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An experimental study of a trailing vortex alleviation using an undulated trailing edge

Towing tank experiments are conducted to investigate the effect of an undulated trailing edge on the evolution of trailing vortices. Recent work on linear stability analysis suggests new methodologies to excite the wake vortices of a lifting wing. In this study, the trailing edge of a NACA 0012 rectangular wing of aspect ratio 2.5 is modified into a sinusoidal shape to attempt a production of the theoretical excitation. An evaluation of the impact on the wake vortices is carried out using SPIV measurements on a section of the vortices. Several experiments are conducted to study the development of the vortex wake up to 60 wingspans downstream at a chord based Reynolds number of = 10 5 . The modified trailing edge is compared with the baseline configuration with a straight trailing edge. The results show that this control strategy has a diffusive effect on the vortex core at iso-circulation. 

Nomenclature

I. Introduction

W ke vortices trailing behind commercial airplanes pose a threat to air traffic. During a wake encounter, a rolling moment or a downwash force can be induced upon the following aircraft. One way to tackle this issue is to develop vortex alleviation techniques. The usual approach is to play on the intrinsic dynamics of systems of multiple vortices to hasten their decay. Motivated by the above problem, groundwork on the stability of a vortex pair was early provided by Crow [START_REF] Crow | Stability Theory for a Pair of Trailing Vortices[END_REF], as he carried out a stability analysis of a pair of vortex filaments and characterized the sinusoidally growing mode of perturbation that results from the interaction between the self-induced waves of a deformed vortex and the induced strain field caused by the opposite vortex, also known as the Crow instability. The wavelength is typically about eight times the spacing of the vortices. Later on Tsai & Widnall [START_REF] Tsai | The stability of short waves on a straight vortex filament in a weak externally imposed strain field[END_REF] investigated vortex pair instabilities with a wavelength comparable to the vortex core size. These result from the ellipticity of the vortex streamlines in the strain imposed by the other vortex, and also implies vortex modes interacting together with this strain. These instabilities are known as short-wave or elliptic instabilities. Using a setting of flapping plates in a water tank Roy et. al [START_REF] Roy | Experiments on the elliptic instability in vortex pairs with axial core flow[END_REF] and then Leweke & Williamson [START_REF] Leweke | Experiments on long-wavelength instability and reconnection of a vortex pair[END_REF] could characterize the growth rates and wavelengths of the long-wave and short-wave instabilities, in good agreement with theory. Using a slotted wing apparatus Devenport et. al [START_REF] Devenport | The structure and development of a counter-rotating wing-tip vortex pair[END_REF] and Brion & Jacquin [START_REF] Brion | Measurements of a turbulent vortex pair using time resolved PIV[END_REF] could clearly observe the Crow instability in wind tunnel experiments thereby replicating more closely an aircraft configuration.

Among these two instabilities, the Crow instability is the one of most practical relevance, as it causes the largest deformations of the vortex core. Furthermore a consequence of these deformations is the linking of the vortices of the pair in the far wake. Linking operates a strong modification of the vortex wake, with reorientation of the axial vorticity in perpendicular directions. Although linking does not constitute the final stage of the vortex dynamics, it is usually considered as a mark of the vortex lifespan in its original structure. Its investigation and the time required to its occurence has naturally deserved much attention in vortex studies. For instance Liu [START_REF] Liu | Tow tank simulation of vortex wake dynamics[END_REF] investigated the unstable long wave dynamics of the vortices up to the linking time in a towing tank experiment. He observed long-wave instabilities at approximately 196 wingspans downstream of the wing and linking after 235 wingspans. Liu further derived a relation between the ambient turbulence and the vortex lifespan by changing the level of turbulence in the water tank. The development of the Crow instability was accelerated and vortex linking occurred 117 wingspans downstream with increased turbulence.

Freestream turbulence is generally taken as a condition, not as a mean. Hence various control techniques have been searched to hasten the decay of trailing vortices under constraints of applicability. The attempt to control them by actuation, passive or active, based on the known frequency of the wake instabilities has constituted one of the main focus. For instance Guha & Kumar [START_REF] Guha | Characteristics of a wingtip vortex from an oscillating winglet[END_REF] studied the effect of winglet oscillations on the near-field dynamics of a single trailing vortex. With an actuation of 0.6 times the chord length at the winglet tip, they observed that the perturbation could travel up to 20 tip chord lengths downstream of the wing. The perturbed vortex exhibits a 10% decrease in peak vorticity levels, but its strength is nearly unaffected. Using a slotted wing apparatus Bearman et al. [START_REF] Bearman | Natural and forced evolution of a counter rotating vortex pair[END_REF][10] observed an increase of the Crow instability growth rate by blowing jets by pulse at a specific frequency. Dghim et al. [START_REF] Dghim | Mid-wake wing tip vortex dynamics with active flow control[END_REF] applied low frequency synthetic jet actuation on a rectangular NACA 0012 half-wing, which resulted in a larger vortex core size and a significant reduction of axial and angular peak velocities. This diffusion effect is observed in the near-field up to 5 chord-lengths downstream of the wing.

