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Experimental investigation of large droplet impact with application to SLD icing

SLD icing requires the understanding of micrometer-sized droplets impacting at velocities beyond 50 m/s. This paper proposes an experimental investigation of fast impinging large droplets under non-icing conditions. Three aspects of the impact are analyzed: the splash dynamics as a function of the surface nature, the deposition rate, and the secondary drop characteristics for various primary drop characteristics. Examination of images obtained for a clean surface and for a blotter paper surface shows significant differences in terms of the amount of water reemitted. The measurement of the deposition rate confirmed that the dynamics of drop impingement on blotter paper is not the same as impingement on a clean surface. The characterization of the secondary ejected drops shows significant discrepancies with respect to the literature.

Introduction

There are two main concerns with regard to supercooled large droplet (SLD) (drops with a diameter greater than 50 microns and with negative temperature) icing on aircraft airfoils. Thus, large drops, with great inertia, can impinge beyond the limits of protection systems. The other concern is that the secondary drops ejected from the splash location can potentially accrete in areas of the airfoil that have no ice protection.

In this work, the impact of water drops on dry surfaces at high velocity is investigated experimentally under non-icing conditions. The data has been recorded and characterized at ambient pressure and at an air temperature between 5 and 10°C using a vertical wind/droplet tunnel. To avoid droplet evaporation, the relative humidity was controlled. The size, velocity and impact angle of the primary drops are varied in order to account for parameters relevant to flight conditions. Both qualitative and quantitative analyses are performed for drops during impact and for the ejected secondary drops. For this purpose three experimental approaches were applied: fast imagery, deposition rate evaluation by recovery/weighing, and reemitted drop characterization by Phase Doppler Anemometry (PDA).

The paper proposes an accurate measurement of the drop impingement process. Various physical aspects of interest for the SLD topic were analyzed, with particular interest in the quantification of the water deposition rate and the measurement of the kinematic characteristics of emerging secondary drops, seeking to improve the empirical models.

A review of the representative publications on the dynamics of high-speed large drop impact on a dry surface is reported in the second section. The third section details the experimental setup and the investigation techniques. The fourth section presents qualitative and quantitative results on splash dynamics.

Literature review

Ice accretion mainly results from water drops with a diameter smaller than 50 microns that freeze upon impact with aircraft surfaces [START_REF] Bodoc | Experimental investigation of high speed SLD impact[END_REF]. The resulting ice shapes can be estimated by ice accretion codes that are based on drop tracking calculation, like LEWICE [START_REF] Wright | Validation results for Lewice 3[END_REF], TRAJ2D/IGLOO [START_REF] Trontin | Revisited model for supercooled large droplet impact onto a solid surface[END_REF], and CANICE [START_REF] Sabri | In-flight ice accretion simulation in SLD conditions[END_REF].

As presented in the work by [START_REF] Bodoc | Experimental investigation of high speed SLD impact[END_REF], ice accretion due to SLD is subject to additional effects and the experimental shapes could be different from the simulated results. Under flight conditions, the large drops encounter the boundary layer developed around the airfoil and are susceptible to distortion and break-up before impact. Upon impact a large number of secondary drops may move away from the impact point and re-impinge on the aft surface of the airfoil.

Impingement tests with large drops at ambient temperature have demonstrated that droplet splashing and breakup before impingement can have a significant impact on the impingement characteristics of the aerodynamic surfaces. Thus, [START_REF] Tan | Effects of large droplet dynamics on airfoil impingement characteristics[END_REF] looked in detail at the deformation of SLD prior to impact, with results that indicate very complex impact regimes. It was shown that drop splashing plays a greater role compared to drop distortion and break-up in the leading edge regions, since simulated data including the mass loss due to splashing showed better agreement with the experimental data. Large droplet impingement data obtained with blotter paper was compared with numerical simulations without splashing model. The experimental results demonstrated considerably less overall impingement than the simulation. The difference was attributed to the large droplet splash. The impinging mass of water is not fully deposited on the surface; part of it is entrained by the airflow. The development of a semi-empirical droplet splash model allowed the discrepancies between experimental data and simulations to be reduced.

From the point of view of SLD impingement on an aerodynamic surface there are several important challenges, namely the understanding of the splashing mechanism under high-speed conditions and at high impact angles. As was shown by various works (Tan 2004, Trontin and[START_REF] Trontin | Revisited model for supercooled large droplet impact onto a solid surface[END_REF], the deposition models fail to correctly describe water accumulation in regions close to the impingement limits. The experimental investigation mainly focused on water mass retention [START_REF] Papadakis | Experimental investigation of water droplet impingement on airfoils, finite wings, and an S-duct engine inlet[END_REF][START_REF] Papadakis | Experimental study of supercooled large droplet impingement effects[END_REF], with few insights into the drop behavior before, during and after impact. Some of the models used in the development of simulation tools for SLD icing applications [START_REF] Tan | A tentative mass loss model for simulating water droplet splash[END_REF][START_REF] Wright | Validation results for Lewice 3[END_REF][START_REF] Sabri | In-flight ice accretion simulation in SLD conditions[END_REF][START_REF] Trontin | Revisited model for supercooled large droplet impact onto a solid surface[END_REF] were calibrated and validated using these experimental datasets.

The research work relevant to the physics of SLD and their icing behavior on aircraft was reviewed by [START_REF] Li | Physics of supercooled large drops (SLD): Literature Review, EXTrime ICing Environment (EXTICE) project[END_REF]. The authors listed the five elements that compose the splash model: the splash threshold, the mass loss coefficient (or the deposition rate) and the number, size and velocity of the secondary drops.

Outside the SLD topic, many efforts have been made to understand the mechanisms of droplet impingement on a solid surface and to develop empirical models. For an overview of the collision dynamics of high-speed drops, the paper by [START_REF] Yarin | Drop Impact Dynamics: Splashing, Spreading, Receding, Bouncing[END_REF] can be referred to. This review was later completed by [START_REF] Josserand | Drop impact on a solid surface[END_REF]. The detailed review of the spray impact modeling by [START_REF] Moreira | Advances and challenges in explaining fuel spray impingement: How much of single droplet impact research is useful?[END_REF] is also recommended because the SLD impingement can be seen as a sparse spray impact problem.

For drops impacting on a rigid and dry surface at ambient pressure, several aspects are discussed, such as the drop spread, the spreading/splashing threshold and the splash dynamics. Large drop impingement was experimentally investigated by [START_REF] Chr | Droplet-Wall Collisions: Experimental Studies of the Deformation and Breakup Process[END_REF] and [START_REF] Cossali | The impact of a single drop on a wetted solid surface[END_REF], in order to provide models describing the deposition/splashing threshold and the characteristics of secondary drops. The spreading/splashing threshold was characterized by the dimensionless number 𝐾𝐾 = 𝑊𝑊𝑊𝑊 • 𝑂𝑂ℎ -0.4 , which incorporates the drop size and velocity, viscous stress, and surface tension. When K is greater than a threshold value, splashing occurs.

