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Introduction

In the field of active flow control, plasma-based actuators are widely used to achieve flow manipulation and enhance aerodynamic performances over a large range of applications (e.g., aerospace, wind energy, aeronautics, turbomachinery). However, these kinds of actuators are not yet mature for industrial applications as reported in [START_REF] Kriegseis | Towards in-flight appli-1097 cations? a review on dielectric barrier discharge-based boundary-1098 layer control[END_REF]. Nevertheless, surface plasma actuators based on a Dielectric Barrier Discharge (DBD) are frequently studied because of their easy implementation, short time-response and versatility. In the domain of flow control over airfoils, many studies have analysed the aerodynamic effects of this actuation which can be used to successfully achieve boundary layer separation control [START_REF] Post | Separation control on high angle of attack 1145 airfoil using plasma actuators[END_REF]), circulation control by acting near a rounded trailing-edge [START_REF] Zhang | Airfoil flow control using plasma actuation and coanda effect[END_REF], [START_REF] Meijerink | Plasma actuators for ac-1116 tive flow control on wind turbine blades[END_REF], [START_REF] Pereira | Effect of external flow veloc-1136 ity on momentum transfer of dielectric barrier discharge plasma 1137 actuators[END_REF] and [START_REF] Baleriola | Cir-1000 culation control on a rounded trailing-edge wind turbine airfoil 1001 using plasma actuators[END_REF] or by the implementation of Gurney flaps with plasma induced jets (Feng et al. (2015)), and boundary layer transition control [START_REF] Schuele | Control of stationary cross-1164 flow modes in a mach 3.5 boundary layer using patterned passive 1165 and active roughness[END_REF], [START_REF] Lovig | Passive laminar flow con-1104 trol at low turbulence levels[END_REF] and [START_REF] Yadala | Experimental control of swept-wing 1192 transition through base-flow modification by plasma actuators[END_REF]) among others.

As in all flow control studies, the analysis in quiescent air conditions of the flow induced by DBD actuators needs model designed with a specific rounded trailing-edge (TE) as reported in [START_REF] Baleriola | Cir-1000 culation control on a rounded trailing-edge wind turbine airfoil 1001 using plasma actuators[END_REF]. Due to the dimensions of the model designed for wind-tunnel tests, the curvature radius of the rounded trailing-edge is of an order of magnitude equal to a few millimeters. More conventional circulation control strategies are traditionally implemented by means of concepts including shape change, TE flaps or air blowing and often rely on the Coanda effect that keeps a tangential jet attached over a curved surface.

Whereas blowing techniques usually show high momentum coefficients (Joslin and Jones ( 2006)), it is not possible to achieve similar performances so far with DBD actuators due to their inherent limitation to produce a high level of momentum, in spite of the promising outcomes of the numerical approach proposed by [START_REF] Zhang | Numerical simulation on plasma circulation control airfoil[END_REF]. According to Joslin and Jones (2006) and demonstrated by [START_REF] Pereira | Effect of external flow veloc-1136 ity on momentum transfer of dielectric barrier discharge plasma 1137 actuators[END_REF] and [START_REF] Baleriola | Cir-1000 culation control on a rounded trailing-edge wind turbine airfoil 1001 using plasma actuators[END_REF], lift increase achieved thanks to circulation control is mainly due to a mechanism of boundary layer separation manipulation around the trailing-edge which modifies the mixing of the near wake without totally suppressing it. Nevertheless, by considering specific arrangements of electrodes, it is possible to produce a tangential jet over a curved wall with a small radius of curvature that will stay more or less attached to the surface. Several DBD actuators were used for the intended flow control application. Their induced flows were characterised in quiescent air conditions and constitute the working basis of this study.

Generally, DBD induced jets are compared to fluidic wall jets even if some differences remain between them.

In the case of a DBD induced jet, the electrically charged particles close to the wall are accelerated from the active electrode and along the grounded one, following the electrical field. This particle motion entrains the ambient air in the same direction along the wall, creating an induced jet. There is no nozzle or jet exit and the flow accelerates continuously until roughly the end of the last grounded electrode. The velocity magnitude induced by a single DBD is weak (max. ≈ 8 m/s as in [START_REF] Moreau | Airflow control by non-thermal plasma actuators[END_REF]) compared to most fluidic jets. In the case of a DBD induced jet, there is no mass addition by the actuator but only mass entrainment and momentum transfer.