Going beyond these pragmatic approaches, in particular to indicate the best location or control shape to actuate, requires the use of models, theories and simulation capable of describing the dynamics of small perturbations imposed to the main flow. The outcome is potentially a much better efficiency of the control, yet with difficulties when transposing theoretical results to experimental practice. Along this line Brion et al. [START_REF] Brion | Optimal amplification of the Crow instability[END_REF] focused on characterizing the zone of sensibility for the excitation of the Crow instability on a vortex dipole. In systems of multiple vortex pairs, similar analysis focused on the development of co-operative instabilities where performed by Crouch [START_REF] Crouch | Instability and transient growth for two trailing-vortex pairs[END_REF], Ortega [START_REF] Ortega | Stability characteristics of counter-rotating vortex pairs in the wakes of triangular-flapped airfoils[END_REF], Fabre [START_REF] Fabre | Optimal perturbations in a four-vortex aircraft wake in counter-rotating configuration[END_REF] and later Bristol et al. [START_REF] Bristol | On cooperative instabilities of parallel vortex pairs[END_REF]. More recent work on linear stability analysis and transient growth mechanisms provide new insight on the dynamics of wake vortices. The results of Navrose et al. [START_REF] Navrose | Transient growth in the near wake region of the flow past a finite span wing[END_REF] on transient growth in the near wake show that the zone of sensitivity for the optimal perturbation of the vortex wake is located far from the zone where the vortex is shed. In his work, the optimal perturbation is located close to the wing surface and takes the shape of chord-wise periodic structures, with an initial perturbation that decreases from the wing root to the wing tip. Navrose carried out direct numerical simulations (DNS) of the perturbation with finite amplitude, and observed that the perturbation evolves downstream into a wave packet that migrates to the vortex upon sufficient initial amplitude. The roll-up of the vorticity sheet transports the wave packet into the proximity of the trailing vortex allowing for the interaction between the vortex and the perturbation. Edstrand et al. [START_REF] Edstrand | Active attenuation of a trailing vortex inspired by a parabolized stability analysis[END_REF] carried out a linearized parabolized stability analysis of the vortices in the near wake and followed the progression of various unstable modes. While the fourth dominant modes decrease monotonically downstream, the growth rate of the fifth order mode becomes increasingly unstable and shows a downstream localization in the vortices. As pointed out by Edstrand [START_REF] Edstrand | Active attenuation of a trailing vortex inspired by a parabolized stability analysis[END_REF], this behavior relates to the structure of the downstream perturbation generated by each mode. With downstream progression, the fifth mode energy distribution evolves from undulating structures over the wingspan into vorticity streaks counter-rotating with the main trailing vortices with a destabilizing effect. On the other hand, the principal mode, although being most unstable in the near wake, evolves from a perturbation located near the tip of the wing into a vortex region that co-rotates with the main vortex. A co-rotating flow does not lead to the development of instabilities in the vortex dipole whereas a counter-rotating flow does (see Ortega et al. [START_REF] Ortega | Stability characteristics of counter-rotating vortex pairs in the wakes of triangular-flapped airfoils[END_REF]). Edstrand et al. suggested that the excitation by the higher order modes in the wake of a wing would promote the decay of the circulation and the decrease of the stream-wise vorticity of the trailing vortices hence becoming a more effective wake alleviation method. However, due to the initially weak growth rate of these modes, the wake must be interrogated at a sufficiently far downstream location for the perturbations to evolve into perceivable amplitudes. In their work numerical simulations at a chord Reynolds number of 10 3 were used to evaluate the excitation defined through the stability analysis, proving the validity of the proposed mechanism.

The present work focuses on an experimental study of a wing with a trailing edge designed to attempt the excitation of high-order spanwise disturbances into its wake. Some aspects of the solutions found in the literature [START_REF] Navrose | Transient growth in the near wake region of the flow past a finite span wing[END_REF], [START_REF] Edstrand | Active attenuation of a trailing vortex inspired by a parabolized stability analysis[END_REF] cannot be reproduced at this stage of the research. Specifically the proposed excitation strategy is not time dependent and implies a static modification of the wing baseline geometry. The trailing edge of a rectangular wing is modified into a sinusoidal shape in order to excite a flow mode identified by Edstrand et al. [START_REF] Edstrand | Active attenuation of a trailing vortex inspired by a parabolized stability analysis[END_REF].

II. Experimental setup

A water towing tank experiment equipped with stereo-particle image velocimetry (SPIV) measurement is used to study the development of the vortex wake of a rectangular wing up to 60 spans downstream (Fig. 2). The reference frame is as follows. The wing is towed in the longitudinal direction . We denote as left side and right side the negative and positive -coordinates, respectively. This will be used to designate the two vortices composing the wake. The vertical direction is positive upwards.

A. Wing model

The wing is rectangular with a NACA 0012 profile. The chord and span are 0 = 0.16 and 0 = 0.4 , respectively, which results in an aspect ratio of 2.5. The wing is towed at a velocity magnitude 0 = 2 / . The wing angle of attack is set to 5 . The wing is held at mid-span by a strut of chord 0 and NACA 0015 profile. The alignment of the wing and strut with the towing direction was controlled using the SPIV data to obtain the best symmetry of the flow. The present wing configuration is purposely identical to the one considered by Edstrand et. al [START_REF] Edstrand | Active attenuation of a trailing vortex inspired by a parabolized stability analysis[END_REF].

Fig. 1 Top view (left) and cross-sections (right) of the wing design for all the amplitudes of the trailing edge undulations.

The wingspan 0 and the towing velocity 0 are used as reference length and velocity scales to characterize the evolution of the wake. The flow past the wing is characterized by the chord based Reynolds number of = 0 0 / = 10 5 with the kinematic viscosity of the water. We further introduce the vortex Reynolds number Γ based on the circulation Γ of the vortices of the wake.

