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Introduction

Multiphase flow is important on the planet. Many natural phenomena in our environment involve multiphase flows, rain, volcanic activities, fog, typhoons. Moreover, countless industrial processes deal with multiphase flows, combustion engines, blood flow in human beings, chemical industry [START_REF] Brennen | Fundamentals of Multiphase Flow[END_REF][START_REF] Kolev | Multiphase Flow Dynamics 1: Fundamentals[END_REF].

A multiphase flow can be defined as any fluid flow consisting of more than one phase.

A key character of multiphase flows is the presence of interfaces. An interface is a contact surface or a boundary between two phases. A value jump occurs on the interface for many chemical or physical properties, for example, the density, the viscosity. In fluid mechanics, the interface is generally considered as zero-thickness. The precise tracking of the interface is a challenge in academy.

The dynamics of interface is involved in a host of physical problems, such as drop impact. In fluid mechanics, drop impact refers to the physical process of a liquid drop impacting on a target media. The target media could be solid or liquid. Drop impact is present in a large number of technical applications and natural phenomena [START_REF] Rein | Phenomena of liquid drop impact on solid and liquid surfaces[END_REF].

In an ink-jet printer, with an electronic charging and deflection system, a continuous ink-jet is broken into micro-droplets charged a controlled voltage, each drop is deflected depending on the variation of voltage, then the drop impacts on the moving paper [START_REF] Heinzl | Ink-jet printing[END_REF][START_REF] Kamphoefner | Ink jet printing. Electron Devices[END_REF][START_REF] Le | Progress and trends in ink-jet printing technology[END_REF]] (see Figure 1(a)). From the 1990s, the principle of ink-jet printing is employed into other industrial applications, such as the fabrication of structured components, micro-electrical devices and high-precision electric circuits [START_REF] Basaran | Nonstandard Inkjets[END_REF][START_REF] Sirringhaus | High-resolution inkjet printing of all-polymer transistor circuits[END_REF]. It introduces a new path to lowcost productions with high precision. Besides, 3D printing is a hotspot of the society and has been applied in many domains [START_REF] Ho | A super ink jet printed zinc-silver 3D microbattery[END_REF][START_REF] Nakamura | Ink Jet Three-Dimensional Digital Fabrication for Biological Tissue Manufacturing: Analysis of Alginate Microgel Beads Produced by Ink Jet Droplets for Three Dimensional Tissue Fabrication[END_REF], a hamburger, components of an aircraft, even a house could be fabricated by 3D printings.

In steel and other metal productions, jet-and-spray cooling is employed in the rolling mill system [START_REF] Chen | Spray and jet cooling in steel rolling[END_REF] and the process of annealing and quenching. Cold water drop-formed curtain or spray impacts on the hot steel to lower its temperature (see Figure 1(b)). Besides, jet spray is also used in cooling process for other hot surfaces, such as electronic devices. Dynamics of drop impact is also involved in surface coating, drying and cleaning. By controlling the outcomes of the drop impact on a target surface, the treated surface can obtain different physical or chemical properties.

In auto-mobile industries, fuel is first atomised then injected into the combustion chamber of gasoline engines [START_REF] Zhao | Automotive spark-ignited direct-injection gasoline engines[END_REF] and direct-injection diesel engines [START_REF] Yarin | Drop impact dynamics: Splashing, spreading, receding, bouncing[END_REF]. Drop impact is a key factor to understand the fuel atomisation process and the dynamics of micro fuel droplets in combustion chambers. The raindrop impact on the lampshade and the wind-shield is also studied in the vehicle designing engineering.

Besides industrial applications, drop impact is also present in a host of natural phenomena. The increase of the concentration of carbon dioxide in the atmosphere is considered as a principle cause of the global warming. Seas and oceans are also a principle container of the carbon dioxide apart from forests. Air entrainment due to drop impacts on water surfaces (lakes, rivers, seas and oceans) is a principle means of mass transfer between oceans and the atmosphere. Micro-drops, created by raindrops impacting on the ocean surfaces or by impacts between waves, capture air (carbon dioxide) from the atmosphere, keep the carbon dioxide in the ocean. Micro-drops could also evaporate and release the dissolved gas into the atmosphere (see Figure 1(c)). This dynamics is important to the global carbon dioxide equilibrium on the planet and is studied in meteorology and geography [START_REF] Blanchard | Bubble formation and modification in the sea and its meteorological significance[END_REF][START_REF] Coantic | Mass transfert across the ocean-air interface : small scale hydrodynamic and aerodynamic mechanisms[END_REF][START_REF] Coantic | A model of gas transfer across air-water interfaces with capillary waves[END_REF].