Later, [START_REF] Rioboo | Outcomes from a drop impact on solid surfaces[END_REF] identified two splash mechanisms (defined as drop impact resulting in the disintegration of the impinging drop): prompt and corona splash. A prompt splash releases the droplet directly from the breakup of the tip of the advancing lamella. Thus, for high enough values of the We number (which characterizes the ratio of the impact inertia to surface forces), fingers form at the periphery of the expanding lamella created while the drop impacts the rigid surface. The occurrence of a rim transverse instability results in the break-up of the fingers and the generation of the secondary drops. In the corona splash the intact lamella rises away from the surface forming a corona-like structure, which subsequently breaks up into small drops.

The differentiation of classical "prompt splash" and "corona splash" is not obvious. The characteristics of the two splattering patterns can become mixed during the impact event and are difficult to be identified, particularly in the case of a high-speed impact. Three drop disintegration mechanisms (prompt, corona and breakup) were distinguished in impacts at high-impact We number, and they may follow different scenarios as compared to low We conditions. As demonstrated by [START_REF] Pan | Breakup of a droplet at high velocity impacting a solid surface[END_REF], the prompt splash can be generated even on a smooth surface if the impact is strong enough to remain sensitive to any surface imperfection. [START_REF] Pan | Breakup of a droplet at high velocity impacting a solid surface[END_REF] studied the impact of individual 500 µm drops on different surfaces for velocities up to 42 m/s. The drops were accelerated by the airflow, which was directed away before reaching the impingement surface. Thus, the impingement regime does not correspond to that of air-driven impingement drops.

The experiments by [START_REF] Mehdizadeh | Formation of fingers around the edges of a drop hitting a metal plate with high velocity[END_REF] and [START_REF] Pan | Breakup of a droplet at high velocity impacting a solid surface[END_REF] demonstrated that thin threads (filaments) emerge outward immediately after the impact. They are overtaken by the expanding lamella, followed by the breakup of fingers generated by the rim instability. The occurrence of filaments that are ejected along a straight trajectory with an initial upward angle is defined as a truly "prompt splash". Afterwards, the filaments are bent upward while the lamella continues to expand. Following these observations, a true "prompt splash" occurs earlier than the emergence of drops at the advancing contact line.

The "corona splash" is created by the interaction of ejecting liquid lamella and the surrounding gas that exerts restraining pressure. Periodic instabilities were observed at the rim of the spreading lamella. As the impact velocity increases, the amplitude of these instabilities increases and they form finger-shape protrusions [START_REF] Mehdizadeh | Formation of fingers around the edges of a drop hitting a metal plate with high velocity[END_REF][START_REF] Roisman | Spray impact: rim transverse instability initiating fingering and splash, and description of a secondary spray[END_REF]. The size and number of the fingers increase with the impact velocity, growing so long that their tips break off forming secondary drops. Increasing surface roughness reduces the number of fingers, but increases their size. The effect of surface roughness on the secondary drop population was also evaluated by [START_REF] Trujillo | Modelling and experiment of impingement and atomization of a liquid spray on a wall[END_REF] and Gunther et al. (2017). Roughness promotes the prompt splash phenomenon.

The existence of two successive splashing mechanisms was demonstrated by Fassmann et al. (2013), who plotted the evolution of secondary drop size and velocity with the impact time. [START_REF] Thoroddsen | Micro-splashing by drop impacts[END_REF] used gravity-driven (Vmax=5.5 m/s) large drops of water (D=5.5 mm) to study the impact on a glass plate. The author presented the direct video imaging of the earliest prompt splashing, which was called "microsplashing". This mechanism occurs during the initial contact, and seems to differ from the "corona" splashing mechanism. The resulting distribution of droplet sizes and velocities for the micro-splashing mechanism is expected to be fundamentally different from the various other mechanisms. No data on the ejected mass amount is provided. [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF] and later [START_REF] Latka | Creation of prompt and thin-sheet splashing by varying surface roughness or increasing air pressure[END_REF] observed experimentally that decreasing the surrounding gas density completely suppresses the splashing phenomena. [START_REF] Günther | Influence of pressure on droplet splashing behaviour inside gas turbine compressors during wet compression[END_REF] studied the influence of pressure on droplet splashing inside a gas turbine compressor. To understand splash occurrence, impacts of single drops on surfaces with different roughness were studied for gas pressures between 100 and 500 kPa. The diameter of primary drops ranges from 4.4 mm to 4.6 mm and they are accelerated by the airflow. Back-lit fast imaging was used as the investigating method. The experiments show that the secondary drop size is dependent on both surface roughness and pressure. Surface roughness increases the amount of large secondary drops, while the number of small drops remains unchanged. Increasing pressure increases the quantity of secondary drops of all sizes. Both variations lead to a significant increase in the ejected volume of liquid. A minor dependency on variations in both parameters was found for the secondary drop velocity.

The methods currently used to estimate water collection on aircraft surfaces are based on drop trajectory calculation and empirical models that account for the water drop-airfoil interaction. Some of the relevant models to predict the deposition rate can be found in the works of [START_REF] Li | Physics of supercooled large drops (SLD): Literature Review, EXTrime ICing Environment (EXTICE) project[END_REF]. The experimental investigation by [START_REF] Papadakis | Experimental investigation of water droplet impingement on airfoils, finite wings, and an S-duct engine inlet[END_REF][START_REF] Papadakis | Experimental study of supercooled large droplet impingement effects[END_REF] was achieved using a dye-tracer technique, which involved spraying a known concentration of dye-drops towards the target airfoil, which was covered with blotter paper. The amount of dye deposited on the paper was directly related to the water impingement distribution. The limitations of this method arise from its representativeness of the real application. It was recently demonstrated by [START_REF] Bodoc | Experimental investigation of high speed SLD impact[END_REF] that the blotter paper porosity leads to the penetration of the liquid and the imbibition of the target surface. When blotter paper was used, the measured deposition rate was equal to unity for incidence angles greater than 50°. Due to the absorption properties of the blotter paper, the water drops are completely absorbed. For small incidence angles (<50°), a decrease in the deposition rate with the normal Weber number was observed. These particular results can be explained by the fact that, for highly oblique impingements, the impact regime starts to correspond to the rebound, which limits the amount of water that is deposited on the wall. Yarin and Weiss (1995) studied the impact of a train of drops on a surface wetted from previous collisions. The amount of mass ejected from each splashing event is reported in terms of volume ratio of secondary drops to incident drops. A train of drops with diameters between 70 and 340 µm impacting a rigid surface (Ra=1 or 16 µm) was tested. The liquids tested were mixtures of ethanol, water and glycerol. The ejected mass of liquid is obtained from size distributions of secondary drops by image processing. The mass fraction grows monotonically from zero at the splashing threshold and tends asymptotically to a value lower than 1 for higher impact velocities. The major problem with the experimental results presented by Yarin and Weiss is that no information is provided on the minimal size of the detected drop, in so far as the CCD camera resolution is not known.

