortex system and a recirculation area with trailing vortices in the wake region. The present study includes experimental investigations and large-eddy simulations (LES) to characterize the three-dimensional flow field around a surface-mounted smooth hemisphere in a turbulent boundary layer. A brief epitome of the literature shall provide an overview of the key aspects summarizing the fundamental experimental examinations that were conducted on flows around hemispheres. This part is sub-divided into measurements concerning the pressure distribution, the mean flow and Beginning with an analysis based on the pressure distribution the first traceable experiment was carried out by Jacobs [START_REF] Jacobs | Strömung hinter einem einzelnen Rauhigkeitselement[END_REF] in 1938. The measurements focused on the effects of surface roughness caused by a small hemispherical rivet. Later on Maher [START_REF] Maher | Wind loads on basic dome shapes[END_REF] carried out investigations on a series of hemispheres that were placed on the ground of a wind tunnel in a boundary layer. After exceeding a Reynolds number2 of Re = 1.6 × 10 6 the surface drag coefficient showed no further variations due to supercritical flow conditions. Similar results were observed in a comprehensive study by Taylor [START_REF] Taylor | Wind pressures on a hemispherical dome[END_REF] confirming the effect of the Reynolds number independency after exceeding Re = 2 × 10 5 and additionally surpassing a turbulence intensity of 4%. Another experiment by Taniguchi et al. [START_REF] Taniguchi | Time-averaged aerodynamic forces acting on a hemisphere immersed in a turbulent boundary[END_REF] found that there is a relationship between the approaching boundary layer thickness and the aerodynamic forces acting on the hemisphere. Furthermore, Cheng et al. [START_REF] Cheng | Characteristic of wind loads on a hemispherical dome in smooth flow and turbulent boundary layer flow[END_REF] conducted intensive surface pressure measurements in a specialized boundary layer wind tunnel. The turbulent boundary layer featured suburban flow field characteristics with large turbulence intensities ranging between 18% and 25%. The Reynolds numbers for the turbulent conditions varied between Re = 5.3 × 10 4 and 1.7 × 10 6 depending on the size of the hemisphere. The outcome encourages the previous observations made by Maher [2] and Taylor [START_REF] Taylor | Wind pressures on a hemispherical dome[END_REF]. Besides focusing on pressure measurements Toy et al. [START_REF] Toy | Wind tunnel studies on a dome in turbulent boundary layers[END_REF] initially investigated the flow field past a hemispherical dome using hot-wire and pulsed-wire anemometers. Based on this investigation Savory and Toy [START_REF] Savory | Hemisphere and hemisphere-cylinders in turbulent boundary layers[END_REF] brought a yet deeper insight into the complex flow structures occurring in the near-wake regime of hemispheres and cylinders with hemispherical caps that were exposed to three different turbulent boundary layers within the range from Re = 4.31 × 10 4 to 1.4 × 10 5 . The investigation included the effects of surface roughness of the model on the drag coefficient as well as the velocity field of the recirculation area past the hemisphere. A second experiment conducted by Savory and Toy [START_REF] Savory | The separated shear layers associated with hemispherical bodies in turbulent boundary layers[END_REF] focused on the separation of the shear layer in the flow around hemispheres conducted at a sub-critical Reynolds number of Re = 1.4 × 10 5 . The study included different turbulent boundary layers classified in thin, smooth and rough boundary layers depending on the thickness and the turbulence intensity. To generate the desired 1 INTRODUCTION 3 inflow characteristics, Savory and Toy applied artificial boundary layer installations including fences and vortex generators in order to investigate the influence of the upstream boundary conditions. A profound discussion provided a deeper understanding of the distribution of the turbulent shear stress and intensity in the wake regime. Additionally, a representative illustration of the flow field characteristics was made that includes the horseshoe vortex system, the trailing vortices and the separation regions. The outcome of both studies [START_REF] Savory | Hemisphere and hemisphere-cylinders in turbulent boundary layers[END_REF][START_REF] Savory | The separated shear layers associated with hemispherical bodies in turbulent boundary layers[END_REF] is often used as reference for experimental and numerical examinations. A comparable schematic view is provided by Martinuzzi and Tropea [9] in case of the flow past a wall-mounted cube, as well as by Pattenden et al. [START_REF] Pattenden | Measurements of the flow over a low-aspectratio cylinder mounted on a ground plane[END_REF] for the flow around a wall-mounted cylinder. Indeed, both cases possess similar separation and reattachment characteristics. Primary visualizations of the vortical flow structures were conducted by Tamai et al. [START_REF] Tamai | Vortex structures around a hemispheric hump[END_REF]. The experimental setup included two hemispheres of different size exposed to water flow in the range 2 × 10 2 < Re < 1.2 × 10 4 . The experiments allowed to visualize the complex vortical structures by injecting dye into the water channel. Moreover, the frequencies of the vortex formation and shedding from the separation area were recorded by measuring the spectra of the velocity fluctuations inside and outside the recirculation zone. Another observation was made by Acarlar and Smith [START_REF] Acarlar | A study of hairpin vortices in a laminar boundary layer. Part 1. Hairpin vortices generated by a hemisphere protuberance[END_REF] who carried out elaborate experiments using relatively small hemispheres in the laminar flow regime to generate hairpin vortices. It turned out that the downstream velocity profiles resulting from the artificially induced flow structures were similar to those of a turbulent boundary layer. Bennington [START_REF] Bennington | Effects of various shaped roughness elements in two-dimensional high Reynolds number turbulent boundary layers[END_REF] examined various roughness elements and their associated effects on the turbulent boundary layer. Among the chosen elements, a hemispherical obstacle is analyzed in detail concerning statistics of the Reynolds stresses, the turbulent kinetic energy and even the triple correlations. Simpson et al. [START_REF] Simpson | Study of vortical separation from an axisymmetric hill[END_REF] examined the flow separation at an axisymmetric bump by utilizing surface mean pressure measurements, oil flow visualizations and laser-Doppler measurements. The results showed a nearly symmetric mean flow over the bump including a detailed mapping of separation and nodal points on the leeside of the obstacle. Furthermore, Byun and Simpson [START_REF] Byun | Structure of three-dimensional separated flow on an axisymmetric bump[END_REF] intensified the research on the bump to characterize the 3D separations by using a fine-spatial-resolution laser-Doppler system and later [START_REF] Byun | Surface-pressure fluctuations from separated flow over an axisymmetric bump[END_REF] supplemented the studies by adding an investigation on the pressure fluctuations. Similar to the flow past the hemisphere a pressure-driven separation occurs. However, the separation line is shifted further downstream and reattachment is much earlier, leading to a smaller recirculation area. Further visualization experiments were conducted by Yaghoubi [START_REF] Yaghoubi | Air flow patterns around domed roof buildings[END_REF]. They comprised a detailed visualization of the air flow pattern around grouped hemispheres in a wind tunnel. The motivation for the study was to achieve a deeper understanding of the flow field and the associated effects of natural ventilation of domed structures often appearing in oriental architecture. Apart from experimental investigations numerical simulations were carried out to provide enhanced insight into the flow. An early study was conducted by Tamura et al. [START_REF] Tamura | Numerical study of wind pressures on a domed roof and near wake flows[END_REF] without applying any turbulence model. The focus of the simulations lay on the visualization of the unsteady flow pattern and the time-averaged surface pressure distribution at Re = 2 × 10 3 and 2 × 10 4 , respectively. A fundamental numerical study was carried out by Manhart [START_REF] Manhart | Vortex shedding from a hemisphere in a turbulent boundary layer[END_REF] using large-eddy simulation to receive more detailed information about the vortical structures at Re = 1.5 × 10 5 . The Cartesian grid combined with the immersed boundary technique led to an artificial surface roughness on the contour of the hemisphere. The results were therefore compared with the experiments of Savory and Toy [START_REF] Savory | Hemisphere and hemisphere-cylinders in turbulent boundary layers[END_REF][START_REF] Savory | The separated shear layers associated with hemispherical bodies in turbulent boundary layers[END_REF] for a rough hemisphere. Besides observations of temporal spectra and the velocity distributions, the proper orthogonal decomposition method was applied to examine the highly complex separation processes and to determine the dominant
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Another comparison of numerical and experimental data was made by Meroney et al. [START_REF] Meroney | Comparison of numerical and wind tunnel simulation of wind loads on smooth, rough and dual domes immersed in a boundary layer[END_REF]. The three-dimensional wind load distributions on smooth, rough and dual domes in the shape of hemispherical caps were examined. The calculations were carried out for Re = 1.85 × 10 5 and 1.44 × 10 6 . Several RANS turbulence models including the classical k-model, a Reynolds stress model [START_REF] Wilcox | Turbulence Modeling for CFD[END_REF] and the Spalart-Allmaras model [START_REF] Spalart | A one-equation turbulence model for aerodynamic flows[END_REF] were used delivering similar results. Recently, Kharoua and Khezzar [START_REF] Kharoua | Large-eddy simulation study of turbulent flow around smooth and rough domes[END_REF] performed a LES on a hemisphere with a rough and smooth surface at Re = 1.4 × 10 5 comparing the results with the experiment of Savory and Toy [START_REF] Savory | Hemisphere and hemisphere-cylinders in turbulent boundary layers[END_REF]. A specialized approach to model the surface roughness was presented. The results of the LES allowed the visualization of instantaneous three-dimensional flow pattern illustrating the complex interaction of vortical structures in the close vicinity of the hemisphere. It turned out that the model roughness leads to a larger recirculation area compared to the smooth surface. García-Villalba et al. [START_REF] García-Villalba | Large-eddy simulation of separated flow over a three-dimensional axisymmetric hill[END_REF] conducted LES to study the behavior of turbulent flow separation from an axisymmetric three-dimensional bump at a Reynolds number of Re = 1.3 × 10 5 . The characteristics of the turbulent flow field were compared with the experimental results mentioned above [START_REF] Simpson | Study of vortical separation from an axisymmetric hill[END_REF][START_REF] Byun | Structure of three-dimensional separated flow on an axisymmetric bump[END_REF][START_REF] Byun | Surface-pressure fluctuations from separated flow over an axisymmetric bump[END_REF] strongly focusing on the formation of the separation region on the rear side of the bump. A combined experimental and numerical study was accomplished by Tavakol et al. [START_REF] Tavakol | Air flow aerodynamic on a wallmounted hemisphere for various turbulent boundary layers[END_REF]. A hemisphere was immersed in two turbulent boundary layers of different thickness. The experiments were conducted in a wind tunnel using a hot-wire sensor to record the velocity field at certain planes upstream and downstream of the hemisphere at Re = 6.4 × 10 4 . Velocity distributions and turbulence intensities were presented for the streamwise and the spanwise directions in the recirculation zone. A further velocity measurement was carried out for the area close to the front of the hemisphere investigating the horseshoe vortex that leads to a strong backflow in the near-wall region. The numerical investigation relied on the RNG kturbulence model [START_REF] Yakhot | Development of turbulence models for shear flows by a double expansion technique[END_REF]. The inflow conditions of the simulation were generated by implying the time-averaged data of the corresponding hot-wire measurements. The turbulence intensity at the inlet is also taken from the measurements. The results showed overall good agreement with the experimental data. Recently, Tavakol et al. [START_REF] Tavakol | Large eddy simulation of turbulent flow around a wall mounted hemisphere[END_REF] presented a yet deeper investigation of the hemisphere flow using LES at Re = 3.6 × 10 4 and 6.4 × 10 4 . Based on the earlier study [START_REF] Tavakol | Air flow aerodynamic on a wallmounted hemisphere for various turbulent boundary layers[END_REF] the main focus of this paper was to highlight the superior results of the applied LES compared to the previously performed RANS simulations. The numerical grid consisted of 4.2 × 10 6 CVs. A detailed analysis of different subgrid-scale (SGS) models, i.e., WALE [START_REF] Nicoud | Subgrid-scale stress modelling based on the square of the velocity gradient tensor[END_REF], dynamic Smagorinsky [START_REF] Germano | A dynamic subgrid-scale eddy viscosity model[END_REF] and the kinetic energy transport model [START_REF] Kim | Application of the localized dynamic subgrid-scale model to turbulent wall-bounded flows[END_REF] was performed. The study included a thin turbulent boundary layer δ/D ≈ 0.15 as inflow condition. For a realistic inlet velocity distribution including fluctuations a turbulence inflow generator based on the method of Sergent [START_REF] Sergent | Vers une methodologie de couplage entre la simulation des grandes echelles et les modeles statistiques[END_REF] was applied. As a result the LES showed excellent agreement with the measurements. An updated comparison between the previous study [START_REF] Tavakol | Large eddy simulation of turbulent flow around a wall mounted hemisphere[END_REF] with the current data revealed the shortcomings of the RNG k-model especially in the wake of the hemisphere. A presentation of time-averaged data focuses on the streamline visualization and surface pressure distribution. Unfortunately, the paper does not present statistical data of the velocity field or the Reynolds stresses. The literature presented indicates that a surface-mounted hemisphere in a turbulent boundary layer reveals a very complex flow field. The key aspect of most studies often remains on one specific issue such as the recirculation area or the pressure distribution. Just a few studies contain general characteristics of the flow including complementary numerical and experimental investigations.

