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The airwake of a simplified frigate shape is analyzed with an active flow control system embedded on the hangar sides, as part as a global study aiming at improving the complex flow topology encounter in helicopter launch and recovery operations. The flowfield above the helideck is experimentally analyzed using stereo particle image velocimetry, unsteady pressure sensors, and hot-wire anemometry. Results show a successful reduction of the recirculation region with continuous steady blowing around the hangar, observed at different yaw angles. It is shown that active flow control alters the airwake in a manner different from that passive devices. Locally, the turbulence levels are increased around the separated region boundaries when control is applied, whereas they are decreased in the wake downstream of the helideck. The frequency contents of the different airwake structures are not modified. H ELICOPTER launch and recovery operations on ships are challenging, and current flight simulator technology does not fully prepare pilots for actual ship operations. In real conditions, helicopters have to operate on small and moving helidecks that can rotate and translate in all directions, and the "last meters" before touchdown are the most difficult. Once the ship is moving or facing significant weather conditions, the flow on the helideck becomes highly turbulent and vortex-dominated, and pilots must go through strong airwake for landing or takeoff operations. These unsteady flow conditions can affect the helicopter's initial trajectory and performance, as defined in ship/helicopter operating limits (SHOL). This allowable envelope for helideck movements and wind conditions is determined for safe launch and recoveries during sea trial for manned helicopters. However, there exists a need for SHOL predetermination with increased safety. The understanding of flow disturbances on a helideck is therefore of great importance. Such better understanding will also help in enhancing pilot training simulators and control laws for unmanned aerial vehicles or automatic pilots.

Previous studies performed at ONERA-The French Aerospace Lab on a simplified frigate model shown that the helideck airflow is mainly influenced by the ship airwake, the helicopter rotor wake, and their reciprocal interaction [START_REF] Herry | Aerodynamic Study of a 3D Backward Facing Double Step Applied to Safer Launch and Recovery of Helicopters on Ships[END_REF]. As a first step in studying this coupled problem, one can focus on the ship airwake alone and try to "control" it. This is the problem presented here. It follows the recent work presented in [START_REF] Gallas | Flow Control and Analysis on Simplified Ship Helideck[END_REF], dedicated to experimental and numerical results on the effect of airwake control on the helideck of a simplified frigate (the Simplified Frigate ONERA, SFO) without an immersed helicopter rotor. Typically, changes in mean velocity will affect rotor thrust through the downwash effect, and an increase in the velocity fluctuation levels will affect the perceived pilot workload. The study performed here will alleviate these effects compare to the noncontrolled case and published passive control cases. Indeed, if some efforts have been done on the analysis of the airwake of simplified frigate shape in the past decade [START_REF]Investigation of Airwake Control for Safer Shipboard Aircraft Operations[END_REF][START_REF]Modelling and Simulation of the Ship Environment for Safer Aircraft Launch and Recovery[END_REF], flow control has been less investigated for this end-user engineering application. Usually, passive devices are put around the hangar sides. For instance, effects of passive fences are explored by computational fluid dynamics, wind tunnel, and in situ measurements in [START_REF] Lasalle | Modification of Ship Air Wakes with Passive Flow Control[END_REF]. Similar devices were experimentally tested on a real 1∕144-scale frigate model [START_REF] Findlay | Experimental Investigation of Ship Airwake Flow Control for a US Navy Flight II-A Class Destroyer (DDG)[END_REF] or on simplified frigate shape geometry [START_REF] Greenwell | Inclined Screens for Control of Ship Air Wakes[END_REF]. The latter used different porosities and positions of the passive screen. These studies showed a nonnegligible impact on the flow above the helideck, but with effectiveness highly dependent on the region of interest for flight operations. Typically, passive devices create a larger recirculation zone, characterized by a decrease in the mean streamwise velocity and either an increase or a decrease in the turbulent fluctuations, depending of the passive device used and the frigate yaw angle.