Γ is about 5 × 10 4 and its calculation is detailed in III.A.5. The concept of the wake control investigated here derives from the work of Navrose et. al [START_REF] Navrose | Transient growth in the near wake region of the flow past a finite span wing[END_REF] and Edstrand et. al [START_REF] Edstrand | Active attenuation of a trailing vortex inspired by a parabolized stability analysis[END_REF] who demonstrated that the zones of sensitivity to excite vortex dynamics behind a rectangular wing are distributed on the full wingspan. The present apparatus is specifically based on the work of Edstrand et. al [START_REF] Edstrand | Active attenuation of a trailing vortex inspired by a parabolized stability analysis[END_REF] whose parabolized stability analysis provides the conceptual shape of perturbation able to target each unstable mode of the wake. In their work the desired mode was excited by adding a body force in the wake of a rectangular wing. Here the perturbation is installed in a passive way using the sinusoidal undulations of the trailing edge. Hence the focus of the work is the outcome of a parametric variation of the rectangular planform, where the trailing edge is modified into this sinusoidal shape with increasing amplitude . The test set of amplitudes is selected as / 0 = {0, 0.01, 0.05, 0.10}, in which the case = 0 constitutes the reference undeformed case. Based on the best case identified by Edstrand et al. [START_REF] Edstrand | Active attenuation of a trailing vortex inspired by a parabolized stability analysis[END_REF], the chosen wavelength of the undulations is / 0 = 1/6. A top view and cross-sections of the four wing models are displayed in Fig. 1. The undulation is made so that the airfoil profile is constant along the span, while the chord and thickness vary as a consequence of the trailing edge undulations. The mean chord length remains equal to the reference configuration 0 .

B. Towing tank facility

The towing tank facility is installed in the ONERA Lille research center in northern France. The tank features a full length of 22 , a width of 1.5 and a depth of 1.3 , yielding normalized values of 55, 3.75 and 3.25 in 0 units respectively. The tank is filled with water and the height of water is maintained constant throughout the test campaign. In particular due to evaporation losses and leaks, a regular refill is carried out in order to achieve this. The water is also filtered to remove particles. The experimental facility is schematized in Fig. 2a. Photographs of the tank and wing model in it are shown in Fig. 2b and2c.

The wing is immersed at a depth of 0.5 = 1.25 0 below the surface of the water, that represents an altitude of 2.16 0 above the tank bottom surface. The distance between the model and the tank lateral and bottom boundaries is 1.28 0 and is sufficient to avoid any wall-induced effects. The vertical strut holding the wing is connected to a AMTI MC3A 6-components force balance and the balance is attached to the towed platform (Fig. 2c). The force sensor is described further down. The platform translates on rails over a towing distance of 18 . We stress that the towing motion does not generate vibrations neither to the model nor to the flow. Its evolution, in terms of platform speed as a function of the axial coordinate , is shown in Fig. 3a. The acceleration phase covers from 0% to 5% of the course The towing length and acceleration phases dictate the temporal duration of the vortex wake experiment in the measurement plane located at approximately the mid-length of the tank. Specifically the abrupt start and stop of the wing generate vortex waves in the trailing vortices that disturb the experiment when these waves reach the measurement plane. These waves are known to travel at approximately the maximum tangential velocity in the vortices, an estimation of which yields / 0 0.175. With the half length of the tank being about 25 0 , the duration of the measurement is estimated to be about 140 normalized units. 

C. Aerodynamic force measurements

Aerodynamic forces ( , , ) and moments ( , , ) generated by the wing are measured using a 6-component force sensor mounted as detailed previously. The force signals are sampled at a rate of 5000 Hz. The recording is started after the towing acceleration phase and stopped at the end of the course (see Fig. 3). The moving averaged of the forces and moments generated by the wing are found to be constant during the constant velocity phase, indicating satisfactory stationary conditions in this phase. The standard deviation of the force measurements is on the order of 0.6% of the averaged value. There are several treatments applied to the force sensor data to obtain the lift and drag measurements, which are not detailed here. We only specify that the drag of the wing is obtained after having subtracted the drag due to the strut, which was measured in a preliminary step, when no wing is attached. Aerodynamic lift and drag coefficients are then computed as , = , 0.5 2 0 0 0

D. SPIV measurements

Stereo PIV measurements of the flow are realized in the measurement plane. A front view of the installation is given in Fig. 4a. The SPIV setting operates at a frequency of = 5 Hz. For the chosen towing velocity 0 = 2 / , the snapshot recording frequency corresponds to a normalized value of 0 / 0 = 1, that is the SPIV operates one measurement per normalized time unit. The sensor size of the cameras and field of view generates a field with a spatial resolution of 0.001 corresponding to 0.0025 0 . Since the vortex wake descends upon mutual induction, the combination of SPIV sampling rate and spatial resolution leads to a wake descent that is less than a grid point per measurement (see section III.A.1). Hence this downward motion is well captured.