The present study focuses on the experimental characterisation by PIV (Particle Image Velocimetry) of the plasma induced jets evolving along a specific airfoil with a rounded trailing-edge as a function of the electrode arrangement and without an external flow. In order to highlight the effects of possible centrifugal forces on curved induced jets, a DBD induced jet in a flat configuration equivalent to the curved ones was also studied. Induced jets main features were analysed by using dimensional and normalised variables commonly used for fluidic wall jets.

This approach made it possible to assess the transition of such plasma induced jets from a laminar to a turbulent regime and to evaluate the evolution of DBD induced flows in terms of self-similarity of the mean flow and of its turbulent components as well as in terms of rate of spread and maximum velocity decay evolution. Furthermore, this 109 analysis enabled us to determine whether or not plasma in- (Reynolds number between 100 and 600) and found that Kelvin-Helmholtz instability of the free shear layer plays an important role in the WJ transition. [START_REF] Schneider | Laser doppler measurement of 1161 turbulence parameters in a two dimensional plane wall jet[END_REF] carried out a detailed analysis on the turbulent WJ evolution with three different measurement techniques (pressure probe, Laser Doppler Anemometry and Hot Wire Anemometry). [START_REF] Bradshaw | Turbulent Wall Jets with and without 1028 an External Stream[END_REF] carried out experiments on a WJ developing over a circular cylinder. The growth of the curved WJ thickness proved to be linear and equal to 1.5 times that of the plane WJ. According to the authors, this thickness increase may be caused by a negative radial gradient of angular momentum that causes a centrifugal instability on the turbulent flow. The authors defined an angle θ * from the nozzle to the azimuthal position of the velocity profile. In their experiment, the curved WJ remained attached to the wall until an angle θ * of 150 • . An in-depth study on the plane WJ was carried out by [START_REF] Wygnanski | On the applicability of var-1187 ious scaling laws to the turbulent wall jet[END_REF] and pursued by [START_REF] Neuendorf | On a turbulent wall jet flowing over 1133 a circular cylinder[END_REF] who also examined the WJ development around a circular cylinder. The rate of spread and the velocity decay of the curved WJ appeared to be greater than those of the plane WJ, as were the levels of turbulence and Reynolds stresses.

Wall jets induced by DBD actuators

Wall jets induced by DBD actuators (DBD-WJs) have been studied only on plane configurations. Table 1 shows a summary of DBD-WJ characteristics found in the literature. Only publications showing velocity profile investigations relevant to this study are cited. The table specifies the type of actuator, the method used for the measurement of the velocity profiles, the maximum jet velocity U j and its corresponding thickness (maximum velocity halfwidth) b and jet Reynolds number Re j . A precise definition of these variables is given below in section 3.1. For thick dielectrics (thicker than 2 mm) the jet velocities are between 3 and 5 m/s and jet thicknesses between 2 mm and 5 mm at the end of the last grounded electrode (beginning of jet diffusion). This leads to Reynolds numbers from 400 to 900 suggesting that the plane DBD induced jets found in the literature are laminar or in a transitional regime. DBD-WJs seem to be similar to laminar WJs as pointed out by [START_REF] Roth | Flow field measurements of paraelectric, peristaltic, and combined 1155 plasma actuators based on the one atmosphere uniform glow dis-1156 charge plasma[END_REF] and Jukes et al. (2006). As for fluidic WJs, jet velocity decay seems to evolve as x -1 2 and jet thickness as x As mentioned in [START_REF] Prasad | Particle Image Velocimetry[END_REF], PIV errors can be decomposed in: (1) random errors, (2) bias errors, (3) gradient errors, (4) tracking errors and (5) acceleration errors. With the exception of random and bias errors, these errors are not deterministic and it is therefore difficult to give a quantitative estimation of the overall systematic errors on the measured velocity fields. However, experiments were carried out carefully in order to minimise these errors. Wall reflections were reduced with the use of non-reflective coatings and the ensemble average of minimum intensity was subtracted from the raw images during the pre-processing as mentioned in Kotsonis (2015). Also, particle diameter was equal to about 2 px as suggested in [START_REF] Prasad | Particle Image Velocimetry[END_REF]. The frame time interval was chosen such as particles are displaced of 1 4 of the final interrogation window as mentioned in Keane and Adrian (1990). Furthermore, during the post-processing, two passes were used with decreasing interrogation areas and a 50% overlap as also advised in [START_REF] Prasad | Particle Image Velocimetry[END_REF]. Vectors were accepted if the ratio between the 1st and the 2nd correlation peaks was above 1.2 and a median filter was applied to the resulting 351 velocity field.
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To quantify random errors, statistical uncertainty of the 353 mean velocity can be computed using the central limit 

