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Introduction

For many decades, fluidic actuators have attracted the attention of researchers for their high potential for a wide range of applications, such as reducing drag on bluff bodies [START_REF] Aubrun | Separation flow control on a generic ground vehicle using steady microjet arrays[END_REF], increasing lift of airfoils [START_REF] Melton | Active Flow Control at Low Reynolds Numbers on a NACA 0015 Airfoil[END_REF][START_REF] Lin | Experimental Study of Flow Separation over NACA633018 Wing with Synthetic Jet Control at Low Reynolds Numbers[END_REF], enhancing mixing in combustion chambers [START_REF] Sun | Air flow control by fluidic diverter for low nox jet engine combustion[END_REF][START_REF] Guyot | Active Combustion Control Using a Fluidic Oscillator for Asymmetric Fuel Flow Modulation[END_REF] or enhancing heat transfer [START_REF] Camci | Forced Convection Heat Transfer Enhancement Using a Self-Oscillating Impinging Planar Jet[END_REF][START_REF] Trávníček | Impingement heat/mass transfer to hybrid synthetic jets and other reversible pulsating jets[END_REF]. Unsteady actuation appears as a much more attractive strategy than steady actuation to enhance the efficiency of the system, for instance by increasing the entrainment of momentum in active flow control applications (see e.g. [START_REF] Greenblatt | The control of flow separation by periodic excitation[END_REF][START_REF] Berk | Entrainment effects in periodic forcing of the flow over a backward-facing step[END_REF]) or heat transfer rate of an impinging jet [START_REF] Alimohammadi | Thermal management using pulsating jet cooling technology[END_REF]. These periodic fluidic disturbances can be provided by various kinds of actuators [START_REF] Cattafesta | Actuators for Active Flow Control[END_REF] such as zero net mass flux (ZNMF) actuators, plasma actuators or micro-electro-mechanical-systems (MEMS). Among them, fluidic oscillators can emit oscillating jets in a large operating frequency and velocity range when supplied with a pressurized fluid. They do not require any moving part, since their oscillations are totally self-induced and self-sustained and only depend on the internal flow dynamics. All in all, these properties yield highly reliable and robust actuation system, which are mandatory from industrial scope [START_REF] Cerretelli | An Experimental and Numerical Investigation on Fluidic Oscillators For Flow Control[END_REF][START_REF] Gregory | Characterization of the Microfluidic Oscillator[END_REF][START_REF] Bobusch | Experimental study of the internal flow structures inside a fluidic oscillator[END_REF].

According to Gregory [START_REF] Gregory | A Review of Fluidic Oscillator Development and Application for Flow Control[END_REF], fluidic oscillators can be classified into two main categories based on their underlying oscillation mechanism. The first kind of oscillator is the wall-attachment fluidic oscillator, the principle of which is based on the Coanda effect; it is thus also called Coanda oscillator. The second kind of oscillator is the jet-interaction fluidic oscillator with a principle based on complex interaction dynamics inside a cavity. Raghu proposed in his work [START_REF] Raghu | Fluidic oscillators for flow control[END_REF] a slightly different classification by discriminating the oscillators between switching (or pulsing) jet fluidic oscillators and sweeping jet fluidic oscillators based on the different patterns of the generated jets. On the one hand, a sweeping jet oscillator has only one outlet through which an undulant jet issues, regardless of its feedback mechanism [START_REF] Raman | Cavity Resonance Suppression Using Miniature Fluidic Oscillators[END_REF] or jet-interaction mechanism [START_REF] Raghu | Feedback-free fluidic oscillator and method[END_REF]. On the other hand, pulsing jet fluidic oscillators (Fig. 1) usually consist of one inlet supplied at constant pressure and two outlets, between which the flow switches alternatively. Even though a number of studies have been devoted to the pulsing jet oscillator for the purpose of different applications [START_REF] Cerretelli | Boundary Layer Separation Control With Fluidic Oscillators[END_REF][START_REF] Tesař | Strangely behaving fluidic oscillator[END_REF][START_REF] Simões | Microfluidic oscillator for gas flow control and measurement[END_REF], the physical mechanisms responsible for the jet switching are still misunderstood.