The water tank is seeded with silver-coated hollow glass spheres (S-HGS) of diameter 10 and density = 1.4 / 3 ) which have shown to provide good measurement results in similar water tank experiments [START_REF] Brossard | Principles and applications of particle image velocimetry[END_REF]. These microscopic particles are made of borosilicate glass and have a thin silver coating to increase their light-reflecting proprieties. A top view of the measurement setup is provided in Fig. 4b. With one camera at each side of the plane, two consecutive images are acquired by both cameras in the SPIV plane with an inter-frame separation time of = 2.7 milliseconds. The images are captured by two L V CMOS cameras equipped with = 35 mm lenses and the laser sheet is generated by a 380 mJ N :YAG laser system. The ONERA FOLKI [START_REF] Champagnat | Fast and accurate PIV computation using highly parallel iterative correlation maximization[END_REF] software is used to reconstruct the velocity fields ì = ( , , ) , which uses a modified iterative wrapping scheme analog to the dense Lucas-Kanade algorithm [START_REF] Besnerais | Dense optical flow by iterative local window registration[END_REF]. The SPIV acquisition is automatically triggered when the wing passes a gate located upstream of the measurement plane. Note that the activation time trigger erroneously differs between runs, which leads to a time separation of |Δ | < 0 /2 between experiments. However, due to the small value, we consider that it has a negligible effect on the data and analysis.

E. Bounds of the SPIV window

The size and location of the SPIV measurement window are shown in Fig. 4a. The width of the SPIV window is 1.45 0 . It is related to the camera viewing angle, which is 37 . A top view of the measurement installation is given in Fig. 4b. The viewing angle is set by the incident angle of prisms installed between the cameras and the PMMA window. These water-filled prisms compensate for refraction angles on the optic path between the immersed particles and the cameras.

The window contains the entire wing wake and allows for the capture of its descent down to a height equal to 1.44 0 above the tank bottom surface. As the vortices reach this boundary, part of their velocity and vorticity fields exit the SPIV domain and put a halt to the analysis of the flow. An illustration of the flow dynamics observed in the SPIV window for the baseline case is shown in Fig. 5 using fields of the velocity magnitude defined as

= 2 + 2 + 2 (2)
We use a specific coordinate system centered about the wing -plane of symmetry. Fig. 5 shows the flow field at 4 successive time instants and indicates the typical velocity magnitude in the vortices, which is approximately 20% of the towing velocity. We observe a satisfactory symmetry of the flow between the left and right sides. The descent of the wake is also clearly visualized, with little variation of the vortices magnitude during the chosen duration. It must be noted that the optical arrangement of the SPIV measurements has resulted in a degradation of the velocity field data retrieved by the SPIV between the right and left sides of the flow. This is caused by the fact that the left vortex is farther away from the SPIV cameras which are located at the opposite side of the tank, as illustrated in Fig. 4b. As a consequence the optical path is more inclined for this part of the flow than for the other. This degradation can be quantified when comparing the spatial standard deviation of the velocity measurements between the two vortices. Let be the instantaneous measured tangential velocity field of one vortex. The extraction of is detailed in section III.A.2. ]. The operation is defined as

( ) = ( -) 2
where is every value in the population, the population mean, and the population size. The time evolution of the average of spatial standard deviation values < ( ) >= 1 ∫ 0 ( ) of both vortices is compared in Fig. 6. For the two vortices < ( ) > values are almost constant however the left side velocities have an additional dispersion of ±0.002 0 compared to the other side, and this is directly related to the camera viewing angle effect. Therefore, in the following, we chose to analyse the right side vortex only.

III. Results

A. Baseline wing configuration

This section describes the results obtained for the baseline configuration. The main characteristics of the vortex system are computed and analysed.

Identification of the vortex center

Two different approaches for the identification of the vortex center using the SPIV data are investigated and compared. First we consider the barycenter ì of the axial vorticity field ( , ). The integration for the barycenter is computed over a reduced region centered about the maximum of axial vorticity max(| ( ì )|), which is taken at the vertices of the SPIV mesh. The second method is based on the Γ1 criterion introduced by Graftieaux [22]. This criterion relies on the rotation rate of the in-plane velocity field ì ( , ) = (0, , ) around a given vertex of the SPIV mesh. With ì = ( , ) a grid point inside an area defined around the point -→ = ( , ), ì = ì ( , ) the velocity at point , and the angle between ì and ì = --→ --→ , the criterion writes:

= cos -1 ì . ì || ì ||.|| ì || (3) 
Γ 1 ( -→ ) = 1 sin( ) (4) 
and the vortex centroid corresponds to the location of the maximum of Γ 1 , that is

Γ 1 ( --→ Γ1 ) = max(|Γ 1 ( ì )|) (5) 
Since Γ1 is not Galilean invariant, the descent velocity of the vortex pair is subtracted before computing eq. 3. Further details on this method can be found in Graftieaux et. al [START_REF] Graftieaux | Combining PIV, POD and vortex identification algorithms for the study of unsteady turbulent swirling flows[END_REF]. The calculation of the descent velocity is detailed in section III.A.2.

The trajectories of the two wake vortices are shown in Fig. 7 for the component (Fig. 7.a) and component (Fig. 7.b) using the two calculation approaches -→ and --→ Γ1 . For clarity, data points on the figure have been decimated by 4 compared to the available data. The vortex trajectories show a rectilinear descent along at a constant speed after a very short transient phase at the initial time. A slight asymmetry in descending speed is noted between the pair with the right side vortex descending at a faster rate (see Fig. 7a). In the horizontal direction , the vortex separation shows an initial reduction, approximately up to = 20 and a quasi constant separation later down. The wake also seems to experience a slight drift to the side. There is eventually a good agreement between the two vortex center detection methods. An interesting observation is that the vortex trajectory remains straight even at the bottom of the SPIV domain. This indicates that there is no significant effect of the image vortices about the ground. In the case of an interaction with the ground, one could expect vortices outward motion [START_REF] Doligalski | Vortex Interactions With Walls[END_REF].