A model for the deposition rate was proposed by [START_REF] Breitenbach | From drop impact physics to spray cooling models: a critical review[END_REF] and compared with experimental data obtained by one-point phase Doppler measurements by Roismann et al (2006) and by direct collection of the deposited liquid. From all of these three references it is unclear how the mass of the secondary drops was computed from PDA measurements.

The main limitation of the existing mass deposition models is that they do not account for the impact angle, but rather only for the normal Weber number. However, it is obvious that smaller values of the Weber number can be obtained by two means: reduction of the impact velocity or increase of the impact angle. The result on the deposition mass is not the same. In the first case, the reduction of the impingement velocity leads to the increase of the deposited mass, as shown by [START_REF] Yarin | Drop Impact Dynamics: Splashing, Spreading, Receding, Bouncing[END_REF]Weiss (1995), and[START_REF] Breitenbach | From drop impact physics to spray cooling models: a critical review[END_REF]. In the second case, the increase of the impingement angle results in the decrease of the deposition rate as shown by [START_REF] Papadakis | Experimental investigation of water droplet impingement on airfoils, finite wings, and an S-duct engine inlet[END_REF]Papadakis et al ( , 2004) ) and Tan for different airfoils.

An empirical mass loss model for SLD impingement was also proposed by [START_REF] Trontin | Revisited model for supercooled large droplet impact onto a solid surface[END_REF]. The novelty of this model is that it distinguishes the influence of the normal kinetic energy from that of the angle of incidence. The reference experimental data were taken from the tests performed in the NASA Icing Research Tunnel [START_REF] Papadakis | Experimental investigation of water droplet impingement on airfoils, finite wings, and an S-duct engine inlet[END_REF][START_REF] Papadakis | Experimental study of supercooled large droplet impingement effects[END_REF].

There are few experimental studies dedicated to the secondary drop dynamics once the primary drop has splashed. Research efforts have been directed toward the development of empirical models to predict the size, velocity and number of secondary drops for an impact on a dry surface. Thus, [START_REF] Trujillo | Modelling and experiment of impingement and atomization of a liquid spray on a wall[END_REF] proposed a secondary drop size model obtained from PDA measurements. It was validated against numerical simulations. Firstly, the drop size distribution should shift towards lower sizes by increasing the impact velocity. All other parameters being constant, the secondary drop sizes become smaller as the kinetic energy of the incident drops increases. Secondly, secondary drops must have diameters that are much smaller than the incident diameter.

It was observed that the size of secondary drops corresponding to different impingement angles remains roughly the same, even if the impact parameter changes. The effect of shifting splashing droplet distribution toward larger sizes with a lower incident angle is counteracted by an associated shift in the secondary droplet population to smaller sizes.

From the stability analysis by [START_REF] Roisman | Spray impact: rim transverse instability initiating fingering and splash, and description of a secondary spray[END_REF], it was found that the size of the secondary drops is a function of the Reynolds number (calculated on the basis of the averaged normal to the wall component of the spray velocity). Comparison of the results obtained for a normal and an oblique impinging spray indicates that the main mechanisms of secondary spray formation in normal and oblique spray impacts are the same. On the other hand, [START_REF] Pan | Breakup of a droplet at high velocity impacting a solid surface[END_REF] demonstrated that the effect of viscosity on secondary drop size is minor compared to that of surface tension if Oh<<1 and, thus, the Oh or Re numbers might not play a significant role compared to that of We. The evolution of the secondary drop characteristics generated during the impingement process of 2.7 mm drops impacting on a rotating glass substrate with velocities up to 13 m/s was evaluated by Fassmann et al (2013). The main finding is that the mean size of secondary drops increases during the impact time, while the mean velocity of the drops decreases. The explanation for this behavior is based on energy conservation during impact. Therefore, the larger and slower secondary drops are measured for the lowest We number of primary drops. The size of secondary drops divided by the size of primary drops was found to be very small (0.016<D/D 0 <0.03) for 3500<We<10000. This result could be explained by the very smooth nature of the impinging glass substrate (Ra=5 nanometers).

The velocity of secondary drops was determined by [START_REF] Trujillo | Modelling and experiment of impingement and atomization of a liquid spray on a wall[END_REF]. Some of the models predicting the secondary drop velocity can also be found in the work of [START_REF] Li | Physics of supercooled large drops (SLD): Literature Review, EXTrime ICing Environment (EXTICE) project[END_REF]. For a normal impact, the absolute secondary droplet velocities obtained by Fassmann et al ( 2013) vary during the impingement process (1.5<V/V0<4) for 3500<We<10000, but the corresponding statistical mean values are presented.

The problem with the existing methods is that the scaled horizontal component of secondary drop velocity is always lower than 1. The measurements made by [START_REF] Chr | Droplet-Wall Collisions: Experimental Studies of the Deformation and Breakup Process[END_REF] demonstrated that this component of velocity may be greater than unity due to a transfer of momentum. Moreover, the models are insensitive to the impact velocity, but Fassmann et al (2013) showed that for a very smooth surface and a normal impact the secondary drop velocity changes with the We number.

The averaged absolute velocity was also measured as a function of the impact angle by PDA (Roismann et al 2006).

One of the main limitations of the previous data sets originates from the investigated configurations, which generally correspond to a free-falling droplet, a flywheel setup or a sparse spray of drops. Only a few of them are representative of aeronautical icing applications. The ability of each model to describe the impact of SLD depends on the boundary conditions of the experiments used to generate this data. Under these conditions it is difficult to generalize such models.

The analysis of all of the publications presented before shows that many studies dealing with SLD impingement are performed for impact speeds lower than 50 m/s and very large droplet diameters, in the millimeter range. In this work, however, we aim to study the impingement regimes at higher velocities and greater diameters of the drops, which are more representative of real icing conditions (the velocity of an aircraft in icing conditions is of the order of 100 m/s).

From the point of view of the thermal conditions, it must be said that those used for our tests are quite different from those experienced by an airplane flying in icing conditions. It is generally accepted that SLD are mainly detected at temperatures between -10°C and -3°C, while, for technical reasons, our tests could not be performed at temperatures lower than 5°C. As a matter of fact, a significant number of experimental investigations of SLD impingement are not performed at real icing temperatures. Actually, working at a higher temperature does not limit the interest of studying SLD impingement. So far, temperature was considered to play rather a secondary role on the behavior of large drops during impact, and its influence is considered only through the physical properties of water and the air.