Accordingly, the design of such devices remains based on trial and error procedures. One of the reasons for that is the difficulty to access the inner flow by means of experimental methods. A comprehensive understanding of the switching mechanism is however essential to design properly this kind of actuator.

The behavior of the pulsing jet fluidic oscillator is based on the Coanda effect as shown in Fig. 1: the jet issuing from nozzle N attaches one of the two walls, W1 or W2, depending for instance on the initial conditions. If there was no feedback loops and if the outlet sections were large, the attachment to wall W1 or wall W2 would be stable and the flow would exit through the corresponding outlet, O1 or O2, respectively. With feedback loops, when the jet is attached to wall W1, part of the flow fills in the feedback loop F1 due to the hydraulic restriction at outlet O1. This yields a pressure increase in the left side of the device (in this particular example), which eventually promotes the jet switching. In an equivalent manner, the same phenomenon develops in the right side of the oscillator and results in a self-sustained oscillating behavior, with a pulsed flow alternatively exiting outlets O1 and O2. [START_REF] Gaylord | FLUERIC TEMPERATURE-SENSING OSCILLATOR DESIGN[END_REF] One of the main features of the pulsing jet is the oscillation frequency. Several studies, such as [START_REF] Tippetts | A fluidic flowmeter[END_REF][START_REF] Viets | Flip-Flop Jet Nozzle[END_REF][START_REF] Hayashi | A study on mechanism of oscillation in sonic oscillators : 2nd Report, Mathetmatical model of oscillators operated by air[END_REF][START_REF] Raman | Evaluation of Flip-Flop Jet Nozzles for Use as Practical Excitation Devices[END_REF][START_REF] Khelfaoui | Numerical and experimental analysis of monostable mini-and micro-oscillators[END_REF],

Fig. 1. Illustration of the basic configuration of a pulsing jet Coanda fluidic oscillator, adapted from

showed that the feedback loop length and diameter, the size and design of control ports P1 and P2, as well as the properties of the operating fluid play an important role in determining the oscillation frequency. In addition, there exists a pressure difference threshold between the control ports, above which the jet switching happens [START_REF] Arwatz | Suction and oscillatory blowing actuator[END_REF]. With fixed geometry and operating fluid, the frequency increases as the inlet pressure increases. This adds some complexity for analyzing the effectiveness of certain applications, as active flow control, since the frequency correlates with the injection momentum, which is dependent on the inlet pressure.

However, in a pulsing jet fluidic oscillator, it is possible to have a quasi-constant frequency response, independent to the inlet pressure. In the studies of Cerretelli et al. [START_REF] Cerretelli | An Experimental and Numerical Investigation on Fluidic Oscillators For Flow Control[END_REF][START_REF] Cerretelli | Boundary Layer Separation Control With Fluidic Oscillators[END_REF], two oscillators are exploited: the first one is almost pressure-controlled and its frequency varies with the inlet pressure, while the second one is almost pressure-insensitive and operates at a constant frequency under the same inlet pressure range. Nevertheless, their different frequency response behaviors have not been clearly explained. In another study by Tesař [START_REF] Tesař | Strangely behaving fluidic oscillator[END_REF] about this kind of oscillator, it is also demonstrated that the oscillation frequency is neither proportional to the inlet flow rate as in the case of a sonic fluidic oscillator [START_REF] Tesař | Strangely behaving fluidic oscillator[END_REF], nor kept constant as in the study of Cerretelli and Gharaibah [START_REF] Cerretelli | An Experimental and Numerical Investigation on Fluidic Oscillators For Flow Control[END_REF]. No complete physical explanation has been proposed yet to the different frequency response patterns of this type of oscillator. Furthermore, Simões et al. [START_REF] Simões | Microfluidic oscillator for gas flow control and measurement[END_REF] experimentally and numerically investigated a fluidic oscillator with both liquid and gas as working fluids. They proposed a correlation law to express the relationship between the switching frequency and the length of the feedback loop as:
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where t τ , s τ are the transmission time of pressure wave through the feedback loop and the switching time respectively, 0 C the sound velocity, f L the feedback loop length, h the nozzle-to-splitter distance, U the jet velocity and ξ an empirical constant. However, it is not clear how this law was established, and thereby if it can be extrapolated to different designs of Coanda fluidic oscillators (for instance when varying the distance between control ports and nozzle).