Vortex velocity field

The SPIV measurements of the streamwise, spanwise and vertical velocities, , , are provided in Fig. 8a, Fig. 8b and Fig. 8c, respectively. The fields are zoomed-in to , ∈ [-0.2 0 , 0.2 0 ] and centered about the vortex center for clarity. A significant streamwise velocity is observed in the core of the vortices, as shown in Fig. 8a. We note that there is a mismatch between the vortex centroid --→ Γ1 and the position of the peak of streamwise velocity maximum. In Fig. 8a, the position the peak of max(U) is at an offset of 0.003 0 in the span-wise direction and 0.016 0 in the vertical direction with respect to --→ Γ1 . The total shift of ≈ 0.017 0 is of the same order of magnitude as the vortex core size (see section III.A.5). The vertical velocity plotted Fig. 8c is corrected of the uniform vertical velocity field that corresponds to the wake descent. The latter is calculated from the centroid displacement data shown in Fig. III.A.2a.

In the following the velocity field of the vortex is more closely investigated and recast into a cylindrical coordinate system about the vortex center obtained by the Γ 1 criterion. We hence define the axial velocity = , the tangential velocity and radial velocity . and are calculated as:

= -sin( ) + cos( ) (6) 
= cos( ) + sin( )

The tangential and radial velocities, and are shown in Fig. 8d and in Fig. 8e, respectively. The data on the polar grid is interpolated from that on the original cartesian grid (given by the SPIV) using the Γ1 criterion for the instantaneous center. The domain is limited to the radial distance . Due to the symmetry of the flow; is set to 0.5 0 . The radial grid resolution is chosen so as to maintain approximately the same number of grid points in the core as the original SPIV grid, that is around 10. Then, a constant ratio between the radial and angular grid resolution = 1.74 is kept in order to maintain an even distribution of grid points in the vortex field [START_REF] Murphy | Intake Ground Vortex Aerodynamics[END_REF], [START_REF] Mclelland | Aerodynamics of vortex ingestion for aero-engines[END_REF]. The tangential velocity field , shown in Fig. 8d, is mostly axisymmetric about the vortex center. In Fig. 8e, the radial velocity field remains at negligible values in most of the vortex domain, as would be expected. The residual radial velocity field is thought to result from the unavoidable slight error made in detecting the vortex core. 

Averaged velocity profile

An overall procedure of velocity averaging is performed to allow a fine characterization of the vortex parameters like radius and circulation. With the velocities being now expressed in the polar coordinates, tangential averaging can be carried out. This is indeed useful to qualify the vortex profile as a function of the radial distance. Several other averaging are done and detailed in this section using the example of the component . The same procedure is realised for the 3 velocity components, , and . A snapshot of the velocity field ( , , ) is represented in Fig. 9a. The first step of the procedure is to calculate < > , a sliding time average velocity field using finite time windows = [ -2 ; + 2 ], following < ( , , ) > = 1

+ 2 = -2 ( , , ) (8) 
This operation is performed to filter the unsteadiness between successive instantaneous flow fields. The value of is expressed in non-dimensional time units and is defined with respect to the diffusion time scale of the vortex. Let be the value of expressed in physical units, the core size of the vortex and the kinematic viscosity of water. The computation of is detailed on section III.A.5. One can define the critical ratio between and the diffusion time scale 2 / , that is

= 2 (9) 
For large , the time window defined by is too large for a correct averaging, since the vortex diffusion has time to occur. On the contrary when is small enough, the viscous diffusion of the vortex is negligible compared to the duration of the time window used in equation 8. Hence the sliding averaging is chosen with =5 , which corresponds to 10 -3 . In what follows, we use the notation < > to refer to the sliding time average operation with = 5. < > is visible in Fig. 9b and the the standard deviation resulting from this mean is visible in Fig. 9c. From each sliding time-average velocity field, an azimuthal average in the -wise direction is further performed to produce a < ( , ) > , vortex velocity profile :

< ( , ) > , = 1 =1 < ( , , ) > (10) 
where is the angular resolution of < > and ∈ [0;

]. Thereafter we use the notation < > , to refer to this azimuthal averaging.

The resulting data is finally averaged over the different realisations which were repeated, yielding In the current data set, due to temporal constraints in the test campaign, we could only repeat the tests once, giving = 2. The average velocity profiles , and are shown in Fig. 10 for = 24 with the dispersion of the results that stems from the = 2 realisations. This dispersion on the tangential profile is weak. For the radial and axial profiles, the dispersion between the two realisations is larger. One can observe that the average velocity and effectively drop to 0 at = 0, which confirms the good precision on the detection of the centroid. The average allows to calculate 0 = max( )/max( ) the axial flow parameter as defined by Roy [START_REF] Roy | Experiments on the elliptic instability in vortex pairs with axial core flow[END_REF]. For = 24 we find 0 = 0.36, a value which is consistent with experiments found in the literature [START_REF] Roy | Experiments on the elliptic instability in vortex pairs with axial core flow[END_REF] and indicates stability with regard to small perturbations. The question of the fit of the vortex profile against analytical model is of interest for the full description of the flow and the applicability of fundamental results known generally for these models. Hence numerical fits are performed here considering two among the most verified models, namely the Lamb-Oseen [START_REF] Lamb | Hydrodynamics[END_REF][27] and the Moore & Saffman models [START_REF] Moore | Axial flow in laminar trailing vortices[END_REF]. We introduce and the related vortex tangential velocity profiles. We find that the Lamb-Oseen model fails to accurately fit the experimental data. The velocity in the inner region of the vortex ( / 0 < 0.1 in Fig. 10) is overestimated by . The width of the inner region is also overestimated by the profile, indicating a larger vortex than reality. In this region, the angular velocity is underestimated by , meaning that for a vortex of same total circulation, the Lamb-Oseen model predicts a higher value of peak angular velocity in the core. The Moore & Saffman model fits the experimental data with more accuracy than the Lamb-Oseen model. The inner region of the angular velocity profile is correctly predicted. Discrepancies are found beyond / 0 > 0.1 of maximum values 15%. We attribute the better fit by the Moore & Saffman model to the fact that it models a non vanishing vorticity distribution at large , contrarily to the Lamb-Oseen model. This outside vorticity seemingly results from the rolling up vorticity present outside the vortex core.