The uncontrolled and controlled flow topologies encounter in this frigate application can be compared to the more academic configuration of a three-dimensional (3-D) double backward-facing step (BFS). However, if the separated flow over a two-dimensional (2-D) BFS has received much attention, both without and with a flow control strategy, the academic 3-D configuration is undoubtedly less documented. Indeed, when it comes to 3-D effects researchers are focusing their research on applied engineering configuration as discussed previously. Nevertheless, on the academic BFS flowfield, the reader is referred to [START_REF] Armaly | Experimental and Theoretical Investigation of Backward-Facing Step Flow[END_REF] for a comprehensive study on the baseline flow physics description in the planar 2-D BFS and to the relevant literature review included in [START_REF] Biswas | Backward-Facing Step Flows for Various Expansion Ratios at Low and Moderate Reynolds Number[END_REF]. On 3-D effects for low-aspect-ratio planar 2-D BFS, the reader is referred to the work presented in [START_REF] Nie | Reverse Flow Regions in Three-Dimensional Backward-Facing Step Flow[END_REF][START_REF] Beaudoin | Three-Dimensional Stationary Flow over a Backward-Facing Step[END_REF]. Note that the flow physics encountered in the present simplified frigate configuration could also be compared with axisymmetric BFS flow in low to moderate Reynolds numbers, as recently presented in [START_REF] Gentile | Afterbody Effects on Axisymmetric Base Flows[END_REF]. With application of flow control techniques, still in a 2-D BFS configuration, numerous studies have been done with different actuator technologies and different control strategies in an open-or closed-loop fashion. See for example [START_REF] Kapiris | Experimental Study of Vertical Structures in a Periodically Perturbated Flow over a Backward-Facing Step[END_REF] for a review on the flow physics mechanisms when active flow control is applied. Their description of the active flow control details, for 2-D BFS configurations studied, can be compared with the published findings mentioned previously about passive flow control applied on a frigate's helideck [START_REF] Lasalle | Modification of Ship Air Wakes with Passive Flow Control[END_REF][START_REF] Findlay | Experimental Investigation of Ship Airwake Flow Control for a US Navy Flight II-A Class Destroyer (DDG)[END_REF][START_REF] Greenwell | Inclined Screens for Control of Ship Air Wakes[END_REF] for the separated region size and turbulence intensity downstream the step/hangar.

On academic 3-D BFS, relevant study on the baseline flow physics can be found in [START_REF] Herry | Aerodynamic Study of a 3D Backward Facing Double Step Applied to Safer Launch and Recovery of Helicopters on Ships[END_REF], as well as in [START_REF] Tinney | A Study of a 3-D Double Backward-Facing Step[END_REF], which presents an experimental study of the baseline separated flow over a double BFS at moderate Reynolds number. In this study, the authors try to mitigate the 3-D effects by comparing them with classical 2-D BFS topology and flow downstream of a 3-D wall-mounted cube. Indeed, some common features arise as recirculating, reattaching, and redeveloping regions downstream the first step. A detailed numerical study with the lattice Botlzmann method can also be found in [START_REF] Syms | Simulation of Simplified-Frigate Airwakes Using a Lattice-Boltzmann Method[END_REF] for the uncontrolled configuration and for several yaw angles.

In addition to the academic BFS configuration, it could be noticed that some passive and active flow control technologies applied for 3-D bluff bodies in general, and in automotive aerodynamics in particular, could be transferred to this naval application. One major difference with the latter is that, for ships, no underbody flow exists, and thereby the closing mechanism of the wake behind the hangar is different. Nevertheless, some features and orders of magnitude used in the active blowing solution presented here take advantage of the findings of flow control applied in the automotive aerodynamics community [START_REF] Gilliéron | Vehicle Aerodynamics: Results and Prospects in Active Flow Control[END_REF].

In the present article, the flow downstream of a 1∕100-scale model of a simplified frigate shape is investigated experimentally for a Reynolds number of 60,000, based on the back hangar height h. Active control is achieved by continuous blowing along the hangar sides, through three independent slots tangentially oriented to the mean flow. The blowing velocity is first characterized on a dedicated test bench to ensure a homogeneous mass flow repartition around the ship hangar. The experimental study is then pursued in the ONERA L2 wind tunnel. The flowfield is studied quantitatively by means of stereo particle image velocimetry (SPIV) measurements and hot-wire survey in the shear-layer regions. Static pressure is recorded on the helideck surface, with both time-averaged and time-variant transducers. Several yaw angles are investigated.

II. Experimental Setup

A. Simplified Frigate ONERA

The geometry of the simplified frigate provided in Fig. 1 is adapted from previous studies [START_REF] Cheney | CFD Code Validation Data and Flow Topology for the Technical Cooperation Program AER-TP2 Simple Frigate Shape[END_REF]. The squared shape matches the dimensions of a real frigate at the 1∕100 scale. Here, the SFO is composed of a central cuboid, modeling the ship's construction, and a backward smaller one put behind. This latter parallelepiped, of same width but of lower height than the central one, represents the flight deck. Its slanted shape resembles a realistic one. A pyramidal nose is added at the geometry front to streamline the overall shape and limit the appearance of an upstream recirculation bubble.