The present study focuses on the following objectives: Firstly, it shall provide a comprehensive view of the flow field past a hemispherical object immersed in a turbulent boundary layer at Re = 50,000 with the help of experimental/numerical investigations: All relevant regions of the flow field (horseshoe vortex system, recirculation area and wake) have to be studied in detail including unsteady characteristics such as vortex shedding and related spectral analysis. Secondly, the knowledge gained from the present examination of the rigid structure is important for the upcoming investigations on fluid-structure interaction. Finally, the complementary experimental/numerical test case of the surface-mounted hemisphere shall offer a novel benchmark for the evaluation and validation of numerical schemes or new turbulence models. The structure of the paper is as follows: Section 2 presents the general description of the case including the basic parameters. The experimental setup is outlined in Section 3 followed by the numerical approach in Section 4. The comparison of the experimental and numerical results is sub-divided into the unsteady flow characteristics in Section 5 and the time-averaged data in Section 6 including an overall discussion. Finally, conclusions are drawn in Section 7. For the sake of clarity, the numerical investigations on the influence of the subgrid-scale (SGS) model and of the synthetic turbulence inflow data are shifted to the Appendix.

Description of the case

The purpose of the present study is to investigate the flow around a surface-mounted hemisphere placed in a turbulent boundary layer. Figure 2 depicts the investigated case. The rigid hemispherical body (diameter D) is mounted on a smooth wall. The surface of the hemisphere is also considered to be ideally smooth. The structure is put into a thick turbulent boundary layer which can be described by a 1/7 power law as reviewed by Couniham [START_REF] Counihan | Adiabatic atmospheric boundary layers: A review and analysis of data from the period 1880-1972[END_REF]. At a distance of 1.5 diameters upstream of the bluff body the thickness of the boundary layer δ corresponds to the height of the hemisphere, i.e., δ = D/2. The Reynolds number of the air flow (ρ air = 1.225 kg/m 3 , µ air = 18.27×10 -6 kg/(m s) at ϑ = 20 • C) is set to Re = ρ air D U ∞ / µ air ≈ 50,000. U ∞ is the undisturbed free-stream mean velocity in x-direction outside the boundary layer at standard atmospheric conditions. The Mach number is low (Ma ≤ 0.03). At this Mach number the air flow can be assumed to be incompressible. Moreover, the fluid is considered to be isotherm. 00000000000000000000000000000000 00000000000000000000000000000000 00000000000000000000000000000000 11111111111111111111111111111111 11111111111111111111111111111111 11111111111111111111111111111111
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turbulent fluctuations In the present paper all quantities will be given in dimensionless form using the diameter of the hemisphere D, the undisturbed free-stream velocity U ∞ and the fluid density ρ air . The origin of the frame of reference is taken at the center of the base area of the hemisphere, where x denotes the streamwise, y the spanwise and z the vertical direction (wall-normal).

Experimental setup and measuring equipment

This section is divided into three parts. First, the wind tunnel and the experimental settings are introduced in detail. Besides the basic features, special settings and manufacturing issues are presented. This is followed by a brief overview of the instrumentation applied. Finally, the method for artificial boundary layer thickening is presented, since this is a key aspect of the flow field.

Wind tunnel and test setup

The experimental investigations for the flow past the hemisphere are carried out in a Göttingentype subsonic wind tunnel with an open test section presented in Fig. 3. Further design specifications are summarized in Table 1. The hemisphere is placed on a flat smooth plate which is mounted onto a table. The dimensions based on the diameter of the hemisphere and the position of the model in the test section are illustrated in Fig. 4(a) with reference to the symmetry plane of the setup. The leading edge of the plate is in alignment with the bottom of the rectangular nozzle of the wind tunnel. This is necessary to transfer the artificially thickened boundary layer from the nozzle to the test section without any gaps. The flat plate is designed to cover the complete spanwise extension of the cross-section of the wind tunnel in order to ensure a smooth transition of the near-wall flow from the nozzle to the test section. Thus, a gap remains between the trailing edge of the flat plate and the receiver. The actual setup is depicted in Fig. 4(b). The model of the hemisphere as well as the flat plate are made of an aluminum alloy. The surface is additionally varnished with black paint to minimize reflections of the laser light during measurements close to the surface. An overall average roughness on the contour of R a < 0.8 µm is achieved. The diameter of the hemisphere is D = 150 mm. To ensure the rigidity of the model, it is designed as a solid block without any cavities. The blocking ratio of the hemisphere in the wind tunnel is approximately 4.7% based on the projected area A hemi = (π/8) D 2 of the hemisphere and the area of the cross-section of the nozzle. To adjust the Reynolds number to Re = 50,000, the blower of the wind tunnel is set to a free-stream velocity of U ∞ = 5.14 m/s. For an empty test section the free-stream streamwise turbulence intensity Tu 0 u = (u ) rms /U ∞ is less than 0.2%. This value is based on high resolution single-wire constant temperature anemometry (CTA) measurements that were conducted to specify the overall quality of the wind tunnel. According to LDA measurements the free-stream spanwise and wall-normal turbulence intensities are one order of magnitude smaller, which leads to a free-stream total turbulence level of Tu 0 tot = 1 3

u 2 + v 2 + w 2 /U ∞ ≈ 0.1%.

Measurement equipment used for flow analysis 3.2.1. Configuration of the laser-Doppler anemometer

The flow past the hemisphere is measured by a non-invasive 2D laser-Doppler anemometer offering high resolution velocity measurements of all components, u (streamwise), v (spanwise) and w (wall-normal direction), respectively. The system consists of the following components:

The laser beam is generated by a water-cooled Coherent Innova 70C argon-ion laser. The beam is guided to a Dantec FiberFlow transmitter box, where it is split up into two different wave lengths (514.5 nm and 488 nm) which are used for each velocity component. The beams are sent from the transmitter box to a 2D optical probe. In order to receive information about all three velocity components the LDA probe is configured in two ways: In configuration 1 the probe is facing the flat plate so that the optical axis of the laser beam points vertically at the surface of the plate as depicted in Fig. 5(a). The setup is primarily used to record the spanwise component v. The illustration shows the instantaneous flow field in the symmetry x-z-plane of the present study. The dashed area in blue indicates the measuring plane. The associated experimental grid used for the LDA measurements is highlighted in Fig. 5(c). The distribution of the points is chosen based on the characteristics of the predicted flow field. In the near-wall region and the recirculation area close to the hemisphere more measurement points are placed to ensure a good resolution of the gradients. Configuration 2 is shown in Fig. 5(b) and is utilized to acquire the streamwise and wall-normal flow components. In this picture the spanwise y-z-plane shows the measuring plane as a blue dashed line since the whole view point is rotated by 90 • compared to configuration 1. In this setup the near-wall region of the streamwise component u has a higher spatial resolution as realizable in configuration 1 due to the orientation of the optical axis parallel to the plate. That avoids unwanted laser reflections of the surface that would otherwise point directly at the photo multipliers of the LDA probe. However, the measurement of the wall-normal component w is geometrically restricted by the crossing angle of the laser beam. When the probe moves closer to the surface, a certain position is reached, i.e., 13 mm above the surface, where the lower laser beam hits the edge of the flat plate and is blocked. Thus, in the near-wall region the flat plate acts as an optical barrier that interrupts the formation of the measuring volume.

Consequently, no data can be recorded for the wall-normal component below this particular separation point. The measurements and the positioning of the traverse are operated by the Dantec BSA Flow Software3 . Based on both configurations the three-dimensional flow field within the chosen x-z-measuring plane around the hemisphere can be determined with the mentioned restrictions for w.

To investigate the flow behind the hemisphere complementary measurements are achieved in the y-z-plane (-1 ≤ y/D ≤ 1 and 0 ≤ z/D ≤ 1) at x/D = 0.5. Configuration 1 is used to measure the streamwise and spanwise velocity components on a grid with 1239 measurement points.

The aerosol generator TSI Six-Jet Atomizer 9306 is utilized to generate small droplets of Di-Ethyl-Hexyl-Sebacat (DEHS) with an average size between 0.2 and 0.3 µm. The spherical droplets feature a long-life cycle and excellent optical properties for laser-Doppler anemometry.