( , ) = 1 =1 (< ( , ) > , ) (11) 

Spatial standard deviation of and vortex roll-up

In this section, we investigate the axisymmetry of the vortex and we analyse the deviation from it as the mark of the rolling up of the vortex sheet shed at the wing trailing edge. The initial vortex sheet is expected to progressively evolve toward axisymmetric vortices [START_REF] Rossow | Extended-Betz methods for roll-up of vortex sheets[END_REF]. The distance of the rolling-up phase is important from the modeling point of view as vortex models, as done previously, are commonly applied to represent the wake.

The standard deviation of the tangential velocity field (< > ) is a useful quantity to evaluate the vortex axisymmetry and is given by

(< ( , ) > ) = =1 (< ( , , ) > -) 2 1/2 (12)
where is the azimuthal mean value of < ( , , ) > . The profiles of (< > ) at different downstream locations are plotted in Fig. 11a . The typical value for the vortex core size is represented with a blue line and the computation of ( ) is detailed in section III.A.5. For all downstream locations, the maximum values of spatial dispersion of velocity measurements are reached close to the vortex centroid ( / 0 → 0). This is due to the limited precision on the detection of the vortex center in the SPIV measured field. As noted by Baker [START_REF] Baker | Laser anemometer measurements of trailing vortices in water[END_REF], small movements of the vortex core produce large velocity fluctuations since in this zone the velocity gradients are high. A significant decrease in (< > ) with downstream evolution is observed from ≈ until ≈ 0.25 0 = . In this region between and , the maximum dispersion of velocity measurements is observed at the very beginning of the vortex formation ( = 3) .In the early stage of the dynamics ( < 10), the value of the maximum dispersion quickly decreases with time: it is divided by a factor of ≈ 1.75 when doubling the time ( = 6) and by a factor of ≈ 2.3 at = 9. For > 10, the decrease of the maximum dispersion value is slower: the reduction factor between T=3 and T=12 is ≈ 2.6 and is ≈ 3.5 between T=3 and T=50. The downstream decrease of (< > ) indicates that the rolling-up process takes place, leading to more axisymmetry in the vortex region. In the region between and the mid-plane = 0.5 0 , (< > ) is seen to grow with for all the times. The evolution of Γ( , ) as a function of the radial distance is plotted in Fig. 12b for = 33. The vortex total circulation Γ 0 ( ) is obtained from averaging Γ( , ) in the region outside the vortex core [START_REF] Hallock | Decay characteristics of wake vortices from jet transport aircraft[END_REF] that is from = to the mid-plane = 0 /2

Γ 0 ( ) = 1 0 /2 - ∫ 0 /2 Γ( , ) (18) 
This metholodogy to evaluate Γ 0 ( ) allows to cope with situations when no clear asymptotic value is found in the Γ( , ) evolution as a function or , as it is often the case in the present dataset (although in Fig. 12b the asymptotic value is well defined).

In most of the measurements, as the one shown in Fig. 12b, we observe an overshoot circulation. Such an overshoot has been analyzed by Govindaraju & Saffman [START_REF] Govindaraju | Flow in a turbulent trailing vortex[END_REF] and reported in numerical simulations by [START_REF] Ragab | Numerical simulation of vortices with axial velocity deficits[END_REF], [START_REF] Qin | Numerical simulations of a turbulent axial vortex[END_REF] and [START_REF] Pantano | Differential rotation effects on a turbulent batchelor vortex[END_REF] with approximately the same intensity. The mechanisms is attributed to competition between turbulent and viscous diffusion in the vortex core. This is an interesting feature of the present flow that would need to be further investigated in the future. The second property of interest is the vortex radius. We introduce first the vortex core size ( ) as

( = , ) = max( ( , )). (19) 
which is computed using a cubic interpolation scheme on the discrete grid of the SPIV set. The dispersion radius is further used. It is defined as:

2 = 1 Γ 0 ∫ Ω 2 ( ) Ω (20) 
To estimate the order of magnitude of for the baseline configuration, the fit profile is used in eq. 20. The evolution of , and the estimated dispersion radius is plotted as a function of time in Fig. 13a and provided for = 40 in Fig. 13b . It is found that the estimated dispersion radius is larger than the core size by a factor of ≈ 3.3.

is larger than by a factor of ≈ 4.4. The hierarchy of these different evaluations of the vortex radius is conserved during the entire evolution of the flow (see Fig. 13a).