To justify this assumption, the thermal response of water drops can be investigated. For this purpose, the thermal response time, as defined by Crowe et all (1997) will be introduced:

𝜏𝜏 𝑇𝑇 = 𝜌𝜌 𝑑𝑑 𝑐𝑐 𝑑𝑑 𝐷𝐷 2 12𝐾𝐾 𝑐𝑐
where ρ d is the density of the water, c d is the specific heat of the water, D is the droplet diameter and Kc is the thermal conductivity of the air. This is the time required for a droplet to achieve 63% of a step change in the temperature of the gaseous phase. The thermal response time for a 100 micron water droplet in air under the conditions of this study is roughly 0.1 s, which is, as will be shown later in the paper, much greater than the characteristic time of the impact event (10 to 20 µs for impact velocities of about 100 m/s).

This short analysis does not exclude a significant influence of the temperature on the behavior of the liquid phase after the impact phenomena, as on the secondary drops for example. However, this paper addresses only primary drop impingement.

Once the droplet has splashed, there is little information [START_REF] Chr | Droplet-Wall Collisions: Experimental Studies of the Deformation and Breakup Process[END_REF][START_REF] Cossali | The impact of a single drop on a wetted solid surface[END_REF] about the ejected drop dynamics, mainly because of the small size and high velocity of the ejected secondary drops, which are beyond the experimental capacities. In addition, if image processing is applied, secondary drop characteristics are biased by the resolution of the camera used. For example, only droplets larger than 30 to 40 µm were captured and analyzed by Fassmann et al (2013) or [START_REF] Günther | Influence of pressure on droplet splashing behaviour inside gas turbine compressors during wet compression[END_REF]. To overcome these limitations, Phase Doppler Anemometry was used within this study, but its use in the close vicinity of the impact point is not a trivial task.

To sum-up the literature review, semi-empirical splash models show good agreement under the calibration conditions and are not universal. The models for the mass-loss coefficient and the velocities of secondary drops are deduced from various impact conditions (lower speed impact, larger impacting drops, no surrounding airflow) and the data calibration cannot be generalized for (other) icing conditions. In order to identify a more general model, additional experimental study (and theoretical analysis) of (single) drop impact is needed.

Experimental setup

To achieve the test conditions of high-speed impact, a vertical air/droplet tunnel was developed at ONERA. Previous tests [START_REF] Berthoumieu | Experimental Study of Supercooled Large Drops Impact in an Icing Wind Tunnel[END_REF]) carried out in a horizontal wind tunnel have demonstrated the need to use a vertical installation to overcome the gravity effect, which modifies the trajectory of the drops.

A detailed description of the setup was already provided [START_REF] Bodoc | Experimental investigation of high speed SLD impact[END_REF]. Its main feature consists in the acceleration of liquid drops, in order to reproduce the realistic conditions of drop/surface collision. The chosen solution is to inject the drops into an accelerating air stream. The main challenge of this approach is to accelerate the drops without breaking them. Numerous studies in the literature deal with the secondary fragmentation of drops by aerodynamic effects. The aerodynamic Weber number is generally used to define the limit below which a drop maintains its cohesion. This value is fixed between 10 and 12 according to the authors; beyond this value, the breakup of the drop occurs.

A general view of the test bench is shown in Fig. 1. The inlet plenum serves both to condition the air supplied by the local high pressure network and to provide a suitable space for the mono-dispersed droplet generator. The flow rate is measured upstream by a Coriolis flowmeter and controlled by a control valve. In order to reduce the air inlet speed, the airflow is injected through the four faces of the plenum. A grid and a honeycomb are placed in the plenum to homogenize the air flow before entering into the channel. The channel consists in a double convergent of square cross section, linearly arranged. The first convergent rapidly accelerates the air in the vicinity of the injector, in order to entrain the drops as rapidly as possible away from the injector nozzle and to avoid coalescence. The second convergent accelerates the air more gradually and reduces the slip speed between the drops and the carrier flow. The global length of the channel was defined by the available height of the laboratory room. At the bottom of the channel there is the 50 mm square end of the contraction. The test area is placed after the exit of the channel.

Fig. 1 Experimental setup
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The liquid injector tip is placed at the entrance of the channel and the stream of monodisperse water drops is released at the center of the tunnel section. The droplet release location was adjusted until the drops impinged on the target installed at the exit of the tunnel.

The drops are delivered by a monodisperse injector. They are generated by applying a longitudinal vibration to a thin cylindrical jet of liquid. The excitation is provided by a piezoelectric ceramic driven by a function generator. The jet expands and contracts at the excitation frequency forming individual drops. The diameter of the drops mainly depends on the diameter of the pinhole and can be slightly modified by varying the excitation frequency. The initial velocity of the drop essentially depends on the flow rate. The use of this injector makes it possible to generate drops with a low speed varying between 5 and 10 m/s, which is much less than the desired speed. This is why it will be necessary to accelerate the drops.

It is worth noticing that, although the droplet injector produced a monodispersed stream of drops, a polydisperse cloud of drops was observed arriving in the working section. Turbulent dispersion and coalescence in the channel could be at the origin of this phenomenon.

Instrumentation for splash visualization

Several means have been implemented for drop impact characterization. In a first approach, a qualitative analysis was performed by visualization. This analysis was completed by a quantitative characterization of the deposition rate on the surface and the measurement of the re-emitted drops.

A modified aluminum rod was used for the impact study. As can be seen in Fig. 2 and Fig. 5, it was slightly machined in order to produce a flat impingement surface with two different surface roughnesses. An articulation allows the impingement angle to be varied. The target was located at about 100 mm from the channel outlet.

Fig. 2 Test target for visualization and PDA measurement

The visualization of the drop impact was performed using backlit imagery, the camera and the light source being placed on either side of the drop [START_REF] Bodoc | Experimental investigation of high speed SLD impact[END_REF]. For the observation of the impact dynamics, a JAI AD 131 GE camera was used. Its main feature is that it can record three successive images with very short time intervals. To achieve a high magnification, the camera was equipped with a 180 mm SIGMA macro lens. The resulting field of view was 6.5 x 4.5 mm with a pixel size of 5 µm.

For lighting with very short flashes, a CAVILUX laser illumination system was used.

To avoid the presence of multiple droplets on each image, the camera was externally triggered and a small field of view and small depth-of-field were adopted. The trigger scheme is shown in Fig. 3. Drop detection while crossing a laser beam was used as trigger source. For this purpose, a laser beam was placed a few centimeters away from the impingement location. A photosensitive element collected the light scattered by drops to use it as trigger source. A delay generator, installed between the photosensitive element and the camera, accounted for the time delay between droplet detection while crossing the laser beam and the impingement moment.

Fig. 3 Particle detection system for splash visualization

For each impingement event, three successive images were recorded. Image 1 is used to obtain the characteristics of the incident drop. For this purpose, during the time when the camera shutter gate remains open the laser illuminates the drop twice. Through image processing, the size and velocity of drops before impact can be measured. From these two quantities the proper moment of impact can be determined. In the following the temporal evolution of the impact was reconstructed by means of the impingement time.