The active flow control is realized by continuous blowing through three slots of 1 mm width located along the sides of the hangar. The blowing jets exit tangentially to the geometry side toward the flight deck platform. The incoming mass flow comes from underneath the SFO hangar and separates into three branches that independently feed the three slots. However, each branch must be regulated with respect to the other ones to ensure a homogeneous mass flow repartition, as explained in the next section.

B. Steady Blowing Slots Characterization

The hangar is first set aside and mounted on a dedicated test bench at ONERA Lille used for actuator characterizations [START_REF] Gallas | Characterization of Fluidic Micro-Actuators[END_REF]. Figure 2 shows the test bench. The incoming mass flow is measured via a Venturi-type flow meter before separating into the three branches that are connected to the three exit slots. Each branch is then equipped with a manual valve that is associated with a digital flow meter. On the hangar side, a small pressure probe is set on a traversing axis to survey the blowing jets profiles. Knowing the test conditions and because the target velocities are 2 to 3 times the wind-tunnel one, the incompressible Bernoulli's equation is sufficient to derive the mean velocity from the pressure measurements.

At first, all valves are let wide open. The velocity profiles are measured along the three slot widths and slot lengths to characterize the profiles of the jets flow, as shown in Fig. 3a for the right slot. Then, for one position of the probe above the slot, the mass flow is let varied to characterize the transfer function between the branch mass flow and the exit velocity U j . This procedure is repeated for each slot (Fig. 3b). Then, the individual valves are tuned to the target velocities knowing the incoming global mass flow and the mass flow repartition into the three branches. At the end, only the global incoming mass flow has to be adjusted to meet a uniformly distributed desired velocity jet slot exit. Last, the hangar is assembled with the other parts of the test model and placed into the wind tunnel.

C. ONERA L2 Wind Tunnel

The experiments are conducted into the L2 low-speed large-size wind tunnel at ONERA Lille (see Fig. 1 in [START_REF] Verbeke | Naval Aerodynamics: State of the Art Measurements and Computational Techniques[END_REF]). The test section of the wind tunnel is closed and rectangular: 6 m width by 2.4 m height by 13 m long. The upstream velocity U 0 is measured by pitot probes located at the test section inlet and is set to 13 m∕s, equivalent to about 25 kt. Here, two velocity ratios (U j ∕U 0 equal to 1 and 2) are used in the wind-tunnel experiments. The wind-tunnel tests do not allow simulating simultaneously the maritime boundary layer and the forward speed of the ship, except for a wind aligned with the ship longitudinal axis. Indeed, in a wind tunnel, one cannot simulate the nonplanar velocity resulting from the composition of the two velocities, ship and wind. However, it is fair to assume that this swirled velocity component, confined close to the sea level, has little influence on the helideck platform that is raised above the floor. With this in mind, a turntable setup of 5.96 m in diameter allows the azimuthal adjustment of the SFO model mounted onto the floor. In these experiments, the yaw angle varies from 0 to 20 deg by 5 deg steps. The center of the helideck platform is aligned with the turntable center to facilitate the SPIV setup, as explained in the following section. The incoming boundary layer is measured with a dedicated rake of pitot tubes, located 6.26 m upstream of the turntable center. The Reynolds number based on h is approximately 60,000, where h is the hangar height.

D. Experimental Measurements Setup 1. Pressure Measurements

The helideck platform is equipped with 42 static pressure taps equally spaced, in addition to 23 unsteady pressure transducers. The static mean pressure taps are connected to drilled holes of 1 mm diameter. An ESP pressure scanner measures the differential pressure between the helideck taps and the reference pressure P 0 taken in the wind-tunnel test section. The measurements are taken at 135 Hz rate. The unsteady pressure is acquired using Kulite XCQ-80-5PSID pressure transducers, which are glued with a rubber silicone beneath a 0.4-mm-diam drilled hole on the platform. The unsteady pressure is sampled at 20 kHz. The lengths of the pressure signals, both steady and unsteady, are synchronized with the PIV measurements duration. Both steady and unsteady pressure measurements are converted in the nondimensional form C p , where the differential pressure is normalized by the reference dynamic pressure Q 0 that is measured in the resting part of the wind-tunnel convergent.