In the present study, the behavior of a Coanda fluidic oscillator is investigated over a large range of operating conditions in order to bring a better understanding of the physical mechanisms at the root of this kind of pulsing jet oscillator. The three above mentioned frequency response patterns (frequency proportional to the inlet flow rate, constant frequency, or more complex behavior) were reproduced with the same oscillator core just by modifying its feedback loops volume. A detailed computational study of the internal flow pattern was conducted and the switching mechanism was described in a fully detailed way. The frequency response of the oscillator was explored and a new switching model was proposed and validated by a complete experimental study. Following this analysis, a new and simple function to estimate the operating frequency is proposed, as a guiding tool for the design of pulsing jets oscillators.

The paper is organized as follows. The geometry of the model oscillator used in this study, the numerical simulations settings and the experimental set-up are described in Section 3. The computational study of the internal flow pattern and the effect of the supply pressure on the oscillator behavior are reported in Sections 4 and 5, respectively, while the experimental results are presented and analyzed in Section 6. The main conclusions from this study and some perspectives for future work are given in the last section.

Oscillator model description

For getting a better understanding of the oscillator flow dynamics, both numerical and experimental studies were performed in this work in a very complementary approach. On the one hand, the numerical model allows a detailed analysis of the internal flow pattern, which is difficult to realize experimentally, but essential to study the internal oscillation mechanisms of the device. On the other hand the experimental approach allows to validate numerical results and to complete the study to unveil the key parameters of the Coanda fluidic oscillator. For these reasons, a fully 2-D shape oscillator is proposed with large depth over transversal lengths ratios. The use of two-dimensional geometric shapes not only reduces the cost of a numerical calculation, but also makes it easy to compare the results of the computational study with those of the experimental study. Fig. 2 shows a sketch of the proposed oscillator with key dimensions and a more detailed view of the central part (switching zone) is proposed in Fig. 3. This design is basically composed of a nozzle N, 200μm in width, two feedback loops F1 and F2 connected to two control ports P1 and P2 and two outputs O1 and O2, 500µm in width. It is worth noticing that there is no offset along the y-axis between control ports P1 and P2 and the nozzle inlet, unlike many other actuator designs found in the literature (e.g. [START_REF] Gaylord | FLUERIC TEMPERATURE-SENSING OSCILLATOR DESIGN[END_REF], see Fig. 1). The 2-D simulations were performed on the geometry previously detailed in Fig. 2. A pressure condition was set for both the inlet and the outlet limits of the computational domain; with a limited inlet absolute total pressure up to 0.25 MPa, and an outlet absolute static pressure of 0.1 MPa in sections O1 and O2. The working fluid was air considered as a perfect gas with the following properties: molar mass M = 28.9 g/mol, specific heat capacity at constant pressure cp = 1005 J/kg K, dynamic viscosity µ = 1.8 10 -05 Pa s, Prandtl number Pr = 0.7.