From the double exposure image the droplet position was determined by image analysis, as schematically described in Fig. 4. Since the delay between the light flashes Δt is known, the spatial distance between the drops provides their velocity V=Δy/Δt. For each experimental setting, about 100 images were processed to obtain the size and velocity mean values. The droplet diameter was obtained from the same velocity measurement frame. To resolve the impact dynamics, an accurate determination of the impacting time is needed.

𝑡𝑡 𝐴𝐴 = -𝑦𝑦 𝐴𝐴 • ∆𝑦𝑦/∆𝑡𝑡
The time estimation uncertainty using this method is 10 -7 s for each drop. To scan the temporal axis of the impact event the procedure was repeated 10 times for each operating condition with different delays between the detection and the impingement locations. High-speed movies are constructed for each operating condition.

The two other images (Image 2 and Image 3) are matched with respect to the moment of impact and are used to document droplet impingement and splashing on the target surface. The image processing was performed with applications developed within ImageJ and Python. During the visualization of the splash, several parametric studies were conducted with a clean aluminum surface (two roughnesses: Ra=1 µm and Ra=4 µm respectively) and a surface covered with blotter paper. The parametric studies included variations in the air velocity for fixed drop sizes.

Instrumentation for deposition rate

The experimental method used to measure the deposition rate was detailed and assessed in the work by [START_REF] Bodoc | Experimental investigation of high speed SLD impact[END_REF] with respect to the results of [START_REF] Papadakis | Experimental investigation of water droplet impingement on airfoils, finite wings, and an S-duct engine inlet[END_REF][START_REF] Papadakis | Experimental study of supercooled large droplet impingement effects[END_REF] for a blotter paper covered surface.

Usually, in the literature, the quantity that is measured in the experiment is the collection efficiency and it is obtained using the blotter paper strips stuck on the airfoils. Given that the impingement efficiency cannot be measured, it is not possible to extract the values of the deposition rate from the experimental data only. A numerical approach must be used additionally, to determine the impingement efficiency.

In this paper, the deposition rate, i.e., the fraction of liquid that remains on the wall after the impact, was determined by direct measurement. The solution proposed consists in the recovery of the liquid that settles on a small size surface and its weighing.

The assembly consists of a removable target plate on which the drops are impinging (Fig. 5). It has a planar rectangular shape with dimensions greater than the output section of the convergent to collect all incident drops. The plate was mounted on the top of a liquid collector tank that can be tilted to study the influence of the impact angle. The fraction of the drops deposited on the plate flows towards the edges and is collected through two lateral drain slots. The secondary drops are assumed to be carried away by the air flow. The water was intended to flow into the drain slots but, in practice, it can bead at the edge of the slot and blow off the target assembly. Therefore, the edges of the collector were placed slightly above the target surface in order to capture as much deposited water as possible.

This plate is exposed to droplet impacts for an accurately measured period of time and the deposited mass Deposition rate measurement is very sensitive to external conditions. To evaluate ε in Eq. 1 the impinging mass flow rate 𝑚𝑚̇𝑖𝑖 𝑖𝑖𝑑𝑑 was determined using the same recovery/weighing method. In this case, the target plate was replaced by a honeycomb that sends the liquid flows directly towards the collecting tank.

To avoid the water mass loss due to the vaporization of drops from the injection to the impingement on the plate, the air was humidified (relative humidity around 70%).

The main drawback of this method is that a number of secondary drops may not be entrained by the airstream and they re-impinge the target plate. The results is an overestimation of the deposition rate with respect to the real values. Even so, the analysis of a high number of time-resolved splashes, as recorded with the JAI camera, did not prove any re-impact event. This outcome leads us to believe that the effect of secondary impingement is of second order.

Instrumentation for droplet re-emission characterization

For the characterization of the secondary drops, a Phase Doppler Anemometer was used. This non-intrusive system allows the diameter and two components of the velocity of drops crossing the probe volume measuring. The probe volume is the result of the intersection of two laser beams; it has an oval shape, 0.3 mm in diameter and about 4 mm in length.

The system used is a PDA from Dantec, which works with two 300 mW solid lasers (532 nm and 671 nm) that allow the exploration of relatively dense sprays.

A single measurement location was used to characterize the droplet and velocity distributions. For each run, 40000 samples were recorded. The validation rate was typically in the range of 80-90 %. The measurements were taken at a vertical distance of 1 mm from the impact surface. For each run secondary drops travelling with a vertical component of velocity opposite to incoming spray were recorded.

Results and discussions

The airflow velocity at the exit of the square cross section tube was measured in the absence of liquid injection using a Pitot probe. The droplet sizes and velocities before impact were measured by processing the images recorded with the JAI camera. The left graph in Fig. 6 shows the droplet size distributions for each set. The MDV of the drops has a relatively reduced variation with the air velocities. The graph on the right side of the same figure shows the impact velocity distributions measured from the imaging data as a function of the air velocity at the end section of the tunnel [START_REF] Bodoc | Experimental investigation of high speed SLD impact[END_REF]. The drop diameter varies between 250 µm and 550 µm, and the maximum impinging velocity is of the order of 80 m/s. Since the impact We and Re numbers are as high as 35 000 and 30 000, respectively, the drop splash is expected.

Considering a primary drop diameter D 0 =350 µm and a water mass flowrate of 4.75 g/min, the average distance between drops, assuming a cubic arrangement, was estimated at L~ 40D 0 for the lowest impinging velocity and it increases for higher velocities. The temporal interval between two successive impact events is:

𝑡𝑡 = 𝐿𝐿 𝑉𝑉 0 = 40 • 𝐷𝐷 0 𝑉𝑉 0 = 40 • 𝑡𝑡 𝑖𝑖𝑖𝑖𝑑𝑑𝑖𝑖𝑐𝑐𝑖𝑖
The ratio 𝐷𝐷 0 𝑉𝑉 0 was assumed to represent a temporal unit that roughly estimates the duration of the drop impact process 𝑡𝑡 𝑖𝑖𝑖𝑖𝑑𝑑𝑖𝑖𝑐𝑐𝑖𝑖 [START_REF] Li | Physics of supercooled large drops (SLD): Literature Review, EXTrime ICing Environment (EXTICE) project[END_REF]. The high value of 𝑡𝑡/𝑡𝑡 𝑖𝑖𝑖𝑖𝑑𝑑𝑖𝑖𝑐𝑐𝑖𝑖 indicates that the drop impact corresponds to the impact of individual drops. Moreover, the time delay between two successive impingements is assumed to be sufficiently great to completely remove the majority of the deposited amount of water, but it is impossible to guarantee that the surface becomes completely dry. If a very thin liquid film (of the order of the image resolution, which is about 5 microns) remains, it is impossible to detect it. Anyway, if such a film still exists it is much thinner than the size of the impingement drops.