The droplets are atomized and seeded at the receiver of the wind tunnel.

Complementary constant temperature anemometer measurements

In addition to the laser-Doppler anemometry a constant temperature anemometer (TSI 1750 CTA) is utilized to record the velocity spectra in the wake of the hemisphere. The spectra shall provide information about the driving vortex shedding processes and their related frequencies as well as the overall decay in the inertial subrange. The main reason to use CTA for this specific analysis instead of LDA is that raw data samples from laser-Doppler measurements show an irregular time signature since the measured droplets pass the measurement volume randomly. Commonly the data are resampled by using a sampling and holding algorithm [START_REF] Adrian | Power spectra of fluid velocities measured by laser-Doppler velocimetry[END_REF][START_REF] Benedict | Estimation of turbulent velocity spectra from laser-Doppler data[END_REF][START_REF] Broersen | The accuracy of time series analysis for laser-Doppler velocimetry[END_REF] which transfers the random time signal into an equidistant data set. Nevertheless, the resampling has a great impact on the calculation of the power spectra of flows with limited concentration of droplets like air flow in wind tunnels, which leads to a lower sampling rate. According to Adrian and Yao [START_REF] Adrian | Power spectra of fluid velocities measured by laser-Doppler velocimetry[END_REF] it acts as a first-order low-pass filter. The low-pass filter frequency is approximately f co = ṅ/2π, where ṅ is the average data rate per second. The measurements of the present LDA study involve average data rates of about 1 kHz in the freestream. Approaching the wall a decrease of the data rate is detected which leads to a minimum sampling of about 0.2 kHz in the near-wall region. As a consequence of the moderate sampling rate a low cut-off frequency in the range of 64 ≤ f co ≤ 158 Hz results due to resampling. Thus, in the present case, it is not desirable to use resampled data as it will contain filtered information above the cut-off frequency leading to an attenuated spectral decay.

The CTA system is also used as a secondary device to validate the LDA data of the artificial turbulent boundary layer as it is described in the next section.

Generation of the artificial turbulent boundary layer

This paragraph presents the methods for artificially adjusting the oncoming boundary layer to fit to the inlet conditions briefly described in Section 2. The test case assumes an upstream velocity profile that is based on the 1/7 power law of a turbulent boundary layer. This particular velocity distribution is utilized at the beginning of the test section to guarantee a clearly defined boundary layer and thus to achieve comparability between the experimental investigations and the numerical simulations. The test section of a wind tunnel is often not long enough to generate naturally developing turbulent boundary layers of a desired thickness. To satisfy the specifications of the test case, the setup of the wind tunnel has to be modified to achieve the proper boundary layer thickness. In the current case the thickness of the boundary layer is specified to be equal to the height of the hemisphere δ/(D/2) = 1 at a distance of x/D = -1.5 upstream of the hemisphere. This can only be achieved by modifying the bottom of the wall inside the nozzle by installing turbulence generators that are used to artificially thicken the height of the boundary layer over a short distance. In summary, a preliminary objective of the present study is to ensure that the generated turbulent boundary layer corresponds to the predefined conditions. In the past, detailed studies [START_REF] Lawson | Methods of producing velocity profiles in wind tunnels[END_REF][START_REF] Counihan | An improved method of simulating an atmospheric boundary layer in a wind tunnel[END_REF][START_REF] Sargison | Experimental review of devices to artificially thicken wind tunnel boundary layers[END_REF] were conducted regarding artificial boundary layer thickening to mimic the influence of atmospheric conditions in near-ground flow. Parts of these investigations are used in the present experimental setup and shall be discussed briefly. An early compendium of different methods including obstacles such as gauzes, rods and flat plates to produce velocity profiles in wind tunnels was summarized by Lawson [START_REF] Lawson | Methods of producing velocity profiles in wind tunnels[END_REF]. At the same time Counihan [START_REF] Counihan | An improved method of simulating an atmospheric boundary layer in a wind tunnel[END_REF] presented a setup consisting of a castellated barrier followed by elliptic wedges that work as vortex generators. As a result, these devices were capable to simulate the velocity distribution similar to a natural turbulent boundary layer when placed at a distance equal to about four to five desired boundary layer heights upstream of the test section. Furthermore, Sargison et al. [START_REF] Sargison | Experimental review of devices to artificially thicken wind tunnel boundary layers[END_REF] provided a review of three devices including a fence with triangular spikes and two plates with different holes to increase the thickness of boundary layers in a wind tunnel. All three measures are suitable to enlarge the boundary layer thickness.

In a preliminary study investigating the development of the boundary layer on the flat plate (without the hemisphere placed in the test section) a combination of these devices was tested including the methods mentioned above. Due to the restricted dimensions of the nozzle of the wind tunnel and the test section, the modeling space, where the vortex generators can be placed, is geometrically limited. The challenge of artificial boundary layer design is the generation of thick boundary layers over relatively short distances avoiding unwanted persisting vortical structures that can result from inappropriate devices. Therefore, an intensive analysis of the behavior of each turbulence generator led to the optimum combination of these devices to achieve the desired boundary layer profile within the given working space. As a final outcome, a fence with equidistant rods followed by a castellated barrier and a fence with triangular spikes is chosen to mimic the influence of an atmospheric turbulent boundary layer. A schematic representation of the setup and its functionality is depicted in Fig. 6. It shows the symmetry plane of the complete nozzle. Near the outlet the three mentioned vortex generators are mounted onto the bottom wall of the nozzle. The first vortex generator is the fence with rods highlighted in green. It is closely followed by a castellated barrier marked in blue. Both devices are used to generate large disturbances in the near-wall flow.

The produced vortical structures travel to the third vortex generator illustrated in red, which is the fence with triangular spikes. It is used to break up the large structures for a more isotropic turbulence distribution in the boundary layer. The exact positions of the vortex devices can be found in Appendix Appendix A.

Corresponding measurements of the inlet boundary layer profile including the mean velocity and the turbulent fluctuations are depicted in Fig. 7. For the evaluation of the artificial turbulent boundary layer the streamwise component u is additionally measured by a specialized constant temperature platinum film probe (TSI model 1218) along with a TSI 1750 constant temperature anemometer. This method is used as a secondary data source for the streamwise component with special emphasis on the near-wall region. It is directly compared to the measurements by the laser-Doppler anemometry setup (configuration 2, see Fig. 5(b)) which has certain restrictions close to the surface of the plate (see Section 3.2.1). All data are recorded just after the beginning of the test section at x/D = -1.5 in the symmetry plane without placing the hemisphere into the test section. As a reference velocity distribution the 1/7 power law with δ = D/2 is used to evaluate the measurements. The power law and the constant free-stream velocity above z/D = 0.5 is illustrated in Fig. 7(a) as a blue line. The measured mean velocity distribution u/U ∞ is in close agreement with the reference exhibiting minor deviations in the region z/D = 0.25. The free-stream velocity u/U ∞ ≈ 1 is reached at about z/D ≈ 0.5 which indicates that the desired thickness of the boundary layer is attained. Additionally, the displacement thickness δ 1 /δ and the momentum thickness δ 2 /δ are evaluated from the experimental data to 1/8 and 7/72, respectively. It leads to a shape factor of H = δ 1 /δ 2 = 1.286 which confirms a classical property of a turbulent boundary layer. The Reynolds number based on δ 2 is estimated to Re δ 2 = 2503. Figure 7(b) presents the dimensionless velocity u + plotted against the dimensionless wallnormal distance z + . The first measured point is located at a distance of ∆z = 0.25 mm above the flat plate. The velocity distribution is nearly linear in the region 4 ≤ z + ≤ 10. Therefore, the first two points close to the wall are still inside the viscous sublayer. This is in good agreement with the literature which often states the border between the viscous sublayer and the buffer layer at about z + ≈ 5. The friction velocity is estimated to

u τ = τ w /ρ air = 0.225 m/s (u τ /U ∞ = 4.38 × 10 -2 )
, where τ w is approximated by µ air ∆u/∆z. Both classical laws of the wall (viscous sublayer: u + = z + and log-layer: u + = 1/0.41 ln(z + ) + 5.2) are correctly reproduced. Some discrepancies in the velocity distribution are observed in the log area. Indeed, the measured boundary layer does not exactly follow the 1/7 power law. A comparison between the LDA and CTA data shows only minor differences which means that the LDA system is capable to achieve the required near-wall resolution for the chosen setup. Furthermore, the distribution of the mean velocity across the spanwise expansions of the test section shows only small variations (not shown here for the sake of brevity).

The turbulent fluctuations (u ) rms /U ∞ , (v ) rms /U ∞ and (w ) rms /U ∞ are given in Fig. 7(c number of Re δ 2 = 2500. The streamwise turbulent fluctuations (u ) rms /U ∞ gradually increase from the free-stream (1.2%) to the near-wall region with a peak value of about 12.1% at z/D = 0.01. Contrary to the case of an empty test section without any artificial boundary layer thickening techniques presented in Section 3.1, the free-stream streamwise turbulence intensity for the generated thick boundary layer (TBL) is significantly higher, i.e., Tu TBL u = (u ) rms /U ∞ = 1.2%. Consequently, the total free-stream turbulence level also increases to

Tu TBL tot = 1 3 u 2 + v 2 + w 2 /U ∞ ≈ 0.4%.
The Reynolds shear stresses are also useful to describe the flow physics, but complicated to measure accurately. Indeed, in LDA measurements the data collection of each flow component is recorded independently. This means that there is no direct correlation between the two components in a series of measurements due to the independent time signatures in which the droplets pass the specific measuring plane of each component. However, it is still possible to approximate the cross-correlations by utilizing a coincidence algorithm which matches the 13 velocity components by using a window function. This function sets a time interval in which the velocity components are considered to be correlated. In the present case this time interval is set to 6 ms. For sufficient calculation accuracy it is necessary to maintain comparable data rates for each component. For the current setup only the Reynolds shear stress u w /U 2 ∞ is of interest for the flow physics. The other cross-components theoretically vanish due to the homogeneity of the spanwise direction. Fig. 7(d) presents the distribution of u w /U 2 ∞ at x/D = -1.5 in the symmetry plane. As expected for a positive mean velocity gradient at the wall, the Reynolds shear stress is negative. In conclusion, the predefined inlet conditions of a fully developed turbulent boundary layer with a desired thickness of δ/D ≈ 0.5 have been achieved by using customized vortex generators in the nozzle of the wind tunnel. The obtained data are verified by comparison with the 1/7 power law as the reference for the velocity distribution. Furthermore, an overall reasonable distribution of the turbulent fluctuations similar to a natural boundary layer commonly presented in the literature [START_REF] Lawson | Methods of producing velocity profiles in wind tunnels[END_REF][START_REF] Counihan | An improved method of simulating an atmospheric boundary layer in a wind tunnel[END_REF][START_REF] Sargison | Experimental review of devices to artificially thicken wind tunnel boundary layers[END_REF][START_REF] Schlatter | Turbulent boundary layers up to Re θ = 2500 studied through simulation and experiment[END_REF] is achieved.