The open source CFD solver OpenFOAM has been chosen to implement the numerical simulations for its ability to deal with complex geometries and its high parallel computation capability. After a detailed study of the sensitivity of various numerical schemes, including the turbulence model, mesh density, temporal and spatial discretization schemes, Courant number choices, and considering both the numerical precision and the calculation cost, the schemes chosen in the following series of simulations are the following: sonicFoam solver, realizable k-epsilon turbulence model, 2 nd order upwind schemes in spatial terms, backward 2 nd order scheme in temporal term, and a maximum local Courant Number limited to 0.3 with a time step of 4×10 -9 s. The grid density at the wall permits to obtain an average value of the dimensionless wall distance y + of the order of 10, compatible with the used standard wall function. The mesh consists of quadrangle cells only in order to get high mesh quality. The total cell number is 1.2×10 5 , with 20 nodes in the throat part and 15 nodes in both outlet sections. In order to reach a regular periodic behavior (a statistically stable behavior), more than 20 periods were simulated.

Experimental setup

For the experimental study, two oscillators, called Osc.1 and Osc.2, have been designed, manufactured and tested (Fig. 4). Both designs have an identical central part (switching zone) which is exactly the same as the one used in the numerical work. However, Osc.1 has a complete "two-dimensional" design (including the feedback loops in the same plane) with a uniform depth of 10 mm (i.e. much larger than the width of the internal channels of the device); the measured frequencies and outlet velocities can then be compared to 2D simulation results. On the other hand, feedback loops F1 and F2 of Osc.2 can be changed by linking ports α and β (see Fig. 2) using plastic tubes with various lengths (200, 300, 400, 500, 600, and 766 mm). The extremities of these tubes are connected to ports α and β , perpendicularly to the plane. Tubes with an internal diameter of 4 mm are used in Osc.2 to have the same cross-sectional area than the feedback loops of Osc.1.

Fig. 4. Osc.1 (left) and Osc.2 (right) with the same central part used in the experimental study

In order to obtain working frequency and outlet velocity profiles of the oscillator, two measurement techniques were employed: a hot wire anemometry and a transient pressure measurement with a transducer. The hot wire anemometry can measure the outlet velocity profile while providing the oscillator working frequency. The hot wire, however, is so fragile that it was only employed in low inlet pressure conditions, while the pressure transducer can be used in a wide range of inlet pressures. Thus, the velocity in the axis of each outlet of the oscillator was measured by a TSI 1210-T1.5 hot wire for inlet total pressure ranging only from 0.1 to 0.3 MPa, while the frequency responses were provided by an Endevco 8510B-200 pressure sensor for a wider inlet pressure range, from 0.1 to 0.7 MPa. The sampling frequency was 25 kHz and the signal was recorded during 10 s.

Computational study of the flow patterns inside the fluidic oscillator

The main goal of this computational study was to provide a better understanding of the inner flow to get new insights about the physical mechanisms underlying the switching process. A detailed analysis of the jet switching process inside the oscillator has been performed by comparing the pressure and velocity contours at key instants and by examining the evolution with time of the area-weighted average pressure and velocity magnitude in various sections along the feedback loops and at the exit of the oscillator [START_REF] Wang | Experimental and numerical study of the frequency response of a fluidic oscillator for active flow control[END_REF]. It has been found that the jet oscillation frequency has a direct relationship with the forth and back propagation of the pressure wave in the feedback loop.

The switching of the jet would then result from both the pressure difference between the control ports at the jet base, By considering several reference times to illustrate the oscillation process, the periodic behavior can be observed on the evolution of area-averaged velocities in y-direction (see Fig. 2) at both oscillator outlets presented in Fig. 5, and on the evolution of the pressure differences 2 for the location of sections B) presented in Fig. 6, together with snapshots of velocity contours at four characteristic times of the first half period in order to illustrate the jet switching mechanism. In addition, a video showing the evolution with time of the pressure and the velocity in the oscillator over one period has been provided as supplementary material (video.SM01) for a better visualization of the jet switching phenomenon. 1-At time 0 t , which is defined as the beginning of a period, the main flow jet (MFJ) in the interaction zone is switching from the right side to the left side since the area-averaged velocity y U at the left outlet is increasing while it is dramatically decreasing at the right outlet, as it can be seen in Fig. 5. At this time, the average value of 6-After this time, the second half-period begins with a symmetric behavior and the whole period is completed at time 3 t , as shown in Fig. 5 and Fig. 6. The duration 2 2 1 ( )