Raindrop impact is also a primary force of soil erosion [START_REF] Pp | Raindrop-induced soil detachment and sediment transport from interrill areas[END_REF]. Soil is transported by the micro-drops created by raindrop impact, it could have an important consequence in agriculture and in landform evolution on the planet. Study of drop impact on plant leaves is also crucial to improve the utilization ratio of liquid pesticides. The fantastic scenario of drop impact also attracts the general public and photographies of drop impact have become a sort of art [START_REF] Edgerton | Exploring the Art and Science of Stopping Time[END_REF].

(a) [START_REF] Basaran | Nonstandard Inkjets[END_REF] (b) [START_REF] Chen | Spray and jet cooling in steel rolling[END_REF] (c) photo from Wikipedia electronic charging and deflection system [START_REF] Basaran | Nonstandard Inkjets[END_REF]. (b) Sketch of a jet-andspray cooling system used on the rolling mill in steel productions [START_REF] Chen | Spray and jet cooling in steel rolling[END_REF].

(c) Droplet creation caused by impacts between waves, photo taken on Yeu Island by S.

Veyrié.

Dynamics of drop impact has drawn attention of the academic research since more than a century. Experimental study can ascend to the end of the 19th century [Worthington, 1876a]. Worthington, a pioneer in drop impact research, did detailed studies on drop impact and solid ball impact on deep liquid pools, with different liquids and with solid (a) [START_REF] Worthington | A Study of Splashes[END_REF] (b) [START_REF] Worthington | A Study of Splashes[END_REF] Figure 2: Photographs of Worthington's splashes [START_REF] Worthington | A Study of Splashes[END_REF]. balls of different surface roughness [Worthington, 1876a,b, 1881[START_REF] Worthington | On impact with a liquid surface[END_REF][START_REF] Worthington | Impact with a liquid surface, studied by the aid of instantaneous photography[END_REF].

These systematic investigations were published in the book of [START_REF] Worthington | A Study of Splashes[END_REF], a large number of fantastic illustrations from instantaneous photographs were included (see Figure 2). After impacting on a liquid basin, a corolla-like liquid structure is formed, fingering happens at the rim of the corolla and a crown is formed with some secondary droplets ejected from the end of the liquid fingers. This phenomenon is called a corona splash.

This delicate phenomenon keeps encouraging researchers to explore. However, even after a century of study, the mechanism of drop impact is far from a full comprehension.

Referring to impacted objects, drop impacts can be divided into an impact on a solid substrate, on a thin liquid layer and on a deep liquid basin.

Presence of the solid substrate makes the dynamics complicated. Solid, liquid and gas are involved in this dynamics and the outcomes depend on properties of the three phases.

Surface tension, surface roughness, surface wettability (contact angle); drop size, impact velocity, liquid density and viscosity; surrounding gas pressure, gas density and viscosity could influence the drop impact. Temperature, heat and mass transfer through the interface could also influence the impact outcome. The impact shows different outcomes on varying these parameters [START_REF] Marengo | Drop collisions with simple and complex surfaces[END_REF][START_REF] Rioboo | Outcomes from a drop impact on solid surfaces[END_REF].

There is a wide diversity of impact outcomes, of which the denomination is recent and is not always well defined in the literature. Figure 3 shows a panorama of common impact outcomes proposed by [START_REF] Marengo | Drop collisions with simple and complex surfaces[END_REF]. With a small impact velocity, the drop spreads on the substrate and forms a pancake-like liquid sheet, namely a deposition.

Impact can be violent, the drop is broken into small droplets immediately after the impact and the rest of the drop has an irregular form, namely a prompt splash. Impact can be "gentle", a thin liquid sheet is ejected and forms a corolla. At the rim of the corolla, liquid fingers are formed and secondary droplets can be ejected from the fingers, namely a corona splash. During the receding process of the impacted drop, the drop can be broken into pieces, namely a receding breakup; or a jet is formed, then a secondary droplet is ejected from the rim of the jet and the rest of the primary drop remains on the substrate, namely a partial rebound; or the entire drop separates from the substrate and moves towards the opposite direction of the impact, namely a rebound. Although some of these outcomes appear similar to the outcomes of an impact on liquid, the dynamics could be different.

A host of studies have been done on the corona splash. Experiments observed a thin liquid sheet ejection at the early stage of the impact and the sheet ejection is often considered as the origin of a splash [START_REF] Deegan | Complexities of splashing[END_REF][START_REF] Lesser | The impact of compressible liquids[END_REF][START_REF] Thoroddsen | The ejecta sheet generated by the impact of a drop[END_REF]. Although the gas interaction during drop impact has been discovered since a long time [START_REF] Esmailizadeh | Bubble entrainment with drops[END_REF], the surrounding gas has been normally neglected in the splash mechanism since the density and viscosity ratios between liquid and gas are large. However, some striking results have been recently reported.

