Time-resolved volumetric particle tracking measurements of an unstable helical vortex pair
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We present the outcome of an experimental study of a helical vortex pair affected by the presence of centrifugal instabilities. Water tunnel experiments involving time-resolved volumetric Lagrangian Particle Tracking are used to investigate the vortex system of a onebladed rotor in hovering conditions. A specific tip design provokes the generation of two separate vortices instead of one single tip vortex. The eventual goal of this modified tip design is the formation of a merged vortex with improved characteristic flow parameters to minimize blade-vortex interactions and the attached negative effects, such as noise generation. Previous studies of this rotor revealed that centrifugal instabilities occure for certain configurations, leading to an immediate rapid core growth of the initial vortices. The reason for this behaviour is found in the formation of secondary structures induced by the instability between the vortex cores. These structures cause an accelerated break-up of the stable core geometry, which results in the eventual merging. The experimental data provides insights in the temporal evolution and the three-dimensional character of the vortex pair affected by the instabilities. 

I. Introduction

The generation of concentrated tip vortices in the wake of fixed wing aircraft and helicopters is inevitable due to the physical mechanisms responsible for the lift. Besides their effect of decreasing the aerodynamic performance of the wing or the rotor blade, the presence of these vortices causes a variety of disadvantages. The concentrated trailing vortices of a heavy transport aircraft pose a serious threat to a following aircraft due to the immense cross flow velocities close to the vortex core regions [START_REF] Breitsamter | Wake vortex characteristics of transport aircraft[END_REF]. In contrast to the straight vortices emerging from a fixed wing, the wake vortex system of a rotor forms a helical geometry due to the superposition of rotational motion and the freestream velocity. In certain flight states, the fluid-structure interaction between a tip vortex and a following rotor blade results in unwanted noise emissions and structural vibrations, the so-called blade-vortex interactions (BVI) [START_REF] Yu | Rotor blade-vortex interaction noise[END_REF][START_REF] George | Helicopter Noise: State-of-the-Art[END_REF]. The strength of the vortex, quantified by the vorticity gradients and the bound circulation, is decisive for the interaction impact [START_REF] Schmitz | Helicopter impulsive noise: Theoretical and experimental status[END_REF][START_REF] Hardin | Concepts for reduction of blade/vortex interaction noise[END_REF]. Apart from helicopters, the wake of wind turbines is also characterized by helical vortices, which has a severe impact on the fatigue characteristics and the general performance of another turbine positioned downstream in a wind farm configuration [START_REF] Sørensen | Instability of helical tip vortices in rotor wakes[END_REF][START_REF] Vermeer | Wind turbine wake aerodynamics[END_REF]. Techniques to accelerate the decay or alleviate the vortex wake are accordingly of high interest in both fixed-wing [START_REF] Breitsamter | Wake vortex characteristics of transport aircraft[END_REF] and rotor applications [START_REF] Quaranta | Local and global pairing instabilities of two interlaced helical vortices[END_REF][START_REF] Felli | Mechanisms of evolution of the propeller wake in the transition and far fields[END_REF][START_REF] Sørensen | Multiple helical modes of vortex breakdown[END_REF].

Within this contribution, we focus on a special rotor blade tip design which aims at splitting up the single concentrated tip vortex into a helical vortex pair by means of a parametric fin mounted on the blade presure side. Blade tip geometry modifications affecting the vortex formation process or, as in our proposed design, alternating the vortex system emerging from the tip, are regarded as passive alleviation systems. A review of different tip geometry proposals and their beneficial effect is found in [START_REF] Brocklehurst | A review of helicopter rotor blade tip shapes[END_REF]. The objective to disrupt the single vortex into a vortex pair is related to the phenomenon of vortex merging. Two vortices with equal sense of rotation will eventually merge into one single vortex [START_REF] Cerretelli | The physical mechanism for vortex merging[END_REF]. After this process, the characteristic vortex parameters such as core radius and peak vorticity within its center are strongly modified. The merged vortex exhibits a widened core and a decreased peak vorticity [START_REF] Meunier | Physics of vortex merging[END_REF], thus reducing the impact with regard to possible blade-vortex interactions. A comprehensive description of the merging sequence, which evolves in four distinct phases, is given in [START_REF] Cerretelli | The physical mechanism for vortex merging[END_REF][START_REF] Melander | Symmetric vortex merger in two dimensions: causes and conditions[END_REF]. The onset of merging is connected to the ratio of the core radii a of the vortices and the distance b between the cores. For two-dimensional systems, Leweke et al. [START_REF] Leweke | Dynamics and Instabilities of Vortex Pairs[END_REF] found a critical ratio of approximately a/b ≈ 0.24 which determines the beginning of the merging process. The vortex core growth in unperturbed systems is mainly related to viscous diffusion effects, which cause rather low growth rates. The time scale of the merging process is also relevant for a possible application, since the encounter with the following blade should occur after the merging process is finished. A possibility to both accelerate the beginning of merging and additionally improve the outcome with regard to the parameter modification is the manifestation of instabilities within the vortex system. Their presence transforms the process into a more complex phenomenon due to the enforced three-dimensional perturbation characteristics. In their experimental study, Meunier et al. [START_REF] Meunier | Elliptic instability of a co-rotating vortex pair[END_REF][START_REF] Meunier | Three-dimensional instability during vortex merging[END_REF] showed that both the criterion defining the onset and the final outcome are strongly affected by instabilities: The critical value a/b 0 is decreased and the core radius of the merged vortex is additionaly widened in comparison to unperturbed merging. Consequently, the existence of instability phenomena seems to be favourable for vortex pairs intended to undergo merging.