Numerical Setup

CFD solver: FASTEST-3D

To predict the turbulent flow around the hemisphere based on the large-eddy simulation technique, the three-dimensional finite-volume fluid solver FASTEST-3D is used. This in-house code is an enhanced version of the original one [START_REF] Durst | A parallel block-structured multigrid method for the prediction of incompressible flows[END_REF][START_REF] Durst | Efficient simulation of incompressible viscous flows on parallel computers[END_REF]. To solve the filtered Navier-Stokes equations for LES, the solver relies on a predictor-corrector scheme (projection method) of second-order accuracy in space and time [START_REF] Breuer | Fluid-structure interaction using a partitioned semi-implicit predictor-corrector coupling scheme for the application of large-eddy simulation[END_REF]. The discretization relies on a curvilinear, blockstructured body-fitted grid with a collocated variable arrangement. The surface and volume integrals are calculated based on the midpoint rule. Most flow variables are linearly interpolated to the cell faces leading to a second-order accurate central scheme. The convective fluxes are approximated by the technique of flux blending [START_REF] Khosla | A diagonally dominant second-order accurate implicit scheme[END_REF][START_REF] Ferziger | Computational Methods for Fluid Dynamics[END_REF] to stabilize the simulation. For the current case the flux blending includes 5% of a first-order accurate upwind scheme and 95% of a second-order accurate central scheme. A preliminary study shows that these settings are a good compromise between accuracy and stability. The momentum interpolation technique of Rhie and Chow [START_REF] Rhie | Numerical study of the turbulent flow past an airfoil with trailing-edge separation[END_REF] is applied to couple the pressure and the velocity fields on non-staggered grids. Since LES is used, the large scales of the turbulent flow field are resolved directly, whereas the non-resolvable small scales have to be taken into account by a subgrid-scale (SGS) model. Different SGS models based on the eddy-viscosity concept are available in FASTEST-3D: The well-known and most often used Smagorinsky model [START_REF] Smagorinsky | General circulation experiments with the primitive equations I: The basic experiment[END_REF], the dynamic Smagorinsky model according to Germano et al. [START_REF] Germano | A dynamic subgrid-scale eddy viscosity model[END_REF] and Lilly [START_REF] Lilly | A proposed modification of the Germano subgrid-scale closure method[END_REF], and the WALE model [START_REF] Nicoud | Subgrid-scale stress modelling based on the square of the velocity gradient tensor[END_REF]. Owing to the moderate Reynolds number considered and the fine grid applied, the SGS model is expected to have a limited influence on the results. Nevertheless, in order to investigate and verify this issue, simulations of the flow around the hemisphere are carried out applying the above mentioned SGS models. For this purpose, a constant inflow velocity profile (1/7 power law) without any turbulent fluctuations is assumed. The results are analyzed in Appendix Appendix B. This SGS investigation shows that the Smagorinsky model with 0.065 ≤ C s ≤ 0.1 or the dynamic Smagorinsky model basically leads to the same results. The WALE model with C W = 0.33 (value corresponding to the classical Smagorinsky model with C s = 0.1 [START_REF] Nicoud | Subgrid-scale stress modelling based on the square of the velocity gradient tensor[END_REF]) produces a nearly identical flow except for the region upstream to the hemisphere. Therefore, as the best compromise between accurate results and fast computations, the standard Smagorinsky model with the constant set to C s = 0.1 is used for the present case.

FASTEST-3D is efficiently parallelized based on the domain decomposition technique relying on the Message-Passing-Interface (MPI). Non-blocking MPI communications are used and offer a non negligible speed-up compared to blocking MPI communications [START_REF] Scheit | Optimizing the FASTEST-3D CFD code for massive parallelism[END_REF].

Computational domain

To simulate the problem using a block-structured mesh, different forms of the computational domain with according boundary conditions were tested during preliminary tests. Finally, the chosen computational domain is the simplest one: A large hemispherical expansion with its origin at the center of the hemisphere (see Fig. 8(a)). This domain is originally divided into 5 geometrical blocks, so that nearly orthogonal angles are obtained on the surface of the hemisphere (see Fig. 8(b)) and in the entire volume. To prescribe the inlet and outlet boundary conditions described in the next section, the upper, left and right blocks are divided along the x/D = 0 plane leading to 8 geometrical blocks (see Fig. 8(a)). The distribution of the blocks and the angles on the surface of the hemisphere can be observed in the close-up depicted in Fig. 8(b). Figure 8(c) shows the x-y cross-section of the grid at the bottom wall and Fig. 8(d) depicts the x-z cross-section in the symmetry plane. For the sake of visualization only every fourth grid line of the mesh is shown. Accordingly, the angles between the grid lines and the transitions between the blocks appear to be worse than they are in the full mesh. The 8 geometrical blocks are later split into 80 parallel blocks for the distribution of the computation on a parallel computer. The outer domain has a radius of 10 D. 240 grid points are distributed non-equidistantly based on a geometrical stretching in the expansion direction. 640 points are used at the circumference of the bottom of the hemisphere. The final grid contains 30.72 × 10 6 control volumes (CVs). In order to fully resolve the viscous sublayer, the first cell center is located at a distance of ∆z/D ≈ 5 × 10 -5 from the wall, which leads to averaged z + values below 0.25 (see Figs. 8(e) and (f)) and more than 50 points in the boundary layer on the hemisphere upstream to the separation. The geometrical stretching ratios are kept below 1.05. The aspect ratio of the cells on the hemispherical body are low, i.e., in the range between 1 and 10. This yields a dimensionless cell size in the two tangential directions below 29, which fits to the recommendation of Piomelli and Chasnov [START_REF] Piomelli | Large-eddy simulations: Theory and applications[END_REF] for a wall-resolved LES. Note that the resolution of the grid is chosen based on extensive preliminary tests not presented here. For this fine grid a small time step of ∆t * = ∆t U ∞ / D = 3.084 × 10 -5 is required ensuring a CFL-number below unity.

Boundary conditions

Figure 9 depicts the boundary conditions used in the simulation in colors: Black for the walls, blue for the inlet and red for the outlet. At the bottom of the domain and on the hemisphere a no-slip wall condition is applied justified by the fine near-wall resolution mentioned above. A 1/7 power law with δ/D = 0.5 and without any perturbation is applied as inlet condition on the external surface of the domain for x ≤ 0. Moreover, this power law is applied for all CVs with x/D ≤ -2 (see the area with hatched lines on Fig. 9). This region (x/D ≤ -2) does not need to be solved for the problem. However, it could not be simply cut from the mesh because of the hemispherical form of the block-structured grid. Therefore, for all CVs with x/D ≤ -2 the flow field is not predicted, so that the mean velocity profile at x/D = -2 remains constant in time and perfectly fits the experiment. In order to approximate the turbulent boundary layer depicted in Fig. 7 perturbations produced by a turbulence inflow generator (described in Section 4.4) are injected in a 2D × D window at x/D = -1.5 (see Fig. 9(b)). A zero velocity gradient boundary condition is defined for the outlet on the external surface of the domain for the geometrical blocks 5, 6 and 7 as defined in Fig. 8(a)). At the outlet of block 8 where the large-scale flow structures leave the computational domain, a convective boundary condition is applied with a convective velocity set according to the 1/7 power law. The fact that the simulation does not use symmetry boundary conditions or slip walls at the top or at the lateral sides, is in agreement with the free flow situation in the experiments. Indeed, the test section is open on the top and on the lateral sides. 

Synthetic turbulence inflow generator

It is commonly known that discrepancies between experimental measurements and results of numerical simulations are often the result of an inadequate representation of the boundary conditions. For LES the absence of an appropriate turbulence intensity at the inlet is a very critical issue (see Appendix Appendix C). In order to circumvent this problem, it is meaningful to incorporate perturbations produced by a turbulence inflow generator into the flow. In the present study the digital filter concept of Klein et al. [START_REF] Klein | A digital filter based generation of inflow data for spatiallydeveloping direct numerical or large-eddy simulations[END_REF] is applied for this purpose. This method delivers instantaneous three-dimensional velocity distributions matching desired mean velocities and Reynolds stresses with the help of the decomposition of Lund et al. [START_REF] Lund | Generation of turbulent inflow data for spatiallydeveloping boundary layer simulations[END_REF]. An integral time scale and two integral length scales are also required to ensure the temporal and spatial coherence of the generated turbulent structures. Details and the successful application of this method for demanding test cases such as the periodic hill flow are shown in Schmidt and Breuer [START_REF] Schmidt | Extended synthetic turbulence inflow generator within a hybrid LES-URANS methodology for the prediction of non-equilibrium wall-bounded flows[END_REF].

Regarding the relatively coarse grid resolution at the inflow plane, the usage of the synthetic turbulence inflow generator (STIG) within the LES is not meaningful due to the subsequent damping of the initial velocity fluctuations in this area. Accordingly, a shift of the region where the artificial perturbations are taken into account towards a finer resolved area is a promising approach. Therefore, instead of the application of the STIG at the inflow plane, the velocity fluctuations are imposed inside the computational domain and applied as source terms within the momentum equations. This methodology of imposing the inflow conditions was recently validated based on the flow past a SD7003 airfoil [START_REF] Schmidt | Application and extension of a synthetic turbulence inflow generator within a hybrid LES-URANS methodology[END_REF]. The position of the STIG window in the present case is at x/D = -1.5 with a width of 2D and a height of D (see Fig. 9). In order to avoid a discontinuity in the momentum equations, these source terms are not superimposed at a plane. The application region is spatially spread in the streamwise direction, where the amplitude of the source terms follows a Gaussian distribution with the maximum located at x/D = -1.5. In the present case the streamwise extension covers 5 cells.