t t t ∆ = -, is about 0.27 T.
The main conclusion of the above analysis is that the pressure difference between the control ports at the jet base is not sufficient to cause the jet switching, which only occurs when, in addition, the counter effect of the pressure difference between the two branches is reduced enough, due to the reflected propagation of the pressure waves in the feedback loops. It can also be observed from Fig. 5 and Fig. 6 of the reflected wave. From 0 t to 1 t , the wave propagation direction is the same as the air flow direction while they are in opposite directions from 1 t to 2 t , leading to a lower wave propagation velocity in the later period, resulting in 1 2 t t ∆ < ∆ . Thus, period T can be written as:
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where t τ and τ s are the transmission time and switching time respectively. Lf is the feedback loop length from section A to section P. Introducing the Mach number in front of the wave in the first step of the period / Ma u C = , Eq. 2 can be recast as follows:
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In general, 1 u and 2 u are small but not negligible compared to the sound velocity ( 2 1 0.2 Ma Ma < ≤ according to the numerical simulations), especially when the supply pressure of the oscillator is low. Then, Eq. 3 could be approximated by: ( )
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which can be expressed as:

4 1 2 2 f s o L Ma T C τ ∆   ≈ + +     , (5) 
where Ma are not accessible in practice. Anyway, assuming that the influence of the wave propagation asymmetry is small in comparison to the leading order term and that s τ is negligible compared to the whole period T , Eq. 5 reduces to

4 1 = = f o L T f C (6)
Interestingly, this relationship differs by a factor 2 from that proposed by Simões et al (2005), which is induced by the back and forth wave propagation in the feedback loop.

Computational study of the effects of the pressure differences between the two branches and the two control ports

The above-obtained results suggest that the jet switching is not only controlled by the pressure difference at the base of the jet, but also by the pressure difference between the two branches. In order to confirm this assumption, a simplified geometry, which represents the central part of a typical oscillator, has been chosen, as shown in Fig. 3b.

This simplified oscillator has the same dimensions as the above simulated oscillator but without feedback loops.

Pressures at both branch outlets (sections G1 and G2) and loop outlets (sections E1 and E2) can be set independently. Four series of unsteady simulations were thus carried out with different pressure differences, as detailed in this section, to study the effect of the pressure difference at control ports only (series 1), the effect of the pressure difference at branches only (series 2) or the combined effect of the two pressure differences (series 3 and 4)

on the switching process.

In series 1, the inlet total pressure was set to 0.25 MPa, and a static pressure of 0.1 MPa was imposed in sections Gl, G2, and E2 (case 0), thus E 2 E1 2 1

0

G G P P - - ∆ = ∆ = .
The numerical settings described in section 3 were used for these simulations.

According to the previous analysis in Section 4, the jet switching in the complete oscillator occurs at t ≈117 ms (cf. Fig. 5), approximately 1ms after the maximum pressure difference between the control ports is reached (at t ≈ 116 ms, cf. Fig. 6). For that reason, the base case (case 0) of series 1 was initiated from t = 0 and simulation results obtained after 1ms were used as initial flow field for the four cases run for an additional duration of 1 ms. Fig. 7 shows the velocity magnitude iso-contours obtained from the performed unsteady simulations after 1ms

for the base case (case 0), and after 2ms for the other cases (i.e. 1 ms of base case simulation + 1 additional ms of simulation with modified pressure at control port E2).

According to Fig. 7, in the base case (case 0) the jet is attached to the right branch, despite the small recirculation zone visible between the jet and the wall.