Mutually interacting vortex pairs give rise to a variety of three-dimensional instability phenomena. For both straight and helical vortices, the mechanisms are partitioned into two groups, related to the size of the vortex core diameter in comparison to the wavelengths of the perturbations. A theoretical analysis of the long-wavelength instability of multiple helical vortices was provided by Windnall [START_REF] Widnall | The stability of a helical vortex filament[END_REF], Gupta & Loewy [START_REF] Gupta | Theoretical Analysis of the Aerodynamic Stability of Multiple, Interdigitated Helical Vortices[END_REF] and Okulov [START_REF] Okulov | On the stability of multiple helical vortices[END_REF]. Quaranta et al. [START_REF] Quaranta | Long-wave instability of a helical vortex[END_REF] performed related experimental studies concentrating on the long-wave instability of helical vortices. These mechanims affect the vortex as a whole, with negligible impact on the internal core structure. The second group of instabilities primarily emerge within the vortex cores, the short-wave instabilities. The origin of this phemenon is found in the resonance of Kelvin modes with an imposed strain field [START_REF] Moore | The Instability of a Straight Vortex Filament in a Strain Field[END_REF]. The resulting elliptical streamlines in the vortex core gave the mechanism the name which is used today: the elliptic instability [START_REF] Kerswell | Elliptical Instability[END_REF]. Experimental studies proving its evidence in helical vortex pairs were performed by Leweke & Quaranta [START_REF] Leweke | Long-and short-wave instabilities in helical vortices[END_REF]. A variety of numerical and theoretical analysis determined the influence of the axial flow within the vortex cores [START_REF] Roy | Stability of a pair of co-rotating vortices with axial flow[END_REF] and the effect of torsion and curvature [START_REF] Blanco-Rodríguez | Internal structure of vortex rings and helical vortices[END_REF][START_REF] Blanco-Rodríguez | Elliptic instability of a curved Batchelor vortex[END_REF] on the instability growth rates. Apart from the elliptical instability, the curved axis of a helical vortex provokes another short-wave instability phenomenon, the curvature instability. The theoretical background for the occurence in helical vortex systems is found in the studies by Hattori & Fukumoto [28,[START_REF] Hattori | Modal stability analysis of a helical vortex tube with axial flow[END_REF]. Besides the aforementioned instability mechanisms, which rely mainly on interaction processes between multiple vortices, a vortex can also be affected by centrifugal instabilities, indicated by a decrease of the absolute circulation value with increasing distance from the vortex center [START_REF] Billant | Generalized Rayleigh criterion for non-axisymmetric centrifugal instabilities[END_REF]. This phenomenon is caused by the presence of opposite-signed vorticity in the vicinity of the vortex core. Billant & Gallaire [START_REF] Billant | Generalized Rayleigh criterion for non-axisymmetric centrifugal instabilities[END_REF][START_REF] Billant | A unified criterion for the centrifugal instabilities of vortices and swirling jets[END_REF] and Bayly [START_REF] Bayly | Three-dimensional centrifugal-type instabilities in inviscid two-dimensional flows[END_REF] presented comprehensive analyses on the centrifugal instability and its physical background.