359

The statistical error u r is defined as:

360 u r = 1 √ N s z α 2 U RM S U (1)
where N s is the number of samples, z α 2 is equal to 1.96 for 

Plane and curved wall jet variables

To analyse the wall jet development over a plane surface some quantities are usually defined as shown in figure 5. A new coordinate system related to the WJ and different from the one presented in the section above is defined here. It is defined in such a way that the abscissa x is in where b is the nozzle width and ν is the kinematic viscosity of the flow. In the case of a plane DBD-WJ (see figure 6), as there is no physical nozzle, the origin of the x coordinate (x = 0) is set at the beginning of the first active electrode and the abscissa of the virtual origin x 0 , corresponding to the maximum jet velocity, is also defined as

U max (x 0 ) = U j .
The virtual slot width b is defined as the jet thickness at the virtual origin b = z 1 2 (x 0 ). Assuming that the surface discharge has a negligible effect on the gas properties as mentioned in [START_REF] Moreau | Airflow control by non-thermal plasma actuators[END_REF], the kinematic viscosity of the induced jet is assumed to be equal to the kinematic viscosity of air. Then, the jet Reynolds number

Re j can be defined by analogy with the fluidic WJ defined above. 

ν 2 J R Velocity scale U j J ν J R Jet Re Re j = bUj ν - Re N = √ JR ν = 1 2 U 2 j b * R ν 2 Local Re Re x = Umax(x)z 1 2 (x) ν - Re N (x * ) = √ J(x * )R ν
Table 2: Summary of the three employed scalings

WJs (scaling 3) involving the radius of curvature R as the length scale and J R as the velocity scale. For both scalings 2 and 3 the kinematic momentum flux J(x) (or J(x * ))

is defined as:

J(x) = ∞ z=0 U 2 (x, z)dz = z 1 2 (x)U 2 max (x) ∞ z z 1 2 =0 U (x, z) U max (x) 2 d z z 1 2 K(x)≈constant = z 1 2 (x)U 2 max (x)K(x) (2) 
which gives at the nozzle or virtual origin x 0 (or x * 0 ):

J 0 = J(x 0 ) (3) = z 1 2 (x 0 )U 2 max (x 0 ) ∞ z z 1 2 =0 U (x 0 , z) U max (x 0 ) 2 d z z 1 2 K(x0)=K0 (4) = bU 2 j K 0 (5) 
It should be noted that J 0 is a constant for a given in- 2.9 2.9 -600 - et al., 2008b), [START_REF] Murphy | Scaling of maximum veloc-1126 ity, body force, and power consumption of dielectric barrier dis-1127 charge plasma actuators via particle image velocimetry[END_REF] and [START_REF] Maden | Experimental and computational study of 1108 the flow induced by a plasma actuator[END_REF] studied the evolution of plane DBD induced jets and also found velocity profiles in between laminar and turbulent ones. The velocity gradient in the inner part seems closer to the laminar WJ, but the outer part tends to follow the turbulent velocity distribution. In the case of the curved DBD configuration (figure 12b), the profiles of the higher abscissas x * (lighter colors) fit well the turbulent profile obtained by [START_REF] Schneider | Laser doppler measurement of 1161 turbulence parameters in a two dimensional plane wall jet[END_REF] but the first velocity profiles beyond the virtual origin (darker colors) do not really fit either laminar or turbu- , z * max and Umax) turbulence intensity profiles is not obtained with this scaling and will not be obtained because of the noticeable decline in the turbulent components. This result was indeed expected because self-similarity of the mean flow is not completely obtained. However, the analysed velocity profiles are very close to the virtual origin (5 virtual slot widths for the curved DBD-WJ and 20 for the plane DBD-WJ) and these distances are not enough to properly characterise a WJ. [START_REF] Wygnanski | On the applicability of var-1187 ious scaling laws to the turbulent wall jet[END_REF] found selfsimilarity for the mean velocity profiles of their fluidic WJ but did not find it for the turbulent fluctuations with scaling 1. The authors conducted the experiments up to 120 slot widths downstream of the nozzle and admitted that this distance was not sufficient to attain self-similarity in their range of Reynolds numbers. Wilson and Goldstein (1976) in their study on the WJ around a cylinder did not find self-preservation of the turbulent quantities either, even though the mean flow appeared to be quasi-similar.