Due to the modeling of the boundary layer by the 1/7 power law it is possible to assume the mixing length model by Prandtl to determine an appropriate integral length scale for the STIG. To obtain turbulent structures larger than the biggest cells of the STIG window, the spatial length scale in wall-normal direction is computed at z + = 100 and leads to L/D = 2.06 × 10 -2 . For the spanwise length scale the same value is chosen. The 

Unsteady Results

This section provides an overview of the main physical flow characteristics observed in the present study. The first systematic classification map of the unsteady flow patterns past a hemisphere was presented by Savory and Toy [START_REF] Savory | Hemisphere and hemisphere-cylinders in turbulent boundary layers[END_REF] comprising several clearly distinguishable regions. A visualization of these regions is depicted in Fig. 12 which shows the results of the instantaneous flow field at an arbitrary instant in time. Figure 12(a) presents the unsteady velocity field of the large-eddy simulation based on the main flow component u/U ∞ in the symmetry x-z-plane of the hemisphere. An attempt to capture the unsteady flow features in the experiment is shown in Fig. 12(b). The model of the hemisphere is illuminated by a strong laser light-sheet focused on the symmetry plane. The flow was seeded with DEHS droplets as used for the laser-Doppler measurements. In the following a detailed look at the highlighted spots 1 -7 of both pictures shall help to expose the specific flow regions initially determined by Savory and Toy [START_REF] Savory | Hemisphere and hemisphere-cylinders in turbulent boundary layers[END_REF].

The upstream flow field is characterized by the development of a horseshoe vortex system (1) which results from the separation of the boundary layer from the ground. This effect is mainly driven by the positive pressure gradient in front of the hemisphere which acts as a flow barrier. The size and formation of this particular flow structure also depends on the properties of the approaching boundary layer such as the turbulence intensity, the velocity distribution and the overall thickness of the boundary layer. The stagnation area (2) of the flow is located close to the lower front surface of the hemisphere, where the stagnation point is found at the surface at an angle of about θ LDA stag ≈ 166 • (definition of θ in Fig. 12(a)). Behind this region the flow is accelerated (3) which leads to the generation of strong near-wall vorticity. The flow detaches from the surface of the hemisphere along a separation line (4) at a separation angle of θ LDA sep ≈ 90 • . The wake of the hemisphere is divided into the recirculation area and the outer flow field [START_REF] Cheng | Characteristic of wind loads on a hemispherical dome in smooth flow and turbulent boundary layer flow[END_REF]. Strong shear layer vorticity (6) can be observed leading to the production of Kelvin-Helmholtz vortices which travel downstream in the flow field. The size of the recirculation area behind the hemisphere can be evaluated by the reattachment point [START_REF] Savory | Hemisphere and hemisphere-cylinders in turbulent boundary layers[END_REF] of the flow in the symmetry plane. This last region is not clearly visible in the experiment and therefore not shown in Fig. 12(b). In the reattachment area the "splatting" effect occurs, redistributing momentum from the wall-normal direction to the streamwise and spanwise directions. A complementary view of the instantaneous flow illustrating the 3D-vortex distribution around the hemisphere is presented in Fig. 13. The flow structures are visualized using iso-surfaces of the pressure fluctuations (p /(ρ air U 2 ∞ ) = -2.47 × 10 -4 ) as recommended by García-Villalba et al. [START_REF] García-Villalba | Large-eddy simulation of separated flow over a three-dimensional axisymmetric hill[END_REF]. The upstream near-wall flow is dominated by the horseshoe vortex system that trails past the hemisphere and forms stable "necklace"-vortices that stretch out into the wake region. The flow detaches from the surface of the hemisphere along the indicated separation line and the vortices "roll-up". The shedding type and frequency are varying in time along the separation line as described below. Moreover, these rolled-up vortices interact with the horseshoe vortices just after the hemisphere and in some cases they merge generating bigger vortical structures. The results are entangled vortical "hairpin"-structures of different sizes and orientations traveling downstream and forming a "vortex chain". Schematic 3D sketches and explanations of the formation of these flow structures around and behind the hemisphere can be found in the literature [START_REF] Tamai | Vortex structures around a hemispheric hump[END_REF][START_REF] Acarlar | A study of hairpin vortices in a laminar boundary layer. Part 1. Hairpin vortices generated by a hemisphere protuberance[END_REF]. Note that smaller "hairpin"-structures can be also observed in the wake growing from the ground as usual in a turbulent boundary layer. The shape of the instantaneous vortices traveling downstream are depending on the shedding type. In order to identify the different shedding processes and their frequencies, it is common to plot velocity spectra at specific locations of the flow field. The present study examines the velocity spectra of two monitoring points P 1 and P 2 (see Fig. 14) located in the wake of the hemisphere outside of the recirculation area. The position of P 1 and P 2 is chosen based on the analysis of Manhart [START_REF] Manhart | Vortex shedding from a hemisphere in a turbulent boundary layer[END_REF]. The positions of the points are visualized in Fig. 14(b) for the side view and in Fig. 14(c) for the top view. Monitoring point P 1 (x/D = 1.25, y/D = 0, z/D = 0.4) is located in the symmetry plane. The monitoring point P 2 is located outside of the symmetry plane (x/D = 1.25, y/D = 0.37, z/D = 0.16). Indeed, at these two locations the dominant shedding frequencies are clearly visible. In order to be sure to capture all frequencies of the wake flow and to get smooth velocity spectra, the data have to be collected with an adequate sampling rate during a long time period. Therefore, measurements are more appropriate than LES predictions for this purpose. The measurements include a sampling rate of 1 kHz and are collected over a period of 30 minutes with the same hot-film probe as mentioned in Section 3.3. This 1D-probe is restricted to the measurement of the streamwise velocity component u. The power spectral density (PSD) of each location is given in Fig. 14(a) where the colors of the lines refer to the particular colors of the monitoring point, red and blue, respectively. At P 1 the PSD is high between 7.9 Hz ≤ f 1 ≤ 10.6 Hz (0.23

≤ St 1 = f 1 D / U ∞ ≤ 0.31).
A maximum is reached at about f 1 = 9.2 Hz (St 1 ≈ 0.27). At P 2 outside the symmetry plane a clearly detectable frequency peak is found at f 2 = 5.5 Hz corresponding to a Strouhal number of St 2 ≈ 0.16. This suggests the presence of two vortex shedding types in the wake: The separation of the boundary layer at the top of the hemisphere leads to a detachment of "archtype"-vortices observed at the monitoring point P 1 with a shedding frequency in the range 7.9 Hz ≤ f 1 ≤ 10.6 Hz. This phenomenon can be visualized based on the LES data (see Fig. 15). The second type is a "von Kármán"-shedding process occurring at a shedding frequency of f 2 = 5.5 Hz on the sides of the hemisphere captured at point P 2 . This second shedding process involves an interesting pattern of two clearly distinguishable types that switch in shape and time (see Fig. 16). The first kind can be described as a "quasisymmetric" process where the vortical structures form and detach in a "double-sided" symmetric manner (visualized by the velocity magnitude near the wall in Fig. 16(a) and schematically depicted in Fig. 16(c)) leading to "arch-type"-vortices [START_REF] Sakamoto | Vortex shedding from a rectangular prism and a circular cylinder placed vertically in a turbulent boundary layer[END_REF] or "symmetric"-vortices [START_REF] Okamoto | Vortex shedding from a circular cylinder of finite length placed on a ground plane[END_REF]). The second kind relates to a "quasi-periodic" vortex shedding resulting in a "single-sided" alternating detachment pattern (visualized by the velocity magnitude near the wall in Fig. 16(b) and schematically depicted in Fig. 16(d themselves in time so that either the symmetric or the alternating shedding type is observable in the wake flow during a certain period of time. Manhart [START_REF] Manhart | Vortex shedding from a hemisphere in a turbulent boundary layer[END_REF] observes this behavior, too. He assumed that the symmetric shedding type is mainly driven by small-scale, less energetic turbulent structures in the flow field. It nearly completely vanished in his predictions when performing a large-eddy simulation on a rather coarse grid, where the small-scale flow structures cannot be resolved appropriately. It has to be noted that the large-eddy simulations of Manhart [START_REF] Manhart | Vortex shedding from a hemisphere in a turbulent boundary layer[END_REF] cannot be compared directly with the present case due to the differences in the Reynolds number and the artificial surface model roughness. Nevertheless, the qualitative results suggest a similar behavior for the two major shedding frequencies. Unsteady flow results are useful to get an impression of the overall complexity of the observed flow phenomena. For a general characterization, statistical evaluations of the flow field are more appropriate. Therefore, the next paragraph presents the time-averaged flow field.

Time-averaged Results and Discussion

This section presents the time-averaged results of the flow around the hemisphere. The instantaneous flow was averaged over a long time period of about 1370 dimensionless time units4 for the LDA measurements which ensures a sufficient amount of data. Due to the small time step, the LES results are averaged over a shorter period of 86 dimensionless time units. This seems to be sufficient relying on the investigations of García-Villalba et al. [START_REF] García-Villalba | Large-eddy simulation of separated flow over a three-dimensional axisymmetric hill[END_REF]. The outlined approach using two-dimensional color plots offers the possibility to identify characteristic regions that are introduced and discussed in the previously mentioned publications (see Section 1). The key aspects focus on the detailed view of the velocity field and the associated Reynolds stresses in the symmetry plane and a chosen spanwise plane in the wake. The laser-Doppler measurements are used for the interpretation of the physical characteristics of the flow. In parallel, the results obtained by the large-eddy simulation are compared with the experimental data and offer details in areas where the measurements are limited. Additionally, selected profiles at specific locations along the streamwise direction of the flow field are chosen for a critical quantitative comparison between the experiment and the simulation. Finally, three-dimensional properties specific to the flow are discussed based on the LES results. The discussion begins with the characteristics of the symmetry plane.

Symmetry plane

Based upon the classification map mentioned in Section 5, the flow field in the symmetry plane is analyzed with regard to the characteristic regions stated by Savory and Toy [START_REF] Savory | Hemisphere and hemisphere-cylinders in turbulent boundary layers[END_REF].