Previous experimental studies (stereoscopic particle image velocimetry measurements and dye visualizations) involving comprehensive parameter variations identified promising configurations generating unstable vortex pairs of equal strength which ultimately merge into a single vortex [START_REF] Schröder | Experiments on helical vortex pairs in the wake of a rotor[END_REF][START_REF] Schröder | Experimental investigation of a rotor blade tip vortex pair[END_REF]. The experimental data revealed that these vortex pairs were influenced by centrifugal instabilities, indicated by a rapid core growth right after emerging from the trailing edge. Using the measured velocity fields, the viscous perturbation growth rate and the corresponding most amplified wavelength λ were determined applying the method of Bayly [START_REF] Bayly | Three-dimensional centrifugal-type instabilities in inviscid two-dimensional flows[END_REF]. Good agreement was found between the qualitative impressions of the perturbations seen in the visualizations and the calculated growth rates of the vortex cores. The experimental methods used in the previous studies were limited to planar velocity measurement techniques which allowed no investigation of the three-dimensional characteristics of the unstable vortex pair.

In this contribution we present the results from time-resolved volumetric Lagrangian Particle Tracking (LPT) measurements of the unstable vortex pair generated by the modified tip geometry. As a reference, an umodified tip design is also investigated. The temporal evolution of both vortices is tracked, revealing the formation of secondary structures between the cores almost immediately after the roll-up process is finished. The formation of these structures is related to the instability influencing the vortices and provokes the strong core growth.

The paper is organized as follows. Section II presents the characteristics of the modified blade geometry and the experimental setup used for the LPT measurements. The corresponding results of the experiments are given in section III. We begin with a brief review of the fin influence on the rotor wake in section III.A, based on previous findings. In section III.B, the formation process and subsequent evolution of the secondary structures are shown. We end with conclusions and planned future work in section IV. 

II. Experimental Measurements

The experimental measurements presented in this study were carried out in the large recirculating water tunnel of the Institute of Aerospace Systems, having a test section of dimensions 1.5 m (width) × 1 m (height) × 6.5 m (lenght) suitable for optical measurement techniques. A one-bladed rotor of constant chord length is analyzed in hover conditions. The blade cross section is a NACA0012 profile, which is slightly twisted along the radial coordinate to allow operation in hover conditions. The rotor has a radius R = 240 mm and a chord length c = 80 mm, a scetch of the rotor geometry is shown in Fig. 1a). Additional information regarding the rotor geometry and the blade design process is found in [START_REF] Schröder | Experimental investigation of a rotor blade tip vortex pair[END_REF]. To prevent recirculation regions at the rotor edges, a small free-stream velocity of u ∞ = 11.4 cm/s is required within the test section. For all experiments, the nominal rotation rate is set to 1 Hz, resulting in a tip chord based Reynolds number of 120,000 and a tip speed ratio of Λ = 13. The rotor is mounted on a shaft having a length of 1.8 rotor diameters, driven through a gear box by a motor outside the test section. In order to create a secondary vortex besides the regular tip vortex to generate the helical vortex pair, a special tip geometry is used, involving a perpendicular fin mounted on the pressure side of the blade. The geometric specifications of the fin (radial position d, height h, chord c f and angle of attack a f ) affect the attributes of the resulting vortex system. Figure 1b) displays the geometric specifications of the fin, the rotation point for the fin is located at 25% of the blade chord c. The radial circulation distribution along the blade is given in Fig. 1c).

An exchangeable tip design allows the analysis of a broad range of configurations. Parameter studies investigating the influence of the fin properties on the subsequent interaction process are found in previous publications [START_REF] Schröder | Experiments on helical vortex pairs in the wake of a rotor[END_REF][START_REF] Schröder | Instability and merging of a helical vortex pair in the wake of a rotor[END_REF]. It was observed that the interaction process of both vortices is highly three-dimensional, especially for those configurations affected most by the effects of occuring instability phenomena. To address both the three-dimensional characteristics and the temporal evolution of the interaction, time-resolved Lagrangian Particle Tracking measurements (TR-LPT) were performed for certain configurations utilizing the "Shake-The-Box" (STB) method introduced by Schanz et al. [START_REF] Schanz | Shake-The-Box: Lagrangian particle tracking at high particle image densities[END_REF]. Volumetric flow measurement techniques based on Lagrangian Particle Tracking methods have made immense progress over the last years, especially with regard to the accurate reconstruction of particle tracks in highly-seeded flows, which was the main disadvantage in comparison to correlation-based techniques such as PIV. In their comprehensive review, Schröder & Schanz [START_REF] Schröder | 3D Lagrangian Particle Tracking in Fluid Mechanics[END_REF] give an overview of the recent developments within the field of LPT measurement techniques and a detailed description of the working principle of the STB method.