In this first series, the isolated effect of pressure difference between the control ports, E 2 E1 E 2 E1

P P P

-∆ = -, was examined by gradually increasing the pressure in section E2 while keeping the pressures in other sections at their initial value. The initial flow field in each simulation of this series was that obtained in the base case 0 as mentioned previously. A total of five simulations, denoted as cases 1-1, 1-2, 1-3, 1-4 and 1-5, were carried out, corresponding to E2 E1 i / P P -∆ equal to 0.14, 0.24, 0.28, 0.36 and 0.4, respectively. According to Fig. 7, as E2 E1 P - ∆ is increasing gradually, the jet gets more and more bended with even an attachment of the jet base to the left wall. Nevertheless, the jet always flows out through the same outlet (right one), whatever E2 E1 P - ∆ is at the control ports, proving that the switching cannot occur if the pressures in the two branches are kept at their initial level. This was also confirmed by additional simulations, starting from the base case which was run for 1ms. In series 3, the combined effect of increasing P - ∆ values -Results from numerical simulations Fig. 8 shows the distribution of all the studied cases according to the pressure differences between the control ports and between the branches. The cases where the jet switches are represented by a circular point, the other ones by a diamond point. From this repartition, it is possible to draw the switchability chart in which two zones can be defined: the small zone in gray at low G2 G1 P - ∆ values corresponds to non-switching jet configurations, the large zone in yellow at higher values of G2 G1 P - ∆ corresponds to switching jet configurations.

In the case of no pressure difference between the branches ( G 2 G1 / i P P -∆ = 0), the switching of the main jet cannot be caused only by a pressure difference E 2 E1 P - ∆ between the control ports, whatever its value. On the other hand, the pressure difference between the branches must overcome a certain threshold ( G 2 G1 / i P P -∆ = 0.1) to provoke the jet switching when the pressure difference between the control ports is zero. This threshold decreases with increasing the pressure difference between the control ports and stabilizes on a small non-zero value for ( E 2 E1 P - ∆ > 0.25) and upper. As a conclusion, main jet switching cannot be obtained with only a pressure difference between the control ports but always needs a non-zero pressure difference between the branches. Finally, an interesting observation was made during this computational study: increasing the pressure difference either between the branches or the control ports ( G2 G1 P - ∆ or

E 2 E1 P - ∆
) resulted in significant reductions of the switching time, i.e. the time needed for the jet from the beginning of the simulation to switch to the other branch. This numerical switching time was indeed of the order of 0.4 ms for the lowest values of the pressure difference between the branches leading to the jet switching ( G 2 G1 / i P P -∆ = 0.1) and decreased down to about 0.02 ms for the highest tested values of G2 G1 P - ∆

. Additional numerical simulations are however needed for a better characterization of the jet switching dynamics in relation with the pressure conditions in branches and control ports.

Experimental data and analysis

The numerical studies presented in the previous sections revealed the internal dynamics of the oscillator as well as the detailed switching process and key control variables, which are very difficult to analyze experimentally. In order to validate and complete these numerical results, an experimental characterization of the effect of the oscillator's feedback loop length and of the supply pressure on the oscillator dynamic behavior have been performed, thanks to hot-wire anemometry and pressure measurements, as described in Section 3.

Validation of computational model with Osc.1

The velocity signals at the center of both outlets of Osc.1 (flat design) shown in Fig. 9-A were recorded using a hot wire anemometer (wire diameter 3.8µm, wire length 1.27mm) for an inlet pressure 0.2MPa

= i P
. Since the hot wire is insensitive to the velocity direction, the small peaks following each large peak are expected to correspond to a negative velocity, directed towards the oscillator, and revealing a suction step after each blowing step. This suction flow is sought in active flow control applications [START_REF] Seifert | Active Flow Separation Control on Wall-Mounted Hump at High Reynolds Numbers[END_REF]. The maximum velocities in both outlets are similar, with a mean value around 70 m/s. It can be observed, however, that the blowing duration, 2 T ∆ , is significantly longer at the left outlet than at the right one, which demonstrates that the internal geometry of the oscillator is not totally symmetrical and that the jet issuing from the nozzle spends more time in the left part than in the right one. These minor deviations between the prototype's actual internal dimensions and the model that is used for the numerical simulations are due to assembling constraints. In order to validate the numerical results obtained in section 4 for a totally symmetrical geometry, flow simulations based on the actual non-symmetrical geometry of the experimental oscillator, obtained by X-ray visualization, were carried out with the same numerical settings used in Section 4.