Characteristics of the flow field

Figure 17 depicts the velocity field around the hemisphere focusing on the streamwise and the wall-normal components. The LDA measurements, presented on the left, are compared with the results of the large-eddy simulation, presented on the right. This phenomenon is connected to the horseshoe vortex system. It results from the reorganization of the approaching boundary layer which detaches from the ground at x LES detach /D = -0.97 due to the positive pressure gradient (stagnation area) located at the bottom front of the hemisphere at about θ LDA stag = 166 • in the measurements and at about θ LES stag = 161 • in the simulation. The size of the horseshoe vortex depends on the turbulence intensity of the approaching flow (see Appendix Appendix C for the results with and without inflow turbulence). Although the inflow conditions of the synthetic turbulence inflow generator are adjusted to the experimental boundary layer, the horseshoe vortex shows slightly larger expansions in case of the numerical simulation. The next distinct location is the separation point where the flow detaches from the surface of the hemisphere. It marks an important characteristic for the validation of numerical simulations since its position depends on multiple physical flow properties such as Reynolds number, turbulence intensity of the boundary layer and surface roughness. After exceeding the separation point the flow detaches at an angle of θ LDA sep ≈ 90 • in case of the laser-Doppler measurements. A comparable angle of θ LES sep = 92 • is evaluated for the LES. The separated flow leads to the development of a free shear layer which can be observed as a strong velocity gradient between the outer flow field and the recirculation area in the wake. The size of the recirculation area stretches up to x/D ≈ 1.0 in the experiment and in the simulation. It is interrelated to the turbulence intensity of the approaching boundary layer. According to previous studies [START_REF] Toy | Wind tunnel studies on a dome in turbulent boundary layers[END_REF][START_REF] Savory | The separated shear layers associated with hemispherical bodies in turbulent boundary layers[END_REF][START_REF] Kharoua | Large-eddy simulation study of turbulent flow around smooth and rough domes[END_REF][START_REF] Tavakol | Air flow aerodynamic on a wallmounted hemisphere for various turbulent boundary layers[END_REF] the turbulence level of the oncoming flow influences the length of the recirculation area since with increasing turbulence intensity the location of the separation point is shifted to a further downstream position on the hemisphere. An investigation comparing LES predictions without and with STIG data strongly supports this observation (see Appendix Appendix C).

The flow reattaches at about x LDA reattach /D = 1.04 in case of the measurements and at about x LES reattach /D = 1.16 in the simulation. The wall-normal velocity component w/U ∞ is presented in Figs. 17(c) and (d). The flow field close to the bottom wall is not resolved in the experimental investigation due to the restrictions of the chosen setup (see Section 3.2.1). The missing data is blanked out in white.

A notable region is the area of increasing velocity at the front side of the hemisphere at -0.45 ≤ x/D ≤ -0.15 and 0.25 ≤ z/D ≤ 0.45 resulting from the acceleration of the fluid after exceeding the stagnation area. The size of this area and the velocity magnitude are almost identical for both LDA measurements and LES. A similar phenomenon can be detected at about 0.5 ≤ x/D ≤ 1.5 and 0.40 ≤ z/D ≤ 0.85 above the recirculation area. Again the extensions of this region are almost congruent in shape and dimension. A comparison of the streamline plots of the experiment and the numerical simulation are presented Figs. 17(e) and (f). In conclusion, the overall velocity distributions found for the experiment and the numerical simulation are very similar. A closer view using specific velocity profiles at certain positions within the flow field provides a more detailed insight into the quantitative data. Figure 18 depicts the velocity distribution at specific locations along the symmetry plane for the streamwise (Fig. 18(a)) and the wall-normal (Fig. 18(b)) component. Both figures outline the results of the large-eddy simulation as blue solid lines superimposed by the discrete measuring points of the LDA data represented by black squares. For the sake of clearness only every second measuring point of the experimental results is shown. The chosen distributions in each picture can be subdivided into the upstream region, the hemisphere and the wake region, each consisting of three profiles. Overall, a very good agreement for both the streamwise and the wall-normal component is achieved between LES predictions and LDA measurements. A characteristic position of the flow field in front of the hemisphere is at x/D = -0.6. This profile represents the position of the horseshoe vortex system with a strong backflow in the near-wall region that is well predicted by the large-eddy simulation. Another representative position of the flow field is located at x/D ≥ 0.25. The results show an excellent coincidence concerning the developing shear layer and the velocity distribution in the wake.

Reynolds stresses

This section provides a view at the second-order moments in terms of Reynolds stresses. . The turbulence intensity in the approaching boundary layer is clearly visible in case of the laser-Doppler measurement. In the large-eddy simulation the incoming turbulence intensity is not so strong even through an equal turbulence intensity level is imposed at the STIG window. Indeed, a part of the generated turbulent fluctuations are damped by the numerical discretization: The grid is non-equidistant and the flux blending includes 5% of a first-order upwind scheme. Despite this difference of the inflow, the shape, location and magnitude of the normal Reynolds stress are well predicted by the large-eddy simulation in the rest of the domain. The highest Reynolds stresses appear in the free shear layer right after the separation point due to the rapid roll-up process of the vortical structures as explained in the unsteady flow results (see Section 5). This region stretches out into the upper recirculation region where turbulent mixing is perceived. The "splatting" process arising at the reattachment point produces also streamwise fluctuations. However, these are not visible in the figure, because their associated magnitude is much lower than in the shear layer. The distribution of the spanwise normal component v v /U 2 ∞ is depicted in Figs. 19(c) and (d). The experimental data show high Reynolds stresses throughout the recirculation area and the near-wall region including the reattachment point. Note that the spanwise normal component v v /U 2 ∞ around the reattachment area is very high. Its value is comparable with the normal Reynolds stress u u /U 2 ∞ in the shear layer. It is assumed that the spanwise velocity fluctuations are associated with the "splatting" process taking place in the reattachment region and with the detaching vortices at the sides of the hemisphere. Near the reattachment point the flow hits the wall and a part of the momentum is redistributed from the wall-normal component to the lateral component. Moreover, the vortices detaching at the sides of the hemisphere (as shown in Section 5) additionally cause a lateral oscillating motion of the recirculation area. This particular movement is related to the "von Kármán"-shedding processes at the lower sides of the hemisphere. The results of the large-eddy simulation support these observations delivering higher normal Reynolds stresses in the lower wake flow. Nevertheless, the experimental results show a significantly higher v v /U 2 ∞ distribution in the upper part of the recirculation compared with the numerical simulation. The reason for this deviation is presently unclear. The wall-normal Reynolds stress w w /U 2 ∞ is presented in Figs. [START_REF] Manhart | Vortex shedding from a hemisphere in a turbulent boundary layer[END_REF](e) and (f). Once more the Θ sl results of the Reynolds shear stress u w /U 2 ∞ are in close agreement between the experiment and the simulation.

(a) u u /U 2 ∞ (LDA). (b) u u /U 2 ∞ (LES). (c) v v /U 2 ∞ (LDA). (d) v v /U 2 ∞ (LES).
(g) u w /U 2 ∞ (LDA). (h) u w /U 2 ∞ (LES).

Spanwise plane

Besides the analysis of the symmetry plane, measurements are also conducted for the spanwise flow at a y-z cross-section as briefly mentioned in Section 3.2.1. It is processed using LDA configuration 1 (see Fig. 5(a)) which offers the possibility of an appropriate near-wall resolution across the complete spanwise extension of the test section. The motivation for this measurement is to complement the data obtained from the symmetry plane in order to receive a better three-dimensional perspective of the flow field and to compare it with the large-eddy simulation. The investigation focuses on the streamwise and spanwise flow components at the position x/D = 0.5 (y-z-plane) behind the hemisphere.

Characteristics of the flow field

The color plots for the streamwise component are presented in Figs. 21(a) and (b). The chosen position of the spanwise plots provides an insight into the specific velocity distribution in the wake regime: The uniform outer flow field, the accelerated flow above the hemisphere, the shear layer distribution, the recirculation zone and the near-wall flow at the far sides. First, an almost symmetric velocity distribution of the streamwise flow component with regard to the symmetry plane at y/D = 0 is recognizable. The shear layer forms an arch-type structure that is related to the roll-up process of the detaching vortices. The recirculation region expands from -0.3 ≤ y/D ≤ 0.3 and 0 ≤ z/D ≤ 0.3. In the near-wall region the centers of the trailing necklace vortices are observed at the position y/D = ±0.7. Overall the distribution and the magnitude of the streamwise velocity component are confirmed by the numerical results. Figures 21(c) and (d) refer to the spanwise velocity component. The velocity distribution in the lower region closely behind the hemisphere is dominated by two counter-rotating vortices that are located symmetrically to the plane y/D = 0. The alternating direction of the velocity component across the spanwise direction indicates the counterwise rotation of the vortices.

Reynolds stresses

Referring to the discussed velocity distributions for the spanwise plane, the corresponding Reynolds stresses are depicted in Fig. 22. Figures 22(a ∞ . The minor differences in its size between the experiment and the large-eddy simulation is related to the applied grid resolution. The very fine mesh used in the large-eddy simulation leads to a better resolution of the gradients in the flow field. This can easily be perceived by the Reynolds stress distribution in the shear layer that reveals an overall thinner arch. The near-wall data of the experiment between 0 ≤ z/D ≤ 0.02 are erroneous due to optical reflections of the flat plate that occur in the utilized LDA setup (configuration 1) and are therefore not usable for further flow interpretation. Finally, a view of the spanwise Reynolds stress distribution is given in Figs. 22(c) and(d) which confirms all significant effects already mentioned for the streamwise case. Additionally, this component has noticeably higher Reynolds stresses located in the region -0.15 ≤ y/D ≤ 0.15 compared to the streamwise Reynolds stresses. This seems to be connected to the two large vortices that form in this region mentioned in Section 6.2.1 which are connected to a strong spanwise movement. As observed in the case of the symmetry plane the Reynolds stresses in the experiment are more pronounced. This effect can be explained by the relatively coarse two-dimensional orthogonal measurement grid of the laser-Doppler data that leads to a slightly distorted image of the spanwise Reynolds stresses which are perceived as a horizontal "stripepattern" of the fluctuations. On the contrary, the large-eddy simulation reveals its capability of a more detailed spatial view as a result of the fine three-dimensional numerical mesh. Nevertheless, the discrepancies in the spanwise Reynolds stresses between the numerical simulation and the experiment should be examined in further studies to clarify which side of the investigation is causing this deviation.

3D visualization of the time-averaged flow

The major benefit of the large-eddy simulation lies in its high spatio-temporal resolution. This leads to a large amount of flow field information that can be utilized to analyze even smallest flow structures in characteristic regions such as corner eddies. Besides this, large structures, like the horseshoe vortex system, can be explored in detail. A few chosen numerical results of the three-dimensional time-averaged flow field shall provide a deeper insight into the characteristics of the flow field around the hemisphere. Figure 23 presents the bottom wall streamlines based on the time-averaged velocity in the xy-plane including the surface of the hemisphere. This view is used to examine the separation and reattachment behavior of the flow field:

• Far upstream of the hemisphere the flow is divided by the separation streamline that wriggles widely around the obstacle and is connected to the separation of the boundary layer from the ground. This phenomenon is also observed by Martinuzzi and Tropea [START_REF] Martinuzzi | The flow around surface-mounted, prismatic obstacles placed in a fully developed channel flow[END_REF] for the turbulent flow past a wall-mounted cube at Re = 4.0 × 10 4 .