V AC [kV] b or b * [mm] U j [m s -1 ] β [ • ]

Transition to turbulence

The transition to turbulence of the induced jets is examined below regarding the DBD set-up and the possible flow instabilities. This evolution is in reasonable agreement with the results obtained by [START_REF] Bradshaw | Turbulent Wall Jets with and without 1028 an External Stream[END_REF] who found that the spread of a fluidic WJ over a cylinder is 1.5 times higher than over a flat plate.

Local maximum velocity U max (x * ) in the streamwise direction x * is plotted in figure 17a. By definition, the velocity decay appears for all the actuators just beyond the virtual origin x * 0 . The maximum velocity is of the same order of magnitude for the three actuators plotted but the velocity decay is slower for the plane DBD-WJ. For this jet, the multi-DBD actuation is clearly visible as the veloc-ity increases in two stages: a first stage up to 1.8 m/s and 5. After the virtual origin x * 0 , the evolution of

U j U max 2 = A u x * -x * 0 b * (6) z * 1 2 b * = A z x * -x * 0 b * ( 
U j U max 2
is linear for both curved and plane DBD-WJs confirming the theoretical x -1 2 evolution of the velocity decay. In the same way, the rate of spread of DBD induced jets behaves as a classical fluidic WJ and evolves linearly in the diffusion zone. DBD curved WJs exhibit a much higher velocity decay than the plane DBD and a higher rate of spread as well. The effect of the jet Reynolds number is significant in the present study. The higher the Re j , the higher the slopes A u and A z . For instance, the slopes of , whereas the streamwise direction evolves as

(x * -x * 0 )J(x * ) ν 2
. Figures 19a and19b show the 
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  duced jets show similar properties as canonical fluidic wall 111 jets but also to determine which are the most relevant vari-112 ables to describe the evolution of the jets along a curved 113 wall. The causes leading to the jet transition to turbulence 114 were also investigated. 115 First, a short review of previous investigations on fluidic 116 wall jets and on DBD induced jets is presented to intro-117 duce the comparison between these two flows. Then, the 118 mean topology of curved DBD flows is analysed for three 119 actuator positions around the airfoil trailing-edge. The 120 third part establishes the basis for the fourth section that 121 studies the streamwise evolution of the induced jets in the 122 jet-related coordinate system. 123 1.1. Fluidic wall jets 124 Förthmann (1936) studied the wall jet (WJ) for the first 125 time and theoretically compared it to the free open jet. 126 Assuming x as the WJ streaming direction, the author 127 proved that the jet maximum velocity decreases as x -1 2 128 and that the jet spread, defined as the maximum velocity 129 half-width, linearly evolves along the x-direction. In addi-130 tion, velocity profiles from different distances to the nozzle 131 proved to be coincident in one curve showing a similarity 132 law. 133 A wall jet can be divided into two distinct layers on both 134 sides of the velocity peak as introduced by Glauert (1956). 135 On the one hand, the inner layer is located between the 136 wall and the maximum velocity ordinate. Due to the in-137 fluence of the wall, Glauert (1956) predicted that this zone 138 would behave as a turbulent boundary layer, whereas the 139 outer layer would be similar to the shear layer of a free 140 jet. As the WJ develops, the inner layer becomes wider 141 and the maximum velocity decreases. However, jet veloc-142 ity decreases faster than spread increases. This implies 143 that the local Reynolds number of the jet, based on the 144 maximum jet velocity and its related velocity half-width, 145 slowly decreases with the jet development. 146 The wall jet development can also be described in the 147 streamwise direction and be characterised by three dis-148 tinct zones: the potential core, where the nozzle exhaust 149 velocity is preserved; a transitional region where the flow 150 shifts progressively from a laminar to a turbulent regime, 151 and a fully developed zone where the flow is completely 152 turbulent. One of the main difficulties is to determine 153 the critical jet Reynolds number Re jc corresponding to 154 the transitional regime. Kurtz and Crandall (1962) stud-155 ied theoretically the natural convection on a heated ver-156 tical plate on air and found a Re jc of 161. Chun and 157 Schwarz (1967) carried out a theoretical study on the sta-158 bility of an incompressible, viscous plane WJ subjected to 159 small disturbances and Re jc was determined to be about 160 57. An experimental stability investigation of a lami-161 nar two-dimensional plane WJ was carried out by Ba-162 jura and Szewczyk (1970). The authors concluded that 163 2 the critical value of Re jc lies between 500 and 2000. Bajura and Catalano (1971) studied a transitional plane WJ
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 412 Figure 1: Side view of the model