Hot-Wire Measurements

Hot-wire survey is performed to study the frequency spectrum of the shear layers around the recirculation region above the helideck platform. A single probe is oriented in the streamline direction and is traversing the platform in two parallel planes, one at the midheight of the hangar (z∕h 0.5) and one at the hangar height (z∕h 1), as shown in Fig. 4. Each point lies on either one of the two PIV plane sheets described later. A total of 25 positions are recorded with a sampling frequency of 6 kHz rate over 100 s. The mapping of the hot-wire probe covers the different flow regions encounter by a helicopter in its final approach: undisturbed external flow, shear layer, recirculation bubble, and wake region.

Particle Image Velocimetry Measurements

A specific setup is used in the SFO model for the stereoscopic PIV measurements. As schematized in Fig. 5, a mirror is embedded inside the hangar, and an optical glass replaces the hangar door. The laser source coming from underneath the model and the wind-tunnel floor can then create a planar sheet above the platform. Figures 6a and6b show the two configurations used, one parallel to the platform with the plane at midheight of the hangar (z∕h 0.5) and a perpendicular one with the plane oriented along the platform centerline (y∕h 0). The two cameras used for the stereoscopic measurements are located either on the wind-tunnel roof or floor for, respectively, the parallel (Fig. 6a) or perpendicular (Fig. 6b) configuration. By such embedded setup, the recording of the flowfield at different yaw angles is made easier using a single calibration for each plane.

The PIV experiment used a twin 200 mJ Nd:YAG laser and two charge-coupled device cameras of 4 megapixels. All PIV recordings have been processed by in-house software. The evaluation of these images are performed with a cross-correlation scheme using standard fast Fourier transform with multipass, interrogation window shift, and a final window size of 32 × 32 pixels with 50% overlap, corresponding to a spatial resolution of about 2.3 mm in each PIV plane.

Three sets of 3400 uncorrelated PIV images are acquired along with the simultaneously sampled pressure signals. These three independent sets are conditioned to the limited memory space available in the pressure acquisition system. The PIV images are sampled at 5 Hz. The 10,000 plus PIV images recorded allows a fine convergence for the mean velocity and specifically for the cross-correlations of the fluctuating velocity components as shown in Fig. 7.

III. Flow Control Results at Zero-Degree Yaw Angle A. Mean Flow Analysis

The mean flowfield of the SFO is presented Fig. 8 for the 0 deg yaw angle, without (Fig. 8a) and with control on (Fig. 8b). For the uncontrolled case (Fig. 8a), it is composed of the classical features that are found in the literature. At the hangar top and sides, the incoming flow separates from the geometry to form a recirculation bubble standing above the helideck and closing in the second half of the platform (x∕h>0). The recirculation region is composed of two counter-rotating vortices in the parallel plane and a large one in the vertical plane, similar to the academic 3-D BFS flow topology [START_REF] Herry | Aerodynamic Study of a 3D Backward Facing Double Step Applied to Safer Launch and Recovery of Helicopters on Ships[END_REF][START_REF] Tinney | A Study of a 3-D Double Backward-Facing Step[END_REF][START_REF] Syms | Simulation of Simplified-Frigate Airwakes Using a Lattice-Boltzmann Method[END_REF]. Note that the slight dissymmetry observed in the plane parallel to the platform is due to minor surface irregularities at the SFO front nose and small misalignment of the wind-tunnel model. Then, Fig. 8b shows the effect of constant blowing applied on the three slots around the hangar, with a velocity ratio U j ∕U 0 2. The recirculation bubble decreases in size, and the shear layer is bent inward. Figures 9 and 10 show in more detail the control effect in the horizontal and vertical planes, respectively. The blowing effect decreases the recirculation bubble size by shortening it in both the streamwise and spanwise directions. The separation line is now in the x∕h < 0 region on the platform. On the recirculation boundaries, the shear layer makes a higher angle with the streamwise direction. The wake behind the recirculation region is also reduced in the spanwise direction. Of particular interest are the correlations of the three fluctuating velocity components, namely hu 0 u 0 i, hv 0 v 0 i,a n dhw 0 w 0 i and the turbulent kinetic energy K -1∕2 ⋅ hu 0 u 0 ihv 0 v 0 ihw 0 w 0 i.F o ri n s t a n c e , the noncontrolled case is characterized by low turbulence intensity within the separation region with a slight increase in the wake region (Figs. 9c, 9d, 10c, and10d) and a higher u component in the top shear layer (Fig. 10c), whereas with blowing on, the turbulence activity increases inside the recirculation bubble and especially around the separation line (Figs. 9f and10f). Moreover, from Figs. 10c-10f, it can be seen that the turbulent intensity significantly increases in the different flow regions and is a function of the fluctuating velocity component. For instance, the top shear layer has higher longitudinal velocity fluctuation, whereas the region in the vicinity of the platform surface shows high transversal velocity fluctuation, and large up and down velocity fluctuations are seen in the closing region of the separation zone. This behavior is summarized in Figs. 9f and10f showing the turbulent kinetic energy. Note that the small nonsymmetry observed in the blowing case is primarily due to the small differences in the blowing velocity distributions at the slot exits, despite a careful characterization performed ahead, as explained in Sec. II.B.