• The upstream region close to the hemisphere is dominated by the horseshoe vortex system. At certain positions along the symmetry plane an alternating series of saddle and nodal points indicates either a separation or an reattachment of the flow and helps to separate single vortices. The points can be easily detected since the streamlines bundle up at these specific spots. A comparable formation of vortices is noticed for the wall-mounted cube [START_REF] Martinuzzi | The flow around surface-mounted, prismatic obstacles placed in a fully developed channel flow[END_REF].

(a) u u /U 2 ∞ (LDA). (b) u u /U 2 ∞ (LES). (c) v v /U 2 ∞ (LDA). (d) v v /U 2 ∞ (LES).
• In front of the hemisphere after the stagnation point, the flow field accelerates along the surface up to the separation line. This separation line stretches out along the circumference nearly up to the bottom wall. This is a significant difference to the turbulent flow past the axisymmetric bump [START_REF] Simpson | Study of vortical separation from an axisymmetric hill[END_REF][START_REF] Byun | Structure of three-dimensional separated flow on an axisymmetric bump[END_REF][START_REF] Byun | Surface-pressure fluctuations from separated flow over an axisymmetric bump[END_REF][START_REF] García-Villalba | Large-eddy simulation of separated flow over a three-dimensional axisymmetric hill[END_REF] at Re = 1.3 × 10 5 (based on the hill height), where the separation line is shifted to the backside of the 3D hill.

• Behind the obstacle, a classical recirculation area forms with a reattachment point located in the symmetry plane. In the recirculation area two symmetric spiral flow patterns are visible on the ground, which represent the footprint of the arch-type vortical structure. These pattern are also observable for other wall-mounted bluff obstacles such as the cube [START_REF] Martinuzzi | The flow around surface-mounted, prismatic obstacles placed in a fully developed channel flow[END_REF] and the finite-height circular cylinder [START_REF] Pattenden | Measurements of the flow over a low-aspectratio cylinder mounted on a ground plane[END_REF]. Such an arch-type structure is not mentioned in the discussion of the axisymmetric 3D hill flow, but spiral flow patterns are also present in the separation region, which in this case is however much thinner and shorter [START_REF] Simpson | Study of vortical separation from an axisymmetric hill[END_REF][START_REF] Byun | Structure of three-dimensional separated flow on an axisymmetric bump[END_REF][START_REF] Byun | Surface-pressure fluctuations from separated flow over an axisymmetric bump[END_REF][START_REF] García-Villalba | Large-eddy simulation of separated flow over a three-dimensional axisymmetric hill[END_REF].

One of the characteristic regions is the horseshoe vortex system. Figure 24 depicts the streamlines in the symmetry plane just in front of the lower base of the hemisphere to highlight the vortices forming the horseshoe vortex system. These vortices are paired. The vortices of a pair rotate in opposite directions. Each vortex of the system is classified by applying the indices chosen by Baker [START_REF] Baker | The turbulent horseshoe vortex[END_REF] who, among others, presented the mechanism of the formation of the complex vortex system. Vortex 0 is related to the separation of the boundary layer just in front of the lower face of the hemisphere. The counter-rotating vortex 0 is also resolved in the LES but too small to be visualized in Fig. 24. It is followed by the primary vortex 1 which is the largest structure of the horseshoe vortex system. It is caused by the separation of the boundary layer due to the presence of vortex 0. A secondary counter-rotating vortex 1 is generated by the detaching boundary layer beneath the primary vortex. This complex separation process leads to an overall number of four visible vortices. An additional view of the upstream vortex system is given in Fig. 25 as three-dimensional filaments. It relates to the x-y-plane view of the hemisphere and shows the first four previously described vortices as they trail around the front of the hemisphere. Due to its symmetry only one side of the horseshoe vortex distribution is presented. The illustration in Fig. 26 enhances the primary vortex with the help of 3D-filaments based on the time-averaged velocity and colored by the mean wall-normal velocity.

The second major flow region is the recirculation area visualized in Fig. 27. The illustrated 3Dfilaments in the near wake are coiled up in an arc-shaped structure that characterizes the size of the recirculation area. Corresponding wall streamlines of the rear side of the hemisphere are given in Fig. 28. The streamlines depict the large backflow area on the surface of the hemispherical body. Two other symmetric spiral flow patterns appear on each side relating to the lateral separation points. A narrow and flat counter-rotating vortical structure that stretches along the circumferential direction is presented in Fig. 29. The close up view of the symmetry plane at the top of the hemisphere reveals this flat region that can also be observed in Fig. 23. 

Conclusions

The present study outlines a comparison between experimental and numerical investigations of a hemispherical body in a thick turbulent boundary layer at Re = 50,000. Comprehensive laser-Doppler measurements are conducted in a wind tunnel with an open test section to acquire the three-dimensional flow field around the hemisphere. To achieve the desired boundary layer characteristics a specialized arrangement of turbulence generators is mounted upstream of the test section. Additionally, a constant temperature anemometer is applied to obtain the power spectral density at specific locations in the wake flow. The numerical predictions are conducted using the large-eddy simulation technique. In order to gain optimum comparability between the experiment and the numerical simulation, the statistical data of the wind tunnel measurements for the boundary layer are used to generate appropriate inflow conditions for the LES. For this purpose, the approaching boundary layer is generated by superimposing the turbulent mean velocity profile with spatio-temporal fluctuations provided as source terms by a synthetic turbulence inflow generator reproducing the turbulent characteristics of the flow. With almost identical inflow conditions mimicking the approaching boundary layer quite well, the comparison of the time-averaged flow field in the symmetry and a cross-flow plane reveals an excellent agreement between LDA measurements and LES predictions except for the spanwise Reynolds stresses which need clarification.

The experimental and numerical time-averaged results, including mean velocity distributions and Reynolds stresses, are used for the validation of the numerical simulation. Due to its superior spatio-temporal resolution compared to the measurements the validated large-eddy simulation offers the advantage to explore the unsteady features of the complicated flow. An exception is the measurement of the power spectrum. Due to the very small computational time step used in the LES, the constant temperature anemometry still offers a more practical way to gather an adequate amount of data in a reasonable time. Combining both, a detailed analysis of the complex three-dimensional flow phenomena can be processed. The first part of the results presents the unsteady flow characteristics with major focus on the shedding processes in the wake regime and their interactions. Along the circumference in the y-z-plane the shedding type differs: On the upper area the rolled-up structures separate at a frequency in the range of 7.9 Hz ≤ f 1 ≤ 10.6 Hz (0.23 ≤ St 1 = f 1 D / U ∞ ≤ 0.31). Frequently, a merging of distinct smaller structures is observed just after the separation that leads to larger vortices. At the lower sides of the hemisphere alternating or symmetric shedding of bigger vortices is detected at a frequency of f 2 = 5.5 Hz (St 2 ≈ 0.16). All together it forms a chain of entangled vortical "hairpin"-structures of different sizes traveling downstream.

The second part of the results contains the time-averaged data. It is used to identify characteristic regions within the flow field such as the horseshoe vortex, separation/stagnation points and the wake. Far upstream, the flow is divided by an outer streamline, which widely surrounds the structure. Upstream and close to the hemisphere the horseshoe vortex dominates.

For the present case it contains four paired vortices, which counter-rotate to each other. After the stagnation point the flow accelerates up to the separation line. A classical large recirculation area forms behind the body, containing an arch-type vortical structure. For the current turbulent regime a narrow and flat counter-rotating vortical region is also present along the circumferential direction just after this separation line. The turbulence intensity of the approaching inflow has a large impact on the extensions and location of the mentioned phenomena. This is for example obvious based on the size and intensity of the horseshoe vortex system upstream of the hemispherical structure which significantly depends on the level of turbulent fluctuations of the approaching boundary layer. Without the inflow turbulence this region is largely overestimated by the large-eddy simulation. The influence of the turbulence level at the inlet can also be observed in the location of the separation line which moves to a position further downstream when the turbulence intensity increases resulting in a shorter recirculation area. An additional study investigates the influence of different subgrid-scale models on the results. As an outcome only minor deviations between the results relying on different SGS models are found due to the very fine grid used in the LES.

The results of the present study form the basis for the upcoming investigations that move towards fluid-structure interaction. Future experimental and numerical studies intend to exchange the rigid structure by a thin-walled flexible membranous hemisphere. Air inflated structures as depicted in Fig. 1 

  flow structures. Subsequently, the conducted numerical simulations and studies which combine experimental and numerical investigations are highlighted.

  (a) Air inflated structure in Gentofte (Denmark) 1 . (b) Stockholm Globe Arena (by Tage Olsin CC BY-SA 2.0).

Figure 1 :

 1 Figure 1: Examples of hemispherical domes in modern civil engineering.

Figure 2 :

 2 Figure2: Surface-mounted hemisphere within a turbulent boundary layer.

Figure 3 :

 3 Figure 3: Wind tunnel applied for the experimental investigations.

  Schematic illustration of the dimensions based on the diameter. (b) Actual setup.

Figure 4 :

 4 Figure 4: Dimensions and position of the hemisphere in the test section.

(a) Configuration 1

 1 of the LDA system. (b) Configuration 2 of the LDA system. (c) LDA grid in the symmetry plane (2041 measurement points).

Figure 5 :

 5 Figure 5: LDA configuration and measurement grid resolution of the symmetry x-z-plane.

Figure 6 :

 6 Figure 6: Turbulence generators mounted onto the bottom wall of the wind tunnel's nozzle.

  z + -u + distribution. (u ) rms /U ∞ , (v ) rms /U ∞ and (w ) rms /U ∞ . u w /U 2 ∞ .

Figure 7 :

 7 Figure 7: Inflow properties of the turbulent boundary layer at the inlet of the test section.

25 ( 25 (Figure 8 :

 25258 Figure 8: Grid used for the LES prediction of the flow past the hemisphere.

  2D sketch. (b) STIG injection window (Note that only every fifth line of the bottom grid is displayed here).

Figure 9 :

 9 Figure 9: Boundary conditions used for the simulation.

  required integral time scale is based on the Taylor hypothesis leading to T * = L U ∞ /(D u(z + = 100)) = 2.79 × 10 -2 . Based on the grid resolution of the STIG window (-1 ≤ y/D ≤ 1 with ∆y/D = 9.713 × 10 -3 and 0 ≤ z/D ≤ 1 with ∆z/D = 2.191 × 10 -3 ) and the employed time step of the simulation ∆t * = ∆t U ∞ / D = 3.084 × 10 -5 , the normalized scales and the support of the filters as defined in Klein et al.[START_REF] Klein | A digital filter based generation of inflow data for spatiallydeveloping direct numerical or large-eddy simulations[END_REF] aren t × n y × n z = 906 × 2 × 9 and N t × N y × N z = 1812 × 4 × 18,respectively. The experimental velocity distribution and the measured normal and shear components of the Reynolds stress tensor presented in Section 3.3 are used as input values for the STIG. The missing parts of the Reynolds stress components close to the wall are filled up with the help of the DNS data by Schlatter et al.[START_REF] Schlatter | Turbulent boundary layers up to Re θ = 2500 studied through simulation and experiment[END_REF] (see Fig.10). The v-and w-components of the mean velocity are set to zero as well as the Reynolds stress components u v /U 2 ∞ and v w /U 2 ∞ . Shear Reynolds stress u w /U 2 ∞ .