Observations of drop splash

The results presented in this section are based on the analysis of images recorded with the JAI camera. The images presented are on a plane normal to the turning axis of the impingement surface. The flow is from top to bottom for a normal impact or from right to left for an oblique impact.

Of the recorded images, a selection of about one hundred was analyzed for each class of sizes. In the following figures each image corresponds to a different impact event. Each line of pictures corresponds to a different impact velocity and shows the droplet at different moments during the impact. The time elapsed between images has been adapted as a function of the drop velocity, in order to follow the impact phenomena. Backlit images were recorded for different driving air and for three impact angles, 90°, 60° and 30°. The images presented correspond to drops with a diameter of 375±15 μm.

For an aluminum surface, all of the recorded impact events correspond to drop impacts on a dry surface. The combined effect of the small size of the target plate, the low droplet density number and the presence of the airflow prevents the formation of a liquid film between two impact events.

A different behavior was observed for the blotter paper covered surface. For spraying times greater than 5 s water accumulates on the substrate and the impact dynamics change. To avoid the paper saturation the spraying time was limited to 5 s in this case.

A qualitative analysis of images obtained while an aluminum surface was used shows that a high amount of water appears to be ejected from the impact site. Fig. 7 shows successive instantaneous images of drops splashing on the polished surface for a normal impingement. For low impinging velocities, the ejected liquid becomes a thin sheet that moves outwards with the contact line. A corona is formed around the deformed droplet and it grows in time as the droplet fluid continues to feed the thin sheet. The atomization results mainly from the fragmentation of the corolla. An instability develops and leads to a circumferential wreath, which propagates upward in the corona and finally results in a disintegration into secondary drops.

For higher impact velocities the smooth corona structure is replaced by a rigorous disintegration of the liquid film. In this case, the corona and the associated instabilities are no longer identifiable. This behavior that is similar to that observed for drops impinging on rough surfaces is in good agreement with the observations by [START_REF] Mehdizadeh | Formation of fingers around the edges of a drop hitting a metal plate with high velocity[END_REF]. For comparable droplet size (D 0 =550 µm) but for a flywheel setup, they observed that for impact velocities higher than 40 m/s the liquid film becomes so thin that is breaks in several places preventing the formation of a corona.

The emergence of thin threads (prompt splash) like those reported by [START_REF] Pan | Breakup of a droplet at high velocity impacting a solid surface[END_REF] was not observed for any of the We numbers. Fig. 8 shows an identical drop under the same conditions impacting the rough aluminum surface. The roughness seems to change the drop dynamics during the impact. From a qualitative point of view it is obvious that, for a rough surface, the rigorous disintegration regime occurs for lower impingement velocities compared with a smooth surface. Instead of ejecting secondary drops from the rim of the spreading lamella, the rough surface and the high impact velocity cause the formation of ligaments that propagate radially and disintegrate subsequently. The impact dynamics on the blotter paper are summarized in Fig. 9. Surface absorption significantly affects the splashing. For the aluminum surfaces a significant volume of water appears to be ejected from the impact site. Nevertheless, for a surface covered with blotter paper it seems that the ejected volume of water is negligible. The blotter paper acts as an absorbent and captures almost all of the incident volume of water. When the angle of incidence decreases (θ=60°), in a first approach the morphology of the splash remains similar (Fig. 10). The impacts are more grazing and an asymmetry of the corolla can be noticed. Secondary drops appear to be carried away more rapidly by the air flow. This result is very similar to experimental results obtained by [START_REF] Chr | Droplet-Wall Collisions: Experimental Studies of the Deformation and Breakup Process[END_REF] for a free falling drop and DNS simulations performed by [START_REF] Cimpeanu | Three-dimensional high speed drop impact onto solid surfaces at arbitrary angles[END_REF] for an air driven drop.

For a small angle of incidence (θ=30°) (Fig. 11), a high amount of liquid sticks to the surface due to capillary forces. These forces are balanced by the inertial forces, which tend to tear the drop off the wall. A smaller quantity of water is ejected as secondary drops, which are very quickly swept away by the air flow. 

Measurements of the deposition rate

The second aspect evaluated within this work is the deposition rate ε for various different drop velocities, impingement surfaces, and incidence angles. The angles of incidence and impact are defined as in Fig. 12. It is interesting to compare the deposition rate obtained here with that obtained for a single drop or a sparse spray impacting a dry surface known from literature.

Fig. 12 Definition of the angle of incidence θ and the impact angle α

Of the order of three to six tests were performed for each operating condition and the median and RMS values were calculated. For each run, the value does not deviate by more than 10 % from the median value.

Fig. 13 shows the evolution of the deposition rate with the normal Weber number 𝑊𝑊𝑊𝑊 𝑛𝑛 for an oblique impact: θ=20°. For this configuration, the literature review shows a limited available data to compare with. Only the deposition rate measured by [START_REF] Papadakis | Experimental investigation of water droplet impingement on airfoils, finite wings, and an S-duct engine inlet[END_REF][START_REF] Papadakis | Experimental study of supercooled large droplet impingement effects[END_REF] with the blotter paper for aerodynamic profiles can be used. It must be noticed that the quantity measured by Papadakis et al. is the collection efficiency. Given that the impingement efficiency is not experimentally available, it was determined numerically using a tracking solver [START_REF] Trontin | Revisited model for supercooled large droplet impact onto a solid surface[END_REF].

The two series of data obtained at ONERA were recorded at different periods of time by different operators, in order to cover a wide range of impingement conditions. A very good agreement was found between the two datasets. From these values, the existence of two impinging regimes seems to emerge. The first regime, obtained for low values of We n , corresponds to a linear evolution of ε with We n . For the second regime, ε is independent of We n . The critical value of We n between the two regimes is between 1200 and1700. In the second regime, the deposition rate oscillates between 0.4 and 0.5. These values are very different from those reported in the literature (0.6 to 0.75 for the NASA dataset), probably due to the different nature of the impact surface used. This is not an unexpected result because, as was shown by visualization, the splashing behavior is not the same for a rigid aluminum surface and a blotter paper surface. Fig. 14Erreur ! Source du renvoi introuvable. shows the evolution of the deposition rate with the Weber number for a normal impact θ=90°. As for the oblique impact, two series of measurements were performed at different periods of time and by different operators. The same values of the impact We number were obtained both by changing the incident drop velocity or size. Despite a significant amount of scattering, a good agreement is obtained between the two series of data. It was found that for a normal impact the deposition rate does not change α θ

Impinging drop

Secondary drops with the We number. It oscillates between 0.6 and 0.75. Comparison with datasets from the literature shows the same behavior; i.e., constant values of ε for We>1000. Nevertheless, the values of ε are very different from one experiment to another. On the one hand, the results reported by [START_REF] Papadakis | Experimental investigation of water droplet impingement on airfoils, finite wings, and an S-duct engine inlet[END_REF][START_REF] Papadakis | Experimental study of supercooled large droplet impingement effects[END_REF] show values of the deposition rate greater than 0.8. As for an oblique impact, the reason for these discrepancies is probably related to the nature of the impingement surface: clean aluminum versus blotter paper. On other hand, the extrapolation of the correlation proposed by [START_REF] Breitenbach | From drop impact physics to spray cooling models: a critical review[END_REF] seems to underestimate our results. This could be due to the domain of applicability of this correlation that was established for low values of the impact We number.