Further details are extracted from the previous figures. Figure 11 compares the mean and fluctuating profiles in the spanwise and streamwise directions, with blowing ratio U j ∕U 0 2. In the spanwise direction inside the separation region (Fig. 11a, x∕h -1), the blowing tends to squeeze the flow toward the centerline and the velocity recirculates faster inside the separated zone. The turbulent energy adds up all the three fluctuating components, and its increase is clearly present in the entire separation region. Once the flow reattaches on the platform (Fig. 11a, x∕h 1), hence within the wake region, a velocity deficit appears when the blowing is turned on, and the turbulent energy tends to recover the uncontrolled levels before the platform end (x∕h 2).

In the streamwise direction, the recirculation length decrease is clearly visible from Fig. 11b when applying the blowing control. This decrease is once again complemented by an increase of the turbulent activity inside the separation region. At the altitude z∕h 1, the blowing effect is no longer noticeable, except the added velocity blown out of the upper slot exit. This is due to the fact that the blowing velocity pushes the shear layer toward the surface platform with a higher angle. Such a trace would be different if one plots it at z∕h < 1, as it can be expected from the contour plots in Fig. 10a.

Next, the findings from the field measurements analysis are confirmed by the surface measurement results. For instance, the higher turbulent contents measured inside the separation zone from the flowfield are similarly retrieved at the surface, as shown in Fig. 12 along the centerline y∕h 0, and along two other lines. Moreover, Fig. 13 presents the normalized mean and rms fluctuating pressure components at the helideck surface. The recirculation zone footprint is well defined by the C p values (Fig. 13a), with a noticeable size reduction due to the active blowing for the higher blowing ratio. The recirculation bubble reduction is slightly noticeable with the unity blowing ratio but is clearly enhanced when this ratio is doubled. For the noncontrolled case, one can find low-pressure fluctuation levels (around 4%) where the flow reverses inside the recirculation bubble (x∕h < 0), whereas the fluctuating levels slightly increase (around 6%) once the flow reattaches on the platform (x∕h < 0), see Fig. 13b right. When constant blowing is applied, the recirculation zone footprint at the surface is characterized by a greater turbulent activity, especially at the limit where the flow reattaches, as shown from the velocity fields in Fig. 11a. This denotes a more enhanced "breathing" mechanism of the separated region when the active control is turned on.

In conclusion of this section, in a time-averaged sense, the adjunction of blowing mass flow from the hangar sides does not change significantly the mean quantities on the SFO airwake but increases locally the fluctuation levels in the three directions. In particular, the separation zone is altered in size, and a greater turbulence activity has been found in the recirculation boundaries vicinity, both in the flowfield and near the surface. The velocity blown tends to enhance the mixing activity in the shear layers closing the separated region, while letting the wake at rest.

B. Unsteady Flow Analysis 1. Time Analysis

In addition to the time-averaged analysis performed in the previous section, the hot-wire measurements allow deeper insight into the flow physic mechanism due to the constant blowing.