A schematic of the experimental setup, the coordinate system used for data analysis and the measurement volume is given in Fig. 2. Particle images were recorded by four highspeed cameras (Phantom v2640) at a frequency of 1 kHz and a sensor resolution of 2048 × 1920 pixels. The cameras were mounted in a linear setup, the angle between the outermost cameras was set to 90 • , following the recommendations of Schröder & Schanz [START_REF] Schröder | 3D Lagrangian Particle Tracking in Fluid Mechanics[END_REF] for appropriate projections for multicamera systems for volumetric particle tracking measurements. Peak locking filters were mounted in front of the camera sensors to avoid the corresponding pixel-locking errors [START_REF] Raffel | Particle Image Velocimetry[END_REF], which might decrease the reconstruction accuracy of the tracking algorithm. To ensure synchronized triggering, an optical encoder is connected to the rotor shaft. Water-filled prisms and Scheimpflug adapters were used to avoid optical aberrations, astigmatisms and blurred particle images within the volume. The outermost cameras (Cam 1 & Cam 4) were equipped with lenses of 200 mm focal length, the focal length of the inner lenses is 100 mm. For all lenses, the f-number was set to 16 to guarantee a suitable depth of focus over the entire volume extent. Flow illumination was carried out by a double-pulsed high-speed laser (Photron DM30-527-DH), which provides a pulse energy of 30 mJ at a repetition rate of 1 kHz. The optics and the laser are mounted on adjustable linear axes and are positioned below the water tunnel. To acquire a homogenous volumetric flow illumination within the entire measurement volume, the Volume Optics Module from LaVision was combined with an adjustable aperture.

Cubic polyamide particles of mean diameter 50 µm and density 1.016 g/cm 3 were used to seed the flow. The dimensions of the illumnated volume are 100 mm × 100 mm with a depth of 80 mm, the center of the measurement volume was positioned directly below the rotor axis. The camera system was calibrated by means of a two-level target in multiple planes perpendicular to the volume depth. Volumetric measurement techniques are extremely sensitive and acquire a highly accurate calibration of the camera system [START_REF] Schröder | 3D Lagrangian Particle Tracking in Fluid Mechanics[END_REF], hence the initial calibration was refined by the volume self-calibration (VSC) introduced by Wienenke [START_REF] Wieneke | Volume self-calibration for 3D particle image velocimetry[END_REF][START_REF] Wieneke | Improvements for volume self-calibration[END_REF]. Subsequently, an optical transfer function [START_REF] Schanz | Non-uniform optical transfer functions in particle imaging: calibration and application to tomographic reconstruction[END_REF] is acquired to account for the varying particle shapes in different subvolumes between the cameras, related to the different imaging conditions. After the complete process, the calibration errors for all cameras were found to be below 0.5 pixel after a few iterations.

Due to the self-induced velocities and the freestream flow, the vortex pair drifts outside the volume after a certain time, thus a full temporally-resolved recording of the same vortex pair is not possible. In order to address the vortex motion, linear axes are installed to alter the rotor position (∆x, ∆y) with respect to the measurement volume. After triggering at a selected rotor phase angle, the vortices stay within the volume for a phase interval of ∆ϕ ≈ 50 • , consequently measurements were performed at ϕ = [10 • , 60 • , 110 • , 160 • , 210 • , 260 • , 310 • , 360 • ] with adapted rotor positions. The complete calibration procedure, the recording and the subsequent processing of the particle images are carried out using the commercial PIV/PTV software DaVis 10.2.1. Post-processing of the data is performed by in-house algorithms.

III. Results

A. Effect of the tip fin

The measurement campaign presented in this paper focussed on the fin configuration which generates a vortex pair with nearly equally strong vortices (in terms of their circulation value). Previous parameter studies revealed that a fin angle α f = 14 • in combination with a radial position of d/c = 0.2 and a height h/c = 0.3 prodcuces a vortex pair with a circulation ratio Γ f /Γ t ≈ 0.9, which is close to the optimum value of 1 for a complete merging scenario [START_REF] Schröder | Experiments on helical vortex pairs in the wake of a rotor[END_REF].

The presence of the additional vortex has a significant effect on the wake evolution in comparison to a non-modified blade tip, a qualitative impression is given in the dye visualizations shown in Fig. 4. Both vortices emerging from the modified blade are notably perturbed and eventually merge to a single vortex which exhibits a strongly widened core.

Accompanying PIV measurements confirmed the qualitative findings of the visulizations, the results show that the merging process begins at a rotor phase of ϕ ≈ 110 • , and the merging process is finished at ϕ ≈ 270 • . The merged vortex subsequently stabilizes and relaminarizes again. Figure 5 shows the evolution of the vortex pair based on the phase-averaged azimuthal vorticity in the center plane of the rotor, the black lines in Fig. 5a) represent the trailing edges of the fin and blade. After the merging process, the core radius increased by a factor of 5 with respect to the initial core sizes. This remarkable growth and the inherent perturbations of both vortices are associated with the presence of centrifugal instabilities within the vortex system. Despite the effect of averaging, regions of counter-rotating vorticity are visible in the vicinity of both vortex cores in Fig. 5a). As a consequence, the radial circulation profiles of the vortices show a decrease going outwards, indicating that both vortices are centrifugally unstable.