To complete this analysis, it presents a real interest to mention the results of Fassmann et al (2013). For We numbers between 3500 and 10000, the deposition rate was found to be greater than 94%. Tests were performed for monodisperse water drops with a flywheel setup, while the deposition rate was determined by image analysis. In this case, it is believed that the resolution of the optical system is too low (the size of the smallest detectable secondary drop was 30 microns) to correctly detect the ejected drops. 

Ejected droplet characterization

Secondary drops generated during splashing were measured by means of the PDA technique. Fig. 15 indicates the location of the probe volume. It was roughly located at the center of the incident spray, 1 mm away from the target surface. The high validation rate (usually greater than 80 %) suggests that the secondary drops are formed and they have spherical shapes. For a normal impingement (α=0°), the probe volume was aligned with the impingement surface, so that the vertical and horizontal velocity components of the ejected drops could be measured. For an oblique impingement, the probe volume position did not change; only the angle of the impingement surface was varied in a plane that includes the two measured components of the velocity vector. To find the velocity components expressed in the reference of the impingement plane, some trigonometric transformations of the PDA velocity components were needed. The horizontal velocity component is defined as being parallel to the projection of the incident velocity vector on the surface plane. The normal component is normal to this surface plane.

Given that the impingement location is not the same for all of the drops (it was observed that the spatial scattering of drops before impact increases with the carrier flow velocity) it is expected that recorded information corresponds to drops ejected both forward of and behind the point of impingement. The differentiation between the two series of data was performed by post-processing of raw recordings, applying a criterion based on the direction of the transversal velocity component. For the normal impingement configuration it was systematically checked that the secondary drops velocity components and size are rigorously the same on either side of the impact location, even though the number of secondary drops is not always the same. These particular results prevented the investigation of the secondary spray in different transversal positions.

Without particular precaution, all drops crossing the probe volume could account for the calculation of the statistical values, whatever their trajectory. Thus, for ejected drops after a splashing event two kinds of drops can be measured in the same location. The first type is represented by drops directly ejected from the splash. Their velocity vector is directed outward from the impingement point. The second type corresponds to drops with a velocity vector that is pointed in the direction of the wall. They are on the descending part of their trajectory before being entrained by the airflow. In order to correctly characterize the ejection phenomena, only drops from the first category were considered for the statistics. For this purpose, a selecting procedure has been developed. From raw data, the velocity vector orientation is calculated and fitted to a validation criterion. Hence, only drops leaving the wall are kept and presented in the following. It was checked that this sorting method has no effect on the measured size of the drops, but allows their correct ejection speed to be found.

Fig. 15 Measurement location for the ejected drop characterization

Measurements were carried out for various different air velocities and for three angles of impact α= 0°, 30° and 60°. Each measurement point represents an average over 40,000 samples.

To analyze the influence of primary drop velocity and size on the secondary drop size, the secondary droplet diameters were grouped into 18 bins of 10 microns and the number of drops in each bin was counted. For each bin the number of drops was normalized with the overall number of drops across all diameters to form the Probability Density Function (PDF). Similar statistics are calculated for the two components of secondary drop velocity.

The secondary drops size distributions are shown in Fig. 17 for various different velocities of the air-stream. It is found that the secondary drop diameter covers a wide spectra, ranging from nearly zero to about one-third of primary drop diameter. Comparison of these distributions shows that they become narrower with increasing impact velocity, while the mean diameter decreases. The same result was observed for all of the impingement angles. Except for small impingement velocities (Vair=20 m/s and α=0°), the diameter histogram can be fitted to a Log Normal law. Obviously, the impingement angle does not strongly influence the size of the ejected drops, the distributions are very similar for the three impact angles. The change of the shape of these distributions with the impact velocity suggests an increase in the number of small drops with the increase of impact velocity. This finding is similar to that reported in the literature (Fassmann et al 2013, for example). It must be observed that the change in the shape and the shift of size distribution are more important for an oblique impingement.

For all impingement velocities greater than 60 m/s the size distribution does not change with the impingement angle. The shape of the size distribution plotted in Figure 16 shows a significant variation with the velocity of primary drops if they are compared with the results obtained by [START_REF] Chr | Droplet-Wall Collisions: Experimental Studies of the Deformation and Breakup Process[END_REF]. This could be due to the larger range of investigated primary velocities. The derived size statistics D10 and D32 are shown in Fig. 17 as a function of the normal Weber number. The droplet size has been normalized with the mean diameter D0 of the incident drops. The curves obtained for the three impingement angles are identical, with very small differences, which indicates that the normal Weber number is a key parameter in the secondary drop size, while the impact angle plays no role. As expected, the general trend shows that for increasing values of the normal velocity (expressed as Wen), the ejected drops are smaller. Large ejected drops are observed only for small values of We n , typically We n < 5000. For We n > 5000 the ejected drop size becomes constant. As a matter of fact, the value of D 32 /D 0 tends asymptotically to 0.1, which is identical to the value incorporated into the CANICE code [START_REF] Sabri | In-flight ice accretion simulation in SLD conditions[END_REF], or to the results obtained with DNS calculations by Campeanu and Papageorgiou (2018).

Comparison of this result with that of Fasmann et al. ( 2013) shows large discrepancies as long as the mean diameter obtained by this author is much smaller (0.016<D/D 0 <0.03), which is probably due to the very smooth nature of the impingement surface (Ra=5 nanometers) in the reference case. 18) for an impact surface with an equivalent roughness and with the same measurement technique. The size of secondary drops is plotted against the impact parameter K. For similar operating conditions the two datasets show similar values. To complete the large drop splashing investigation, the velocity of the secondary drops was also determined. Fig. 19 shows the velocity distributions for the secondary drops summarized for five impinging velocities and three impinging angles. Each column corresponds either to the horizontal (Vh) or to the normal velocity (Vv) component. The velocity distributions were determined by applying the discrimination criterion presented earlier. The drops traveling either forward of or behind the impingement point are counted separately. For the horizontal velocity, the distributions shown for an oblique impact (α=30° and α=60°) correspond to secondary drops ejected in the forward direction (or downstream in the air flow). The analysis of drops traveling in the opposite direction shows that their number is very limited, preventing the calculation of statistical values.