  Figure 2: Geometry and top-view of the electrodes

  employed is a laboratory-made supply 289 composed of a Crown amplifier (XS1200 series, 22 Hz -290 22 kHz, 2.3 kW) and of a single-phase transformer made by 291 Trabo (90 V -20 kV, 2 kW, 20 Hz -20 kHz). The maximum 292 voltage output is about 20 kV and 2 kW. The sinusoidal 293 function generator is a TTi (TGA1241, 40 MHz, 10 V). 294 The applied high voltage is measured with a high voltage 295 Tektronix probe (P6015A series, 75 MHz, 3 pF).

Figure 3 :

 3 Figure 3: Drawing of electrode position around the trailing-edge of the airfoil
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  [START_REF] Coleman | Experimentation, Validation, and 1038 Uncertainty Analysis for Engineers[END_REF]). This method was 355 recently used by Van Hooff et al. (2012) and Kaffel et al. 356 (2015) for the evaluation of the repeatability error of PIV 357 measurements on a plane WJ in a confined space and a 358 plane WJ subjected to an external lateral flow respectively.

361aFigure 4

 4 Figure4shows time-averaged velocity magnitude fields

  Figure 4: Time-averaged velocity fields for the three electrode positions in quiescent air conditions (V AC = 18 kV and f AC = 1 kHz)

  the longitudinal direction of the flow and the ordinate z in the normal direction. The origin of the x-coordinate is the exit of the nozzle and the z-coordinate origin is the surface of the wall. Each velocity profile along the x-coordinate has its local maximum velocity named U max (x) located at a distance z max (x) from the wall. The variable z 1 2 (x) is defined as the distance from the wall to the location at which the mean velocity decreases to one half of its local maximum value in the outer flow. The jet maximum velocity U j is the jet velocity slightly downstream of the exit of the nozzle, at the x 0 abscissa defined as U max (x 0 ) = U j . The Reynolds number of the jet is defined as Re j = Uj b ν

Figure 5 :Figure 6 :

 56 Figure 5: Scheme of a fluidic plane WJ over a plane surface and its specific variables

  duced jet whereas J(x) is a local variable that evolves with the WJ development. For scaling 3, the authors redefined the Reynolds number as Re N = the DBD induced jet characteristics for the actuators studied. The Reynolds numbers of the jets are shown according to the two definitions specified in table 2. In the case of Pos. A powered at 18 kV, the virtual origin x * 0 is located at an angle β with respect to the TE extremity equal to -10 • whereas for Pos. B and Pos. C it is located at 60 • and 70 • respectively. The position of the virtual origin is directly related to the WJ topology and therefore to the position of the electrodes around the TE: 518 the more the DBD-WJ attaches to the model curvature, 519 the greater the β angle. While the jet velocity magnitude 520 U j is equivalent between plane and curved DBD-WJs, the 521 jet thickness b (or b * ) remains smaller for the plane cases 522 leading to lower Reynolds numbers. The Reynolds number 523 Re j for curved DBD-WJs varies from 1100 to 1900 whereas 524 the one according to Neuendorf's definition Re N ranges 525 from 900 to 1200 and is more uniform for all the actuators 526 and voltages tested. This is due to the magnitude of the 527 length scales b and √ bR used in the Reynolds numbers Re j 528 and Re N . In our case b ≈ 7 mm and √ bR ≈ 6.6 mm which 529 leads to a Re N slightly smaller than Re j . This is not the 530 case in Neuendorf and Wygnanski (1999) where Re N is 531 almost five times higher than Re j because b ≈ 2.3 mm and 532 √ bR ≈ 15 mm. Whatever the Reynolds number definition 533 used, all the DBD induced jets are in a transitional regime 534 or not very far from it according to the critical Reynolds 535 number suggested by Murphy et al. (2013) which is Re jc ≈ 536 100 for DBD induced jets.