B. Time-resolved LPT measurements

The time-resolved LPT measurements conducted for this study allow new insights in the vortex evolution and the effects of the instability. For each rotor phase interval ∆ϕ, 5 measurements of 150 frames each were recorded at a frequency of 1 kHz. For the subsequent analysis, the calculated particle fields are transformed to a uniform Cartesian grid using the VIC+ ('vortex-in-cell plus') method introduced by Schneiders & Scarano [START_REF] Schneiders | Dense velocity reconstruction from tomographic PTV with material derivatives[END_REF]. In comparison with other reconstruction techniques, as e.g. tomographic PIV reconstruction, the VIC+ method has a lower sensitivity to regions with low seeding density and is still able to reconstruct the velocities with high accuracy [START_REF] Schneiders | Dense velocity reconstruction from tomographic PTV with material derivatives[END_REF]. Based on the velocities, other characteristic vortical flow quantities, such as the vorticity and the Qand λ 2 -parameters (ee, e.g., [START_REF] Jeong | On the identification of a vortex[END_REF]), are calculated. The temporal evolution of the vortex pair generated by the modified blade tip is displayed in Fig. 6. In this diagram, the blade leaves the volume in the negative z-direction, isosurfaces of the normalized vorticity (z-component) ω z,n = ω z c/(2π f R) visualize the vortex development. Immidiately after leaving the trailing edges, the initial vortex pair (Fig. 6a) is affected by three-dimensional perturbations, visible in a small wavy deformation of the cores. The amplitude of these perturbations grows with increasing rotor phase. In Fig. 6b), both cores are significantly distorted, which results in a reduced distance b between the vortices, approaching the critical merging ratio for certain regions along the vortex axis. A snapshot of the ongoing merging process is shown in Fig. 6c). Concentrated vortex cores are not detected anymore, the structure of both vortices evolved into a heavily disturbed state. During the merging process, the vorticity previously concentrated within both vortex cores is distributed to a larger region. Consequently, the peak values continuously decrease throughout the process due to the conservation of angular momentum. The final outcome of the vortex pair interaction is given in Fig. 6d): a notably weaker vortex with a widened core region. In comparison, the single tip vortex formed by the reference blade retains its concentrated structure during the complete recording intervall, as seen in Fig. 7. The unperturbed vortex core growth is mainly dominated by viscous diffusion effects, the results obtained for the phase-averaged planar measurements showed good agreement with the theoretical expectations [START_REF] Schröder | Experiments on helical vortex pairs in the wake of a rotor[END_REF]. For all recorded intervalls, the vortex core ehibits a stable structure and shows no sign of external perturbations.

As it was already indicated in Fig. 5a), the reason for the occurence of centrifugal instabilities affecting the vortex fin vort. pair of the modified blade is found in the accumulation of counter-rotating vorticity around both vortices. The presence of the fin vortex is a decisive factor for this phenomenon, indicated in Fig. 8, which shows snapshots of the blade wake in the tip regions. The isosurfaces of both positive (ω z,n = 5.3) and negative (ω z,n = -1.3) vorticity components in the z-direction for different rotor phases up to ϕ = 60 • reveal pronounced aggregations of negative vorticity in the vicinity of the vortex cores. The origin of this counter-rotating vorticity (in relation to the primary vortices) is related to the blade's shear layer, which contains trailed vorticity as a result of the spanwise circulation distribution along the blade radius. Due to the constant chord length and a moderate twist, the radial circulation distribution of the blade used in this study is characterized by an almost linear growth with increasing radius until reaching the maximum value close to the tip, compare Fig. 1c). This distribution results in a concentrated tip vortex and an extended shear layer of opposite-signed vorticity. The parametric fin is designed to produce a second vortex with the same sign as the tip vortex.

For the investigated configuration, the fin vortex attracts parts of the shear layer and relocates them in the vicinity of both vortices. Figure 8a,b) shows the wake for a rotor phase of ϕ = 20 • , both vortices are surrounded by the outer part of the shear layer. For conventional rectangular blades, the shear layer is propagating downstream faster than the tip vortices due to the increased convection inboard of the slipstream boundary. This effect is countered by the fin position on the pressure side, which results in a fin vortex formation further downstream. Consequently, the attracting property of the fin vortex is still active in later wake stages, displayed in Fig. 8c,d). Both vortices, but especially the fin vortex, are prone to centrifugal instabilities for these wake stages, causing the rapid core growth and the eventual onset of merging. The corresponding wake evolution for the reference blade is given in Fig. 9. As expected, much less counter-rotating vorticity is found in the vicinity of the vortex core in the first instantaneous snapshot at a phase ϕ = 20 • . The shear layer is still visible in regions further inboard (below y/R < 0.8). The small regions of counter-roating vorticity wrapped around the single vortex are not sufficient to enforce a centrifugal instability, the core region remains unperturbed for a complete rotor revolution, compare Fig. 7. 