Comparing the results of both computational studies, it was found that the geometry deviations observed on the real device do not modify the internal flow structure but only the duration of the different phases observed during one oscillation period, with a deviation in frequency of less than 5%.

The evolutions with time of the velocity magnitude in the center of both left and right outlet slots for Osc.1, obtained from the numerical simulations on the scanned non-symmetrical geometry, are presented in Fig. 9-B, and are compared to data obtained from hot wire measurements (Fig. 9-A). The measured and simulated frequencies are very close with deviation of about 5%. The simulated maximum velocity for Osc.1 is about 110 m/s, which is however higher than the measured 70 m/s. This deviation of about 50% on the maximum velocity could be due to several factors: uncertainties on the measurement of the geometrical dimensions, uncertainties on the velocity measurements (in particular, due to the size of the hot wire which was non negligible compared to the width of the outlet slots) and possible 3D effects not taken into account in the numerical simulations. In both measured and simulated results, the suction velocity can be observed and the suction duration in one period in the left outlet slot is shorter than that in the right one, because of the asymmetry observed in the throat region. The simulated maximum suction velocity is about 25 m/s, which is also of the same order than the measured one. Comparing the measured period of Osc.1, which has a fixed loop length of 391 mm, and that of Osc.2 with a length of 386 mm, 10% deviation is found in resulted oscillation periods with only a 1% variation of f L . However, it is coherent as the loops of Osc.2 have additional volumes upstream from connecting ports α and downstream from connecting ports β, and in addition 3D effects are present in Osc.2 (see Fig. 4).

The oscillation period decreases with the inlet pressure, down to an almost constant and minimum value reached for inlet pressures / 1.7 > i atm P P for both oscillators and whatever the feedback loop length. This evolution of the oscillation period is similar to the cases of both sonic fluidic oscillators [START_REF] Hayashi | A study on mechanism of oscillation in sonic oscillators : 2nd Report, Mathetmatical model of oscillators operated by air[END_REF] and sweeping fluidic oscillators [33] [34] described in the literature. According to Eq. 5, it can be explained by the fact that ∆Ma = Ma1 -Ma2 increases with the inlet pressure when this pressure is low enough to keep the flow subsonic at the nozzle throat, and then becomes almost constant as the flow reaches sonic conditions at the throat, assuming thatτs remains constant.

For a given Pi, it can be observed that for Osc.2 the period monotonically increases as the feedback loop length increases. This is in accordance with the prediction by Eq. 6 in Section 4, as a result of longer propagation time.

With the purpose to further verify the applicability of Eq. 6, the oscillation periods T measured for different feedback loop lengths are drawn in Fig. 11 as a function of the period ( 0 4 / f L C ) estimated by Eq. 6 for five values of i P (0.115, 0.13, 0.15, 0.2 and 0.25 MPa). For each inlet pressure, the oscillation period increases linearly with the length of the feedback loops. However, the slope decreases with increasing i P . The experimental data fit fairly well the predictions given by Eq. 6 with deviations lower than 15%. It can be clearly observed that when Pi is higher than 0.13 MPa, period T can be approximated by Eq. 6 with a limited error (within 15%), as shown by the dotted lines.