For both velocity components it can be observed that larger impingement speeds lead to broader distributions and higher mean values for all of the impingement angles. The comparison of velocities obtained for different impact angles shows that the vertical component of the velocity is practically insensitive to the impact angle, while the horizontal component is severely modified. The mean values of the velocity components are plotted in Fig. 20 as a function of Wen. The velocity values correspond to a high number of operating conditions performed for various droplet impact velocities and sizes, as well as different impingement angles. The droplet size was varied by using three different pinholes: 50, 100 and 150 micrometers for the monodisperse injector. As a first approach, the velocity values are plotted in dimension units. The evolution of the horizontal velocity (left image) shows a quasi-linear increase with Wen for each impingement angle. In addition, the slope of the linear law increases proportionally with the impingement angle. Hence, larger incident angles and velocities lead to faster ejected drops forward of the impingement point. Except the particular case of the dataset obtained using a pinhole of 50 microns for a normal impingement (α=0°), Fig. 20 shows that the size of primary drops does not influence the horizontal component of the re-emitted drop velocity.

A particular behavior is obtained for the vertical velocity (right graph in Fig. 20). Despite a significant amount of scattering, the evolutions with Wen are almost identical for various impingement angles and primary drop diameters. The curves suggest a linear evolution with a change of slope for 8400<Wen<11000. Fig. 21 presents the same results as Fig. 20, but in a scaled form, in the attempt to deduce a general behavior law. For the normal impact tests the scaling parameter is the primary drop velocity. For the oblique impact test the scaling parameters are both the horizontal and vertical components of the primary drop velocity. For an oblique impact the main observation is that the scaled horizontal component of secondary drops is greater than 1, which agrees with the results of [START_REF] Chr | Droplet-Wall Collisions: Experimental Studies of the Deformation and Breakup Process[END_REF] obtained with the same measurement technique but for free falling primary drops. Nevertheless, this result is very different from the values generally adopted by the icing simulation codes, which assume Vh/Vh 0 <1. Despite the scattering in the different datasets obtained for α=30°, the effect of the impact angle is obvious.

For a normal impact, the scaled horizontal velocity is almost independent from the primary drop velocity and size, and oscillates around a value of 0.5. This result is of the utmost importance, showing that the use of models obtained for a normal impact in a region where the oblique impingement usually occurs is risky.

The third graph in Fig. 21 plots the evolution of the scaled horizontal velocity with the normal We number.

All of the values of the ration Vv/Vn0 are between 0.1 and 0.35 and the global trend corresponds to a decrease in the scaled vertical velocity with the impact We number. However, the comparison of values obtained for various impingement angles and primary drop diameters does not allow a general decrease behavior to be deducted for the scaled vertical velocity of the secondary drops. At this point, it is believed that the results expressed in dimension units as in Fig. 20 are more suitable for the development of an empirical model. 

Conclusion

The objective of the study was to improve the understanding of large drop splashing for the development of more accurate models for the simulation of ice accretion due to supercooled large drops (SLD.

For this purpose, a vertical wind tunnel allowing the drops to be accelerated by an airstream was used. Particular care has to be taken to reduce potential droplet deformation and to minimize the drop dispersion prior to impingement. Drops between 200 and 500 microns in diameter are accelerated to velocities of up to 80 m/s without particular deformations. Drops were generated using a mono-disperse droplet generator at the wind tunnel inlet.

Given that investigation means the backlit visualization, Phase Doppler Anemometry and recovery/weighing techniques have been applied for documenting droplet splashing, the deposition rate on different surfaces and the characteristics of secondary drops.

Droplet splashing was visualized using a fast triple-frame video camera. Images were used both to determine the primary drop size and velocity and to reconstruct the splash dynamics. As expected, the images revealed that, for a rigid surface splashing creates characteristic features such as "coronas" and "prompts", generating a large number of smaller drops. In the case when drops impact the blotter paper surface, only a small amount of liquid is ejected from the splash location.

For the measurement of the deposition rate, the method proposed allowed the effect of the impact angle on the amount of water sticking to the surface to be investigated. Contrary to the results presented in the literature, it was found that for an aluminum surface the deposition rate is different from that measured for a blotter paper surface or for very smooth surfaces. In any case, the amount of ejected drops is very significant, of the order of 40 to 60 % depending on the impingement angle.

The secondary drops generated by splashing were characterized by Phase Doppler Anemometry. The size and velocity distributions of the ejected drops show a strong dependence both on the normal We number and on the angle of impact.

The results as a whole support the idea that the presence of an airflow influences the splashing mechanism and that the models available in the literature, developed for different flow configurations, operating conditions and by different investigation techniques must be used with particular attention.
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 4 Fig. 4. Determination of primary drop size and velocity.
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 5 Fig. 5 Instrumentation for deposition rate measurement.
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 6 Fig. 6 Droplet sizes and velocities before impact (Bodoc and Berthoumieu 2019).

  Fig. 7 Droplet normal impact for various different velocities on a polished aluminum surface (a series of image sequences given by order of droplet velocity)

Fig. 8

 8 Fig. 8 Droplet normal impact for different velocities on a rough aluminum surface (a series of image sequences given by order of droplet velocity)

Fig. 9

 9 Fig. 9 Droplet normal impact for various different velocities on a blotter paper covered surface (a series of image sequences given by order of droplet velocity)

  Fig. 10 Droplet oblique impact (θ=60°) for various different velocities on a polished aluminum surface (a series of image sequences given by order of droplet velocity)
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 13 Fig. 13 Evolution of the deposition rate with the We n number for an angle of incidence of 30°.

Fig. 14

 14 Fig. 14 Evolution of the deposition rate with the We number for an angle of incidence of 90°.

  Fig. 16 Ejected drop size distributions for different impingement angles: a) α=0°; b) α=30°; c) α=60°; (D 0 =375 µm)

Fig. 17 .

 17 Fig. 17. Scaled secondary droplet diameter for various different impact conditions. In Figure Fig. 18, the scaled secondary drop diameter D 32 is compared with that measured by Mundo et al (1995) (red square marks in Fig.18) for an impact surface with an equivalent roughness and with the same measurement technique. The size of secondary drops is plotted against the impact parameter K. For similar operating conditions the two datasets show similar values.
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 18 Fig. 18. Comparison of scaled secondary droplet diameters with the literature values. The square marks correspond to the reference dataset

  Fig. 19 Horizontal and vertical velocity distributions of ejected drops: a) α=0°; b) α=30°; c) α=60°;

Fig. 20 .

 20 Fig. 20. Evolution of the velocity components with the normal Weber number. The image on the left corresponds to the tangential velocity (Vh), while the image on the right corresponds to the vertical velocity (Vv).

Fig. 21 .

 21 Fig. 21. Evolution of the scaled velocity components with the normal Weber number. The first two graphs correspond to the horizontal velocity (Vh), while the image on the right corresponds to the vertical velocity (Vv).

  

Acknowledgments

This work was conducted within the framework of the French research program PHYSICE funded by the Direction Générale de l'Aviation Civile (DGAC). Many thanks to Pierre Trontin for supporting the reference data base.