  this section is to characterise the curved 540 and plane induced jets in terms of velocity profiles and 541 self-similarity. Both plane and curved DBD-WJs are pow-542 ered at V AC = 18 kV but have distinct Reynolds numbers: 543 600 for the plane DBD and 1300 for the curved DBD in 544 Pos. C. The latter curved case behaves the closest to the 545 plane WJ of all the curved actuators studied, especially 546 in the diffusion zone. Velocity profiles normal to the wall 547 are computed in the jet-related coordinates (x * , z * ). The 548 equation of the lines perpendicular to the surface and their 549 angle with the horizontal direction are found. Then, the 550 coordinates of the velocity profiles are computed in the 551 curvilinear framework. Finally, the velocity values are lin-552 early interpolated along the profile coordinates. 553 The analysed velocity profiles located in the diffusion 554 zone of each actuator are shown in figures 8a and 8b for 555 the plane and curved DBD-WJ respectively. Markers and 556 line colors shown in the figures correspond to the ones 557 employed all along the section at each given abscissa: the 558 lighter the gray-scale color and the farther the profiles are 559 in the jet streamwise direction.
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 89 Figure 8: Location of the analysed velocity profiles and their respective markers

Figure 10 :Figure 11 : 2

 10112 Figure 10: Velocity U and centrifugal force fcent profiles at the virtual origin x 0 (or x * 0 ) for different actuators

Figure 13 :

 13 Figure 13: Normalised velocity profiles at different x * positions (scaling based on z * 1 2
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 1415 Figure 14: Turbulence intensities and Reynolds stresses at different x positions based on scaling 1 (plane DBD -diffusion zone)
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 2 Figure 16: Maximum velocity ordinate z * max and ordinate z * 1 2evolu-
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  Figure 17: Maximum velocity Umax and local Reynolds number Re x * evolution in the flow direction x * The evolution of the local Reynolds number Re x * with

Figure 18 :

 18 Figure 18: Maximum velocity decay and rate of spread in the flow direction based on scaling 1 (diffusion zone)

892Figure 19 :

 19 Figure 19: Maximum velocity decay and rate of spread in the flow direction based on scaling 2 (diffusion zone)

Figure 20 :

 20 Figure 20: Maximum velocity decay and rate of spread in the flow direction based on scaling 3 (diffusion zone)
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Table 1 :

 1 Overview table of plane DBD-WJ characteristics from previous studies (SDBD: Single DBD, S2DBD: Single two-electrode DBD, ExDBD: Extended DBD)

	264

  Re j Re N

	Pos. A	18	4.8	2.8	-10	860	680
	Pos. B	15 18	7.2 7.7	3.4 3.8	50 60	1600 1000 1900 1200
	Pos. C	15 18	5.7 6.2	3.0 3.3	70 70	1100 800 1300 900
	Plane DBD	15 18	2.5	2.8	-	450	-

Table 3 :

 3 DBD-WJ characteristics

Table 4 :

 4 Ordinates of turbulence intensity peaks centrifugal forces acting on the jet that generates large ed-

	676	
	677	dies entraining the external air and inducing a broadening
	678	of the DBD-WJ. The ordinates of the maximum inten-
	679	sities are also shown in table 4. This ordinate increases
		progressively and stabilizes at a value of 0.65 for the three

  7)

		Re j	A u	A z
	Curved DBD Pos. B	1900 0.80 0.87
	Curved DBD Pos. C	1300 0.19 0.22
	Plane DBD	600 0.04 0.06
	Wygnanski et al. (1992) 3400 0.15 0.09

Table 5 :

 5 Table summarizing slope values Au and Az of the power laws in equations 6 and 7