C. Secondary structures

Theoretical investigations of the three-dimensional centrifugal instability phenomenon predict a wavy perturbation of the internal vortex core structure and a simultaneous formation of secondary vortex structures for the unstable vortex. The special configuration of a vortex pair is expected to show S-shaped secondary structures between the primary cores. Numerical simulations of hovering rotors revealed the formation of similar structures between two tip vortices [START_REF] Abras | Impact of High-fidelity Simulation Variations on Wake Breakdown of a Rotor in Hover[END_REF][START_REF] Abras | Wake Breakdown of High-fidelity Simulations of a Rotor in Hover[END_REF][START_REF] Jain | Sensitivity Study of High-Fidelity Hover Predictions on the Sikorsky S-76 Rotor[END_REF]. The first experimental evidence of these secondary structures in rotor wakes was given in the study by Wolf et al. [START_REF] Wolf | Experimental study of secondary vortex structures in a rotor wake[END_REF]. They applied the STB-technique combined with the data transformation method"FlowFit" by Gesemann et al. [START_REF] Gesemann | From noisy particle tracks to velocity, acceleration and pressure fields using B-splines and penalties[END_REF] in the wake of a hovering helicopter model to give the experimental proof of the existence of secondary structures in rotor wakes. Before this experimental evidence, it was unclear whether these structures were a physical phenomenon or a numerical artefact. Their formation is related to the interaction of the trailing shear layer and tip vortex of the preceding blade. Due to the differences in their downward convection velocities, parts of the shear layer pass the preceeding vortex and get wrapped up into a characteristic S-shape between both vortices [START_REF] Wolf | Experimental study of secondary vortex structures in a rotor wake[END_REF]. In a following numerical analysis, Bodling & Potsdam [START_REF] Bodling | Numerical Investigation of Secondary Vortex Structures in a Rotor Wake[END_REF] demonstrated that parts of the shear layer are also entangled around its corresponding tip vortex, which subsequently breaks up into the first coherent secondary structures. This mechanism was confirmed by Schwarz et al. [START_REF] Schwarz | Development of secondary vortex structures in rotor wakes[END_REF], who also provided an analysis of secondary vortex characteristic parameters. As seen in Fig. 8, the presence of the fin vortex causes a pronounced attraction of the shear layer towards the vortex system, which is expected to enforce the formation of secondary vortices in early wake stages. The small distance between the vortices and their interaction could additionally boost their development.

Previous measurements [START_REF] Schröder | Experiments on helical vortex pairs in the wake of a rotor[END_REF][START_REF] Schröder | Instability and merging of a helical vortex pair in the wake of a rotor[END_REF] and the current results reveal, that the instability effect and a possible subsequent occurence of secondary structures is strongest at the early wake stages. Because of their expected random shape and spatial orientation with respect to the primary vortices, the total vorticity is choosen as an initial detection criterion. Figure 10 shows an example for the early wake evolution of the vortex pair (red isosurface, ω z,n = 5.3) and the synchronous development of a secondary structure (transparent yellow isosurface, ω tot,n = 5.3) between the cores (same vortex pair as displayed in Fig. 8). At a rotor phase of ϕ = 25 • , the secondary structure is already fully developed and entangles both vortices. A closer look at the cores exhibits small dislocated regions with respect to the vortex axis in the vicinity of the structure. With increasing rotor phase, the dislocations enhance into a pronounced wavy perturbation along the core axes. As the primary vortices become more chaotic, the secondary structures behave in a similar way, an example is given in Fig. 11 for rotor phases ϕ = 65 • -95 • . For this phase interval, the detected secondary structures become increasingly irregular, corresponding to the more unstable tip vortices. (It should be noted that Fig. 10 and Fig. 11 show different vortex pairs, due to the limited dimensions of the field of view, which explains the visible differences of the primary vortex core shapes in the two figures.) Schwarz et al. [START_REF] Schwarz | Development of secondary vortex structures in rotor wakes[END_REF] observe a similar behaviour in their numerical results. As soon as the tip vortices start to break down, the secondary vortices become more chaotic and start to dissolve into smaller coherent structures. The rotational sense of the detected secondary vortices is arbitrary in our experiments. Schwarz et al. [START_REF] Schwarz | Development of secondary vortex structures in rotor wakes[END_REF] also observed an equal distribution of rotational senses for their experiments and numerical simulations. For a simpler detection of the secondary vortices and to identify their sense of rotation, Wolf et al. [START_REF] Wolf | Experimental study of secondary vortex structures in a rotor wake[END_REF] introduced a method based on a signed parameter Q s , where the classical (positive) Q-values identifying a vortex are given the sign of the corresponding vorticity component in the dominant direction of the vortex. Applying this procedure simplifies the identification of secondary structures and allows the evaluation of the rotational senses. An example for the outcome of this decomposition method is given in Fig. 12, with Q s = Q • ω y /|ω y |. The tip vortices (grey) are entangled by multiple secondary vortices with different rotational senses (green, orange). The decomposed volumes are used for further processing steps to extract the characteristic vortex parameters, such as core radius and circulation value.