From the hot-wire survey, the centered high-order moments can be extracted from the time signals. Figure 14 plots them at different x∕h locations, first in the centerline plane at two attitudes (Fig. 14a), then along the platform left side (Fig. 14b). The noncontrolled case is compared to two blowing ratios, equal to 1 and 2. The turbulent intensity, equivalent to the second-order moment of the time signal, shows the same behavior as discussed in the previous section from the PIV and pressure signals. One can notice though that the blowing ratio U j ∕U 0 1 has a smaller effect compared to the baseline case than the U j ∕U 0 2 ratio, and this effect is mostly confined near the hangar, hence close to the slot exits. For the third-order moment, the activation of the blowing tends to decrease the skewness value, always toward negative values. This indicates a longer left tail of the signal probability distribution. It can also be seen from Figs. 14a and 14b (middle plots) that the skewness has positive values inside the recirculation region and negative ones outside. Finally, the fourth-order moments given by the kurtosis show values always greater when blowing is activated, hence representative of a probability distribution that produces more outliers. For the baseline uncontrolled case, the kurtosis value is close to 3, which is the reference for a normal distribution function. Globally, the centered high-order moments in Fig. 14 show that the constant blowing primarily affects the recirculation region time contents, while letting unchanged the wake and outside flow regions with an equivalent time signal distribution.

Next, the frequency responses of the hot wire are plotted in Fig. 15 for several locations, again without blowing and with blowing ratio equal to 1 and 2. Only the locations of interest depicting the different flow topologies are shown here for conciseness. First, the undisturbed external flowfield is shown Fig. 15a. The energy content is similar whether the control is activated or not and is confined in the lowfrequency range. Similarly, no difference is seen for the signals inside the recirculation region center (Figs. 15g and15h), where the frequency response remains flat without any peak emergence. However, when crossing in the shear layer (Figs. 15d-15f), some characteristic frequencies arise but without being modified by the addition of the blowing. The energy levels remain similar with about the same bandwidth. Similarly, when traversing the recirculation region along the centerline, from Figs. 15g-15k, one can clearly see the different frequency contents being changed while leaving the recirculation region to the near wake. For instance, Fig. 15i shows the modification of the baseline spectrum near the end of the separation region, along the platform centerline, when applying constant blowing. Here, the hot-wire probe is situated inside the recirculation zone for the uncontrolled case, and the frequency response is similar to the one shown in Fig. 15h with a slight increase in magnitude. When the blowing is turned on, the recirculation bubble is shortened, and the hot-wire probe is now outside of it, in its near wake where the flow is reattached. This wake shows higher low-frequency content that may be due to a different breathing mechanism of the recirculation bubble. With a higher turbulent activity in the separated region boundaries, some energy must escape time to time from the recirculation bubble, at a different level and frequency than for the baseline case. The platform wake region spectrum is plotted Fig. 15k, which is characterized by a high low-frequency response for the baseline configuration, primarily due to the breathing mechanism of the recirculation bubble. When blowing is applied, this content no longer appears because the separated region has diminished in size, and this energy content was seen by the probe in the station just upstream (as shown between Figs. 15i and15j). Finally, the effect of the continuous blowing near the slot exit is presented in the spectrum of Figs. 15b and15c. It enhances the mixing in the shear layer, similar to Fig. 15f. One can notice that the small ratio U j ∕U 0 1 has little effect compare to the baseline case just near the exit, contrary to the ratio U j ∕U 0 2 that bends down the shear layer. The latter is now in between the uncontrolled spectrum of a shear layer (Fig. 15f) and the freestream one (Fig. 15a).

In conclusion of this section on the unsteadiness analysis, the application of constant blowing seems to not significantly alter the frequency content of the flowfield, whereas the time signal probability distributions are mostly modified in the recirculation region. This is seen for all the different flow regions that characterize the complex flow topology above the helideck platform. An active control by means of pulsed jet that injects some mass flow in the flowfield at a certain frequency would have probably shown an impact on the frequency response. However, here constant mass flow blowing does not modify the frequency contents in the external flowfield, the separated region, the shear layers that encompass the recirculation zone, or the wake flow region.

Bistability Analysis

This section is dedicated to the analysis on whether or not a bistable mode emerges in the SFO airwake. This phenomenon has been previously identified on an equivalent but larger wind-tunnel test model [START_REF] Herry | Flow Bi-Stability Downstream of a Three Dimensional Double Backward Facing Steps at Zero-Degree Sideslip[END_REF] and on a generic bluff body [START_REF] Evrard | Fluid Force and Symmetry Breaking Modes of a 3D Bluff Body withaBaseCavity[END_REF].