B. Effect of trailing edge undulation

The evaluation of the vortex characteristics as a function of the undulation amplitude is now carried out. Measurements of the aerodynamic coefficients generated by the wing during the constant towing velocity phase are first provided in table 1. The wing models feature the same planform area so they were expected to exhibit the same lift and drag coefficients in spite of the trailing edge undulation. As expected, no effect of the trailing edge undulation is observed on the aerodynamic coefficients. The uncertainty on the lift and drag coefficients is on the order of 10 14b shows the time evolution of the ratio of circulation Γ 0 ( , )/Γ 0 ( , 0.0) for each value of .It is found that the trailing edge undulation does not affect the vortex circulation. Furthermore, the circulation is almost constant in time as expected by the conservation of circulation (not shown in the figure). Fig. 14c shows the effect of on the core size ( ). We observe an increase of ( ) with the undulation amplitude. The magnitude of increase of ( ) is comparable between = 0.01 0 and = 0.05 0 . For = 0.1 0 a magnitude of increase in ( ) between 20% and 30% is observed. A comparison of the temporal evolution of the maximum tangential velocity, max( ), as a function is made in Fig. 15a. It is found that the maximum velocity decreases with . Overall the increase in core size (observed in Fig. 14c) and decrease in maximum tangential velocity (visible in Fig. 15a) from 0 to 60 wing spans downstream suggests an increased diffusion of the vortex with the undulations of the trailing edge. The velocity profile ( ) at = 50 is plotted for all values of in Fig. 15b. The decrease of max( ) is observed while increases. In addition it can be seen that the asymptotic velocity profile at large radius is little changed by , which is coherent with the absence of change of the circulation.

This diffusion appears to consist in non-linear effects, since the magnitude of the increase in core size does not evolve proportionally to . In experiments with synthetic jet actuation, Dghim et. al [START_REF] Dghim | Mid-wake wing tip vortex dynamics with active flow control[END_REF] attributed a similar diffusive effect as the result of the presence of additional turbulent structures in the vortex core, which act to effectively enhance disorder and mixing of fluid layers in this region. 

IV. Conclusion

An experimental study of the impact of an undulated trailing edge on the vortex wake shed by a rectangular NACA 0012 wing model is described, for a chord based Reynolds number = 10 5 and circulation based Reynolds number Γ = 5 × 10 4 . These experiments are performed in a towing tank facility. The wing undulation are designed following recent theoretical and numerical works, as a mean to provoke linear destabilizing mechanisms in the near wake, to hasten vortex decay. The vortex wake is investigated through stereoscopic particle image velocimetry. Specific data treatments are developed to characterize the vortex flow.

The Γ1 criterion is first used to identify the vortex centroids from the SPIV velocity fields. Vortex roll-up is identified by evaluating the non axisymmetry of the vortex flow as a function of the longitudinal distance behind the wing. Using a specifically designed criterion, a roll-up phase of ≈ 12 wingspans is found. After this distance the radial velocity profile ( , ) is calculated from the vortex velocity fields by following a series of averaging steps. Eventually comparisons with the Lamb-Oseen and Moore and Saffman analytical models are performed. The best agreement is found with the Moore and Saffmann model.

The effect of the undulation amplitude shows original results on the vortex properties. While the lift and circulation are unchanged by the undulation, we observe an increase of the core radius and a decrease of the maximum tangential velocity. We interpret this as an increased diffusive effect of the inner region of the vortices due to additional turbulent structures associated with the undulation. This effect is local and does not change the overall circulation. Although the circulation is not affected, these results remain interesting as they imply the possibility to modify the vortex structure by acting simply on the wing design, in a passive manner.

The methodology developed in this work will be employed in future experiments at the same facility to further explore the vortex wake. In particular the effect of the lift spanwise distribution will be investigated, considering cruise and high-lift wing configurations. Moreover the experimental set-up will be modified to investigate ground effect.

  span [m] = amplitude of trailing edge oscillation = wavelength of trailing edge undulation [m] , , = respectively streamwise, spanwise and vertical directions [m] , , = respectively streamwise, spanwise and vertical velocities [m/s] , , = respectively axial, radial and angular directions [m] , = respectively radial and angular resolution of an interpolated grid , , = respectively axial, radial and angular velocity [m/s] = axial vorticity [s -1 ] = platform velocity [m/s] 0 = constant velocity during towing [m/s] = elapsed time from the crossing of the SPIV plane by the wing [s] = non-dimensioanl time = * 0 / 0 = estimated duration of the roll-up phase , , = respectively aerodynamic lift, drag and side forces [N] , , = respectively aerodynamic rolling, pitching and yawing moments[N.m] radius [m] = vortex dispersion radius [m] = radius where axial vorticity is contained as ( = ) = * max( ( )) [m] = vorticity criterion Γ = vortex circulation [m 2 /s] Γ 0 = vortex total circulation [m 2 /s] = chord based Reynolds number : 0 * Γ = vortex Reynolds number : Γ 0 = length of the time window on a time average operation = critical value of the ratio 2 < > , < > = respectively time and azimuthal average operator on the population = average operator between different realisations of an experiment for the population ( ) = standard deviation operator on the population ( ) = instantaneous average of the standard deviation on the population

Fig. 2

 2 Fig. 2 Towing tank installation equipped with SPIV measurements : a) Installation overview b) Towing tank and c) Wing model during towing.

Fig. 3

 3 Fig. 3 Characteristics of the towing motion: a) towing velocity 0 as a function of the longitudinal position in the canal and b) longitudinal position as a function of time and non-dimensional time .