To quantify the effect of the secondary structures, these parameters are compared to the ones obtained for the primary vortices. The centers of the primary vortices are found by identifying the minima of the λ 2 -parameter, introduced by Jeong & Hussain [START_REF] Jeong | On the identification of a vortex[END_REF]. The spatial resolution of the reconstructed volumes in the z-direction determines the number of detected centers for the primary vortices within one measurement volume. A projection of the velocity field on a local polar grid (ρ, φ) is used to calculate the core radii by averaging the azimuthal component u φ for each radius ρ. The circulation of the primary vortices is evaluated on a circular area around each vortex center with a radius of b/2, the core distance b is determined for each pair based on the center locations. The values obtained for one instantaneous volume are averaged for the comparison with the secondary structure. Appropriate x-z and y-z planes are chosen to analyse a given secondary structure, based on its orientation with respect to the xand y-directions. The criterion for this choice was a nearly orthogonal orientation of the secondary vortex axis with respect to the plane. Vortex centers were detected manually for the subsequent calculation of core radius and circulation based on the same methods as applied for the primary vortices. To minimize the influence of other secondary structures and of the primary vortices, the evaluation radius was limited to ρ sec = 0.1c. Figure 13 presents the results obtained for the vortex system shown in Fig. 10. For the grey regions, data acquisitation was not possible due to a blockage by the blade for one camera. The averaged circulation ratio of the primary vortices for the shown phase interval is Γ fin /Γ tip ≈ 0.9, which is in good agreement with the value obtained from previous campaigns using Stereo-PIV [START_REF] Schröder | Experiments on helical vortex pairs in the wake of a rotor[END_REF]. The slight reduction of the circulations for increasing rotor phases is explained by the widening of the core radii, shown in Fig. 13b). Assesing the secondary structures, the circulation values exhibit a similar tendency. The decrease is explained by the presence of other secondary vortices with opposite senses of rotation in the vicinity of the investigated one.

A comparison with the values obtained for the primary vortices yields an averagedratio of Γ prim /Γ sec ≈ 0.6. This value is much higher than the corresponding ratios found by Schwarz et al. (5% for the experiments, 8% for the simulations) [START_REF] Schwarz | Development of secondary vortex structures in rotor wakes[END_REF]. The pronounced interaction with the shear layer, caused by the additional fin vortex and resulting in the instability for the presented configuration, is an explanation for this difference. The core radii of the secondary structures remain relatively constant, caused by the streching influence of the tip vortices which is countering the viscous diffusion effects. The parameter comparison confirms the significant dislocations of the primary vortex pair caused by the presence of the secondary vortices. Weaker vortices should not have such a notable influence on the primary vortices. It should be emphasized that the given data represents a single example, the values do not represent a reference value for the strength of the secondary vortices in general. Nevertheless, it shows that both the circulation and the core radii are of the same order as the corresponding values for the tip vortices for the presented modified tip geometry.