The time signals from several unsteady pressure sensors are extracted, without control and with blowing ratio U j ∕U 0 2. Figure 16 shows the normalized probability density function for the sensors, along with the one from a normalized normal distribution. The probability density functions are normalized by their maximum value. The plots do not exhibit any double tails that are characteristic of a bistable mode, as studied in [START_REF] Evrard | Fluid Force and Symmetry Breaking Modes of a 3D Bluff Body withaBaseCavity[END_REF]. Moreover, the analysis of different PIV snapshots in the horizontal plane does not show vortices that alternate from left to right behind the hangar. It seems that, in this wind-tunnel campaign, the airwake is locked in a stable position on the helideck platform, at 0 deg yaw angle. This may be due to a vortex coming from the pyramidal nose that triggers one stable mode or a small misalignment of the test model.

IV. Flow Control Results with Yaw Angle

The SFO test model is rotated in the L2 wind tunnel by 10 deg steps. An analysis similar to the one performed for the 0 deg yaw angle configuration can be made. Figure 17 shows the mean velocity field in the two PIV planes for both the uncontrolled and controlled case. It shows a behavior similar to the 0 deg yaw angle case with a larger side vortex on the leeward side and a separation zone that is modified in size, similar to [START_REF] Syms | Simulation of Simplified-Frigate Airwakes Using a Lattice-Boltzmann Method[END_REF]. The effect of the control diminished again the size of the recirculation zone in a mean sense. The profiles of the mean velocity and of the turbulent kinetic energy in Fig. 18 confirm this general behavior. When control is on, the recirculation region is decreased in size but Figure 19 presents the blowing effect for the 10 and 20 deg yaw angles, in terms of C p contours at the helideck surface. Once again, the results demonstrate the ability of the control to reduce the recirculation footprint on the platform surface, even at high yaw angle with strong dissymmetry between the leeward and the windward. Similar to the 0 deg yaw angle, the effect of the control is clearly shown for the blowing ratio equal to 2 rather than the unity ratio.

To conclude this section, the application of constant blowing is shown to be effective in decreasing the recirculation zone above the helideck for yaw angles equal to 10 deg and even 20 deg. In view of the findings, one can imagine a control system to enhance either the leeward or the windward side by applying the control on one side only. This may push the recirculation zone in the direction opposite to the helicopter approaching path for instance.

V. Conclusions

This paper presented experimental results of the airwake flow on the helideck of a simplified frigate shape. Active flow control has been applied by continuous steady blowing through slots located at the hangar periphery, with the ejected mass flow exiting tangentially to the freestream. The experimental setup was composed of hot-wire anemometry survey in the airwake, two stereo PIV planes above the helideck, and steady and unsteady static pressure acquisitions on the helideck platform.

The experimental measurements are used to reconstruct the 3-D time-averaged and time-dependent flow features. These results aim at describing the benefit of active flow control compared to the baseline uncontrolled case about the potential dangerous regions for helicopter pilots. The flow physic mechanisms associated with the application of active control are found to be different from the passive control results reported in the literature. The mean flow results show that steady blowing control from the hangar sides successfully reduces the recirculation region above the helideck platform. If the control does not significantly change the mean quantities on the SFO airwake, the fluctuation levels are locally increased in the shear layers for the three velocity components. In particular, the separation zone is diminished in size, both longitudinally and laterally, and a higher turbulence activity is found near the recirculation boundaries, both in the volume field and at the surface. The turbulent levels in the wake behind the separation region however decrease when blowing is applied. The momentum blown from the hangar sides tends to enhance the mixing activity in the shear layers that close the separated region, while letting the wake at rest. In terms of blowing aspect ratio, the ratio U j ∕U 0 1 starts to have an effect on the turbulent mixing mechanism but does not convect far enough downstream the slot exits, letting the recirculation bubble size quite unchanged. On the contrary, the blowing ratio U j ∕U 0 2 does satisfactorily change the overall flow structures.

From the time-variant analysis, results of the application of flow control show that the time signal probability distributions are locally modified, mostly in the recirculation region. However, the frequency contents are not expressively perturbed whatever the different flow regions that characterize the complex flow topology above the helideck platform. The external flowfield, the separated region, the shear layers that encompass the recirculation zone, or the wake flow region has identical frequency response when constant steady blowing is applied. An active control by means of pulsed jet for instance would have probably shown an impact on the frequency response, as described in [START_REF] Kapiris | Experimental Study of Vertical Structures in a Periodically Perturbated Flow over a Backward-Facing Step[END_REF] for 2-D BFS configurations.

The results suggest that the reduction of the recirculation region is due to the entrainment of the input blowing velocity and a better mixing in the shear layers. The separation zone is more energized, whereas the region downstream the flow reattachment recovers the baseline turbulent levels before the platform end.