Fig. 4 SPIV

 4 Fig. 4 SPIV measurement installation : a) Tow tank cross-section at the location of the SPIV plane b) SPIV installation top-view.

Fig. 5

 5 Fig. 5 Non-dimensional velocity magnitude / 0 on the wake of the baseline wing configuration. Elapsed non-dimensional time , corresponding to different downstream locations are represented.

Fig. 6

 6 Fig. 6 Evolution of spatial standard deviation of velocity measurements < ( ) > / 0 as a function of elapsed non-dimensional time for the right and left side vortices for the wake of the baseline wing configuration.

Fig. 7

 7 Fig. 7 Vortex trajectories using the Γ1 and the criteria for the reference wing ( = 0.0).

Fig. 8 a

 8 Fig. 8 a) / 0 field b) / 0 field c) / 0 field d) / 0 field e) / 0 field for the reference wing ( = 0.0), 24 wingspans downstream in the wake. The reference frame is centered on the --→ Γ1 criterion (black cross).

Fig. 9 a

 9 Fig. 9 a) Instantaneous velocity field ( , , )/ 0 , b) time-averaged ( = 5) velocity field < ( , , ) > / 0 and c) standard deviation on the time window ( ( , , ))/ 0 for the right vortex trailing behind the reference wing = 0.0, = 24.

Fig. 10

 10 Fig. 10 Average vortex velocity profile , and for the case = 0.0 and = 24. Dispersion between runs is represented by error bars.

Fig. 11

 11 Fig. 11 Evolution of the standard deviation of velocity measurements for the right vortex trailing behind the baseline wing configuration ( = 0.0). a) (< > )/ 0 profiles at different non-dimensional times and b) averaged standard deviation ( ) as a function of time .

Fig. 13

 13 Fig. 13 Core size ( ), dispersion radius obtained through a numerical fit ( ) and radial distance in which the vorticity is contained for a vortex trailing behind the baseline configuration : a) time-evolution and b) illustration on a 2D vortex field at = 40.

Fig. 14

 14 Fig. 14 shows the different vortex characteristics as a function of time for each trailing edge undulation amplitudes, . Error bars are used in the figures to indicate the standard deviation upon the different realisations of the same experiment. The evolution of standard deviation ( ) is first plotted in Fig. 14a. The data has been decimated by 3 to ensure the clarity of the figure. The duration of the roll-up phase where ( ) drastically decreases is not affected by the trailing edge undulation. Fig.14bshows the time evolution of the ratio of circulation Γ 0 ( , )/Γ 0 ( , 0.0) for each value of .It is found that the trailing edge undulation does not affect the vortex circulation. Furthermore, the circulation is almost constant in time as expected by the conservation of circulation (not shown in the figure). Fig.14cshows the effect of on the core size ( ). We observe an increase of ( ) with the undulation amplitude. The magnitude of increase of ( ) is comparable between = 0.01 0 and = 0.05 0 . For = 0.1 0 a magnitude of increase in ( ) between 20% and 30% is observed.

Fig. 14

 14 Fig. 14 Effect of trailing edge undulation on the averaged downstream evolution of vortex characteristics for wings of different trailing edge undulation amplitudes a) Averaged spatial dispersion b) Vortex circulation c) Core size.

Fig. 15

 15 Fig. 15 Effect of trailing edge undulation on a) the maximum angular velocity max( ) and b) the angular velocity profile ( , = 50) for the right vortex trailing behind wings of different trailing edge undulation amplitudes .

  

  

Table 1 Aerodynamic coefficients for wings of different trailing edge undulation amplitudes ( ).
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In the following, the analysis of (< > ) is restricted to the region defined by ∈ [ ( ), ] where = 0.25 0 . We introduce ( ) the instantaneous average value of (< > )/ 0 over ∈ [ ( ), ].

( ,

The evolution of ( ) as a function of time is shown in Fig. 11b to evaluate the duration of the rolling-up phase, here denoted by . Once the rolling-up phase is accomplished, that is for > , the vortex wake can be considered close to axisymmetry and hence represented as a pair of counter-rotating vortices (eg. the Betz method [START_REF] Betz | Verhalten von Wirbelsystemen[END_REF], [START_REF] Rossow | Extended-Betz methods for roll-up of vortex sheets[END_REF]). Fig. 11b shows a significant decrease of ( ) up to ≈ 12, and a weaker evolution afterwards. This suggests that a good estimate for the roll-up time in this experiment is = 12.

Averaged vortex characterization

To proceed further with the characterization of the vortex requires the radial vorticity profile ( , ). It is first deduced from the tangential averaging of ( , , ) which is obtained from the ( , , ) and ( , , ) measurements following

The average procedure (equations 8, 10 and 11 described in III.A.3) is applied. Note that the radial contribution becomes null under equation 10. The average profile is obtained from

The evolution of ( , ) as a function of is plotted in Fig. 12a for a representative time, = 33 . It shows that the vortex is a compact structure with ( , ) concentrated in the region of small . The approximate size of which can be taken as the radius defined by

where = 1% is a value corresponding to the resolution on provided by the SPIV data. This means that all the vorticity is contained in the region ≤ and that beyond > measurements are in the order of magnitude of the noise. The circulation of the vortex is obtained by considering the tangential velocity field following

V. Acknowledgments

The authors would like to thank Kevin Azim for his participation in the production of the set of data of these experiments and Yves LeSant for its help regarding SPIV post-processing software.