IV. Conclusion

This contribution presented the results of experimental measurements of a closely-spaced unstable helical vortex pair. A one-bladed rotor in hover conditions was investigated in a water channel using time-resolved volumetric Shake-The-Box Lagrangian Particle Tracking. The rotor was equipped with a parameteric fin on its pressure side, which generated the second vortex. The fin parameters can be used to affect the initial parameters of the vortex system, as shown in [START_REF] Schröder | Experiments on helical vortex pairs in the wake of a rotor[END_REF]. For this study, a configuration resulting in a pair of vortices of nearly equal strength was chosen (Γ f /Γ t ≈ 0.9) to provide ideal conditions for a following vortex merging process. The main goal of this modification is the generation of a final merged tip vortex which reduces the negative effects associated with blade-vortex interactions, such as noise emission and vibrations. In previous experimental studies [START_REF] Schröder | Experimental investigation of a rotor blade tip vortex pair[END_REF][START_REF] Schröder | Instability and merging of a helical vortex pair in the wake of a rotor[END_REF], it was shown that the vortex pair generated by this configuration is influenced by centrifugal instabilities, which result in a beneficial rapid growth of the core radii prior to the onset of the merging procedure. To provide new insights into these unsteady and highly three-dimensional flow phenomena, the time-resolved LPT experiments were conducted. The reconstructed flow fields reveal the presence of secondary vortices entangling both tip vortices immediately after emerging from the trailing edges, comparable to what was observed in other recent experimental [START_REF] Wolf | Experimental study of secondary vortex structures in a rotor wake[END_REF][START_REF] Schwarz | Development of secondary vortex structures in rotor wakes[END_REF] and numerical [START_REF] Abras | Wake Breakdown of High-fidelity Simulations of a Rotor in Hover[END_REF][START_REF] Bodling | Numerical Investigation of Secondary Vortex Structures in a Rotor Wake[END_REF] studies. These structures have a significant influence on the stability of the primary vortices, causing the rapid core growth and accelerating the onset of merging. It was shown that the presence of the fin vortex leads to a pronounced transport of the inner trailing shear layer of the blade to regions around both primary vortices. This effect is visible within the early wake stages and is remarkably different compared to the wake evolution of the unmodified reference rotor. The early and strong interaction with the counter-rotating shear layer accounts for the imminent formation of the secondary structures in this special case. An analysis of the secondary vortices' characteristic parameters shows that their circulation and core radii in the early wake stages are of the same order as the ones of the primary vortices, explaining their strong effect on the evolution of the latter. Future work will include investigations of fin configurations which did not enforce the immediate core growth, in order to highlight the differences and get a better understanding of the fin vortex effect concerning the interaction with the shear layer. Additionally, new rotor geometries with different radial circulation distributions are currently designed for a comprehensive analysis of the shear layer influence on the instability and the secondary structures.

  radius, m b = vortex separation distance, m c = blade chord, m c f = fin chord, m d = distance from blade tip, m f = rotor frequency, s -1 h = fin height, m Q = Q-parameter, s -2 R = rotor radius, m Re = Reynolds number, 2πR f c/ν r, ϕ, x = cylindrical coordinates (rotor), m u φ = swirl velocity (vortex), m • s -1 u ∞ = freestream velocity, m • s -1 x, y, z = Cartesian coordinates (rotor), m α f = fin angle, deg Γ = circulation, m 2 • s -1 ϕ = rotor phase, deg ∆ϕ = rotor phase interval, deg Λ = tip speed ratio, 2πR f /u ∞ λ = axial wave length, m λ 2 = λ 2 -parameter, s -2 ν = kinematic viscosity, m 2 • s -1 ρ, φ = local polar coordinates (vortex), m ω = vorticity, s -1
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 12 Fig. 1 a) Blade geomety used for the experimental analysis. b) Geometric parameters of the additional fin. c) Design radial circulation distribution of the rotor blade (without fin).

Fig. 3

 3 Fig. 3 Position of the measurement volume in relation to the rotor (initial rotor position) and dimensions of the measurement volume (top view).

Fig. 4

 4 Fig.4Dye visualizations of the tip vortex system[START_REF] Schröder | Experiments on helical vortex pairs in the wake of a rotor[END_REF].

Fig. 5

 5 Fig. 5 Phase-averaged vorticity in the center plane of the rotor for the modified blade.
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 8637 Fig. 6 Temporal evolution of the vortex pair generated by the modified blade. Instantaneous flow fields visualized by isosurfaces of the normalized z-vorticity ω z,n .
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 89 Fig. 8 Wake development of the modified blade visualized by instantaneous snaphsots of the normalized azimuthal vorticity component ω z,n . The transparent blue regions represent the trailing vorticity in the shear layer (opposite sense of rotation compared to the tip vortex pair).

a) ϕ = 25 • 3 Fig. 10 2 Fig. 11

 25310211 Fig. 10 Instantenous snapshots visualizing secondary structures and their effect on the primary vortices in the early wake stages. Isosurfaces shown for ω z,n = 5.3 (red) and ω tot,n = 5.3 (yellow).
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 1213 Fig. 12 Exemplary decomposed Q-isosurfaces of an instantaneous snapshot, based on the method introduced by Wolf et al. [47]. a) Basic Q-criterion. b) Decomposition into Q tip (grey), positive Q s (green) and negative Q s (orange). c) Corresponding top view.
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