Although most of the analysis has been shown on the 0 deg yaw angle configuration, similar findings are found for 10 and 20 deg yaw angles. The application of steady blowing can be considered as a robust control system in this study.

In parallel, some analyses have been performed to look for a bistable behavior that was reported on previous studies on a similar geometry configuration. Here, the results show that the flow appears to be stable.

In conclusion, application of steady blowing appears to be encouraging in terms of helicopter pilot workload reduction. The recirculation zone is much smaller, now covering only 25% of the flight deck area, and is more intense in terms of turbulent fluctuations. Even though an increase in the turbulent activity levels means more perceived workload from the pilot, these fluctuations are locally confined in the separated region boundaries. These findings have been confirmed at 10 deg yaw angle, although different relative wind directions should be investigated to assess the active flow control concept on the other airflow phenomena present in these wind sectors. Further work can be performed on identifying other control system mechanisms, for instance by applying steady blowing on only one side of the hangar to favor a less perturbed approaching path. Similarly, adding a different bow section and more realistic superstructures upstream of the flight deck could further validate the active flow control concept.

At the end, more confrontations of these findings must be performed, and the final effects seen by the helicopter and the helicopter pilot are still to be demonstrated.

  ; P i -P 0 ∕Q 0 h = hangar height f = frequency K = turbulent kinetic energy P i = pressure measured on tap i P 0 = reference pressure Q 0 = reference dynamic pressure Re h = Reynolds number based on the hangar height; h ⋅ U 0 ∕ν St h = Strouhal number based on the hangar height; f ⋅ h∕U 0 u, v, w = velocity components in the x, y, and z directions U 0 = upstream reference velocity U j = mean jet slot exit velocity ν = kinematic viscosity I. Introduction
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 1 Fig. 1 Simplified Frigate ONERA in L2 wind tunnel.
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 2 Fig. 2 Test bench to characterize the blowing jets.
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 3 Fig. 3 Representations of a) velocity profile above the right slot, and b) slot exit maximum velocity function of input mass flow.
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 4 Fig. 4 Positions of the hot-wire probe above the helideck platform.
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 56 Fig. 5 Embedded PIV setup on the SFO hangar and platform.
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 7 Fig. 7 Convergence of mean velocity and normal correlations.
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 8 Fig. 8 Module of velocity field hUi∕U 0 with streamlines at 0 deg yaw angle.

Fig. 9

 9 Fig. 9 Velocity field comparison without and with blowing at 0 deg yaw angle. Horizontal plane z∕h 0.5:a )hUi∕U 0 ,b )ω z ,c )hu 0 u 0 i,d )hv 0 v 0 i, e) hw 0 w 0 i, and f) K, with velocity magnitude contour lines.
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 9 Fig. 9 Continued.

Fig. 10

 10 Fig. 10 Velocity field comparison without and with blowing at 0 deg yaw angle. Parallel plane y∕h 0:a)hUi∕U 0 ,b)ω z ,c)hu 0 u 0 i,d)hv 0 v 0 i,e)hw 0 w 0 i, and f) K, with velocity magnitude contour lines.

Fig. 11

 11 Fig. 11 Profiles of normalized mean velocity hUi∕U 0 and turbulent energy K, without and with blowing: a) spanwise direction, and b) streamwise direction.

Fig. 13

 13 Fig. 13 Normalized a) mean pressure, and b) fluctuating pressure, at the helideck surface at 0 deg yaw angle, without and with control.

Fig. 14

 14 Fig. 14 From top to bottom, second-, third-, and fourth-order moments of the hot-wire probe signal in the streamwise direction at a) y∕h 0, and b) z∕h 0.5.

Fig. 15

 15 Fig. 15 Power spectral density of the hot-wire time signals for the baseline case, without and with blowing.

  exhibits larger fluctuations, whereas these fluctuations are on the opposite smaller in the near wake.

Fig. 16

 16 Fig. 16 Probability density function from unsteady pressure sensors along 2 lines: x∕h -1.3 and y∕h -1.1. The probability density functions are normalized by their maximum value.

Fig. 17

 17 Fig. 17 Module of velocity field hUi∕U 0 with streamlines at 10 deg yaw angle.

Fig. 18

 18 Fig. 18 Profiles of normalized mean velocity hUi∕U 0 and turbulent energy K, without and with blowing at 10 deg yaw angle: a) spanwise direction, and b) streamwise direction.
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