Figure 10 :

 10 Figure 10: Distributions of the Reynolds stresses derived from the experiment as input parameters for the application of the synthetic turbulence inflow generator.

Figure 11 :

 11 Figure 11: Example of the instantaneous streamwise velocity distribution generated for the given STIG window.

θ

  (a) Characteristic regions of the flow past a hemisphere as classified by Savory and Toy [7]. (b) Flow visualization of the experiment.

Figure 12 :

 12 Figure 12: Visualization of flow regions and characteristic flow features of the flow past the hemisphere: (1) horseshoe vortex system, (2) stagnation area, (3) acceleration of the flow, (4) separation point, (5) dividing streamline, (6) shear layer vorticity, (7) reattachment point.

Figure 13 :

 13 Figure 13: Snapshot of unsteady vortical structures visualized by utilizing the iso-surfaces of the pressure fluctuations (p /(ρ air U 2 ∞ ) = -2.47 × 10 -4 ) colored by the spanwise instantaneous velocity.

  )), classically observed in the wake of flow fields past geometrically two-dimensional obstacles such as the cylinder flow. Both patterns substitute PSD with dominant Strouhal numbers in the wake. (b) Location of points in x-z-plane. (c) Location of points in x-y-plane.

Figure 14 :

 14 Figure14: Velocity spectra at the monitoring points P 1 and P 2 in the wake regime of the hemisphere.

Figure 15 :

 15 Figure 15: Vortex shedding from the top of the hemisphere visualized by the pressure fluctuations of the LES in the symmetry plane.

( a )

 a Symmetric shedding type (velocity magnitude near the bottom wall). (b) Alternating shedding type (velocity magnitude near the bottom wall). (c) Schematic of the symmetric shedding type. (d) Schematic of the alternating shedding type.

Figure 16 :

 16 Figure 16: Visualization of the two vortex shedding types present in the wake behind the hemisphere.

  u/U ∞ (LDA). (b) u/U ∞ (LES). (c) w/U ∞ (LDA). (d) w/U ∞ (LES).(e) Time-averaged streamlines (LDA).(f) Time-averaged streamlines (LES).

Figure 17 :

 17 Figure 17: Comparison of the experimental and numerical time-averaged velocity components and streamlines in the symmetry x-z-plane at y/D = 0.

  Figures 19(a) and (b) refer to the normal Reynolds stress u u /U 2 ∞

  0.55 w/U ∞ + x/D.

Figure 18 :

 18 Figure 18:Comparison of the experimental (black symbols) and numerical (blue lines) timeaveraged streamwise and wall-normal velocity in the symmetry x-z-plane at y/D = 0 and x/D = {-1.5, -1, -0.6, -0.25, 0, 0.25, 0.5, 1, 1.5} (only every second measurement point is displayed).

  w w /U 2 ∞ (LDA).(f) w w /U 2 ∞ (LES).

Figure 19 :

 19 Figure 19: Comparison of the experimental and numerical time-averaged Reynolds stresses in the symmetry x-z-plane at y/D = 0.

Figure 20 :

 20 Figure 20: Comparison of the experimental (black symbols) and numerical (blue lines) time-averaged Reynolds stresses in the symmetry x-z-plane at y/D = 0 and x/D = {-1.5, -1, -0.6, -0.25, 0, 0.25, 0.5, 1, 1.5} (only every second measurement point is displayed).
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  ) and (b) show the streamwise Reynolds stress component u u /U 2

  (a) u/U ∞ (LDA). (b) u/U ∞ (LES). (c) v/U ∞ (LDA). (d) v/U ∞ (LES).

Figure 21 :

 21 Figure 21: Comparison of the experimental and numerical time-averaged velocity components in the y-z-plane at x/D = 0.5.

Figure 22 :

 22 Figure 22: Comparison of the experimental and numerical time-averaged Reynolds stresses in the y-z-plane at x/D = 0.5.

Figure 23 :

 23 Figure 23: Time-averaged streamlines near the bottom wall and on the surface of the hemisphere.

Figure 24 :

 24 Figure 24: Horseshoe vortex system: Time-averaged streamlines in the symmetry plane upstream of the hemisphere.

Figure 25 :

 25 Figure 25: Horseshoe vortex system: 3D-filaments based on the time-averaged velocity and colored by the mean wall-normal velocity.

Figure 26 :

 26 Figure 26: Horseshoe vortex system: Vortex 1 visualized by 3D-filaments based on the time-averaged velocity and colored by the mean wall-normal velocity.

Figure 27 :

 27 Figure 27: Recirculation area: 3D-filaments based on the time-averaged velocity and colored by the mean wall-normal velocity.

Figure 28 :

 28 Figure 28: Time-averaged streamlines on the surface behind the hemisphere.

Figure 29 :

 29 Figure 29: Separation line: Time-averaged streamlines in the symmetry plane close to the apex of the hemisphere.

  (a) indicate the practical value of such examinations. To conclude the classical Smagorinsky model with C s = 0.065 or C s = 0.1 leads to nearly identical results as the dynamic model. The WALE model predicts similar results as the dynamic one, except in the horseshoe vortex region. Applying the classical Smagorinsky model with C s = 0.18, several of the characteristic regions show significant differences compared to the dynamic model. Therefore, the classical Smagorinsky model with 0.065 ≤ C s ≤ 0.1 or the dynamic Smagorinsky model can be equivalently used for the current case. As mentioned in Section 4 the classical Smagorinsky model with C s = 0.1 is set.

Figure B. 31 :

 31 Figure B.31: Influence of different SGS models on the flow: Time-averaged streamwise velocity component u/U ∞ at the symmetry plane y = 0 (left), time-averaged streamlines near the bottom wall and on the surface of the hemisphere (right).
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  (a) Smagorinsky with C s = 0.1. (b) WALE with C W = 0.33.

Figure B. 32 :

 32 Figure B.32: Influence of different SGS models on the flow: Time-averaged streamlines at the symmetry plane y = 0 (zoom of the region of the horseshoe vortices).

Table 1 :

 1 Design specifications of the wind tunnel and test setup.

	feature	dimension
	nozzle cross-section length of test section	375 mm × 500 mm 800 mm
	nozzle contraction ratio	5:1
	velocity range	5 m/s -28 m/s
	free-stream streamwise turbulence intensity (Tu 0 u )	< 0.2%
	flat plate diameter of the hemisphere	600 mm × 620 mm 150 mm

http://www.texlon.ch/en/projects/air-inflated-structures.php

All mentioned Reynolds numbers are based on the diameter of the hemisphere.
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Appendix A. Position of the vortex generators

The positions of the utilized vortex generators based on the diameter of the hemisphere are given in Fig. A.30. The triangular spikes are raised at an angle of 50 • related to the bottom of the nozzle. 00000000000000000000000000000000000000 00000000000000000000000000000000000000 00000000000000000000000000000000000000 00000000000000000000000000000000000000 00000000000000000000000000000000000000 00000000000000000000000000000000000000 00000000000000000000000000000000000000 00000000000000000000000000000000000000 00000000000000000000000000000000000000 00000000000000000000000000000000000000 

Appendix B. Influence of the subgrid-scale model

In order to evaluate the influence of the SGS model on the current case, five simulations are carried out with different SGS models:

• Smagorinsky (Smag.) model [START_REF] Smagorinsky | General circulation experiments with the primitive equations I: The basic experiment[END_REF] with three different constants C s = 0.065, 0.1 and 0.18

• Dynamic Smagorinsky (Dyn.) model [START_REF] Germano | A dynamic subgrid-scale eddy viscosity model[END_REF];

• WALE model [START_REF] Nicoud | Subgrid-scale stress modelling based on the square of the velocity gradient tensor[END_REF] with a constant C W = 0.33.

These preliminary computations use a slightly different numerical setup: A constant inlet velocity profile (1/7 power law) is considered without any turbulent fluctuations and no perturbation is added as source term at x/D = -1.5. The rest of the setup is identical to the one described in Section 4. The results are time-averaged during about t * = t U ∞ /D = 45 in dimensionless form. Figure B.31 compares the time-averaged streamwise velocity component u/U ∞ in the symmetry plane y = 0 and the time-averaged streamlines near the bottom wall and on the surface of the hemisphere for the tested SGS models. For the sake of brevity more detailed comparisons based on profiles of the time-averaged velocity and Reynolds stresses are not depicted here. To investigate the differences the seven characteristic regions described by Savory and Toy [START_REF] Savory | Hemisphere and hemisphere-cylinders in turbulent boundary layers[END_REF] (see Fig. 12) are used:

• The first area is the region of the horseshoe vortices located upstream of the hemisphere. • The second region includes the stagnation point. The SGS model has no significant influence on the position of the stagnation point (θ stag ≈ 158 • )

• As expected, in the third characteristic region (acceleration area above the hemisphere) the differences between the SGS models are negligible.

• The fourth region comprises the flow separation line on the hemisphere. Its form is identical for all tested SGS models. Based on the angle θ sep (see Fig. • In the fifth (dividing streamline) and sixth (shear layer) region the influence of the SGS model is hardly visible. Form and position of both regions are nearly identical.

• The last characteristic region is the reattachment point with respect to the symmetry plane. All simulations predict its position at about x reattach /D = 1.35.

Appendix C. Influence of the synthetic turbulence inflow data

To investigate the influence of the synthetic turbulence inflow data on the numerical results, two LES predictions are briefly compared: The setup is identical to the one described in Section 4 except for one simulation carried out without any source terms for the perturbations at x/D = -1.5, i.e., a fully steady incoming flow. Some interesting flow characteristics are plotted for comparison in Fig. C.33. The following observations can be made:

• By considering the synthetic turbulence inflow data the size of the horseshoe vortex in front of the hemisphere is reduced. This can be explained by the higher mixing rate inserted by the synthetic turbulence fluctuations leading to a better agreement with the measurements.

• This investigation shows that the use of the STIG data, i.e., the turbulence intensity of the oncoming boundary layer and the corresponding flow structures, have a significant impact on the results of the present case. Thus, it is a prerequisite for achieving a good agreement between the numerical results and the measurements. Flow, Turbulence and Combustion, vol. 97 (1), pp. 79-119, (2016).