In case of 0.115MPa = i P (empty circles in Fig. 12), the deviation is more obvious, i.e. more than 15% when 0.6

f L m < ( 0 4 / 7 f L C ms <
), but the slope is closer to the estimated one. Looking at Eq. 3, the larger deviation can be explained by the fact that for this low value of Pi, the pressure differences obtained in branches and control ports are low, leading to larger values of the switching time τs, which is neglected in the linear relation Eq. 6. On the other hand, when Pi is very low, much less fluid flows back to the jet base along the feedback loop. In that case, Additional numerical simulations focused on the jet switching zone revealed that the jet switching in the Coanda fluidic oscillator studied in the present work is not controlled by the sole pressure difference between the two control ports, but by a combination of this pressure difference and the one between the oscillator's branches.

In order to verify and validate the dynamics revealed by the simulations, two oscillators were designed, manufactured and tested. For the first model close to a 2D configuration (i.e. large depth over width ratio for all the channels), the measured oscillation frequency has been well estimated by the simplified relation deduced from the numerical simulations. The effect of feedback loop length was explored by using the second oscillator prototype with changeable feedback loops made by tubes of same cross-section area than in the 2D model. It was also found that the proposed simplified relation was able to predict the oscillation frequency with a deviation lower than 15%, except in the case of very low inlet pressures. However, the numerical analysis performed in the first part of this work permitted to explain the origin of this limited deviations.
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 117 Fig. 11. Oscillation period as a function of the feedback loop length for several inlet pressures. Results from hot wire measurements are represented by circles. The black solid line represents the prediction

  is the local fluid velocity in front of the wave. This propagation results in a rapid increase of pressure B1 P just after time 0 t . Simultaneously, in the right side, there is a low pressure expansion wave (LPEW) that propagates along the right feedback loop leading to a rapid decrease of pressure B2 P . After time 1 t , the HPCW and LPEW are reflected back after impacting the base of the jet in sections P, and they continue propagating back along the feedback loops. When they reach sections A1 and A2, at time 2

	4-t ,
	the previously negative value of	∆	A1 A 2 P -	suddenly increases up to about 0 and provokes the MFJ switching
	A1 A2 P -∆ from left to right side, as indicated by the inversion of the velocities in both exits. As long as is about 10 kPa though it is very fluctuating, while the value of B1 B2 P -∆	increases A1 A 2 P -∆ is
	and becomes positive. negative, before time 2 t , this pressure difference has a counter effect that prevents the jet switching. Once
	2-Shortly after time 0 t , the MFJ is attached to the left branch, thus the left side velocity reaches a maximum the pressures between sections A1 and A2 are balanced, the pressure difference P1 P2 P -∆ at the base of the
	value and the right side a minimum, but still positive, value. A high pressure compression wave (HPCW) jet becomes able to provoke the jet switching.
	propagates along the left feedback loop with a velocity 5-Time 2	1 C u o + , where o C is the sound velocity (≈340 m/s),
	and 1 u Accordingly, the value of B1 B2 P -∆	increases up to its highest value. The value of	∆	A1 A2 P -	remains close to 0,
	which can be explained as sections A1 and A2 are close to each other and the flow in this region is quite
	steady since	∆	P1 P2 P -	is negative and its absolute value is large enough to perfectly attach the MFJ to the left
	branch although	B1 B2 P -∆	is positive. There is no major change up to time 1 t , except a slight decrease of
	B1 B2 P -∆	and a slight increase of	∆	P1 P2 P -	. The duration 1 1 0 ( t t t ∆ = -	)	of this step is about 0.23 T, where T is
	the simulated oscillation period. T = 4.3 ms in the present simulation.
	3-At time 1 t , the HPCW reaches section P1 and the LPEW reaches section P2 almost simultaneously; the
	value of P1 P2 P -∆	suddenly reverses from its large negative value just before t1 to a positive value. From this
	time, the values of y U in both exits become more fluctuating since the attachment of the MFJ to the left
	wall becomes unstable due to the perturbation generated by the positive pressure difference P1 P2 P -∆	.
	However, this pressure difference between the two sides of the jet base is not able to provoke the MFJ
	switching, though it makes it very unstable. The value of	∆	A1 A 2 P -	becomes negative, which may also
	prevent the switching.	

t corresponds to the end of the first half-period.