Figure 4: Photographs of an alcohol drop impacting on a smooth dry glass substrate [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF]. The diameter of drop is 3.4±0.1mm and the impact velocity is 3.74±0.02m/s, the surrounding gas pressure varies from an atmospheric pressure (100kP a) for the top row to one sixth of an atmospheric pressure (17.2kP a) for the bottom row. In the fourth row, the splash is completely suppressed.

As shown in Figure 4, [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF] executed experiments of liquid drops impacting on a smooth dry substrate. The surprising result is that only by changing the surrounding gas pressure, the impact outcome can be completely changed from a splash at an atmospheric pressure to a deposition (a complete suppression of splash) at one sixth of an atmospheric pressure.

We should notice that in the experiments of [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF], the geometric length scale of the manipulation is much larger than the mean free path of air molecules, therefore, the gas dynamic viscosity does not vary with the gas pressure; they also measured a nearly constant surface tension. These striking results imply that the surrounding gas is also crucial in the splash formation, which makes the splash mechanism even more complicated.

Moreover, air bubbles were not observed in their experiments. Splashes are probably not related to the air entrapment. They proposed that the gas compressibility is responsible for the gas pressure effect in the impact dynamics. The formation of a splash is due to a competition between two stresses, Σ G and Σ L . Σ G includes the gas pressure applied on the moving liquid sheet which tends to destabilize the rim of the sheet; Σ L includes the liquid surface tension which tends to keep the liquid sheet intact. Because of a large velocity in the liquid sheet after impact and a small length scale of gas flow near the liquid sheet, they remarked that the gas compressibility should be considered in Σ G and Σ G will deflect the liquid sheet and form a splash. But the mechanism of the deflection and of the gas compressibility is not clearly described in their work.

Since the publication of these striking results, several models have been proposed to explain the gas effect, but there is still not a crystal clear understanding of the mechanism of the gas effect in the splash process. When a drop approaches a solid substrate, the gas cushioning effect becomes stronger. The length scale of the gas layer beneath the drop can become small enough as compared to the length scale of the radial axis. The Navier-Stokes equations can be simplified by the lubrication approximation. We should notice that inertial effects are completely neglected in the lubrication approximation, only the gas dynamic viscosity is involved. Whereas, in the experiments of [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF], the dynamic viscosity is constant which implies that the lubrication theory can not explain the suppression of splash caused by the gas pressure drop. [START_REF] Mandre | Precursors to splashing of liquid droplets on a solid surface[END_REF] proposed a gas compressibility mechanism. They argued that if the pressure in the gas layer beneath the drop becomes comparable to the ambient pressure before the drop deformation, the compressible effect in the gas layer becomes important.

With absence of the surface tension, the interface close to the substrate develops a high curvature and an entrapped bubble is formed by this singularity. With presence of the surface tension, the liquid does never contact the solid and the gas entrapped in the center becomes compressible. [START_REF] Schroll | Impact of a Viscous Liquid Drop[END_REF] investigated the effect of the boundary layer and the vorticity variation caused by the no-slipping and no-flux condition on the solid surface. They considered both liquid and gas incompressible, ignored the gas influence by taking a small gas density. They argued that prior to impact, drop possesses an almost uniform vertical velocity field and the vorticity is nearly null in the entire drop. After impact, the impermeable solid makes the drop to form a radial flow along the solid. The no-slipping condition adjusts this radial flow and forms a viscous boundary layer. Vorticity is created in the liquid close to the solid. In the rapidly extending thin liquid sheet, the azimuthal component of the vorticity may separate the boundary layer from the solid and cause the thin sheet to lift away from the substrate. [START_REF] Duchemin | Curvature singularity and film-skating during drop impact[END_REF] proposed an aerodynamic instability mechanism. Under the incompressible assumption, they studied the curvature singularity of the interface.

The liquid viscosity was neglected in their simulations. As drop approaches the substrate, a high curvature zone appears and a corner-like interface is created without the surface tension, a curvature singularity appears in the corner-like interface. This violent singularity could be a cause of splashing. The singularity can be regularized by the surface tension or the liquid viscosity. By considering the surface tension, they observed a thin liquid sheet ejected and extending along the solid surface with a high velocity, the sheet does not touch the substrate, so called jet-skating on a thin gas film. [START_REF] Duchemin | Rarefied gas correction for the bubble entrapment singularity in drop impacts[END_REF] studied the non-continuum effect in the splash formation. They argued that during the drop impact, the bubble entrapment is often observed and the characteristic length scale of the bubble is close to the gas mean free path, therefore, the non-continuum effect should be considered. The non-continuum effect usually happens for rarefied gases and it is related to compressible fluids. To distinguish the two effects, [START_REF] Duchemin | Rarefied gas correction for the bubble entrapment singularity in drop impacts[END_REF] regarded the incompressible assumption and realised the non-continuum effect by imposing a Navier-slip boundary condition on the solid surface. They remarked that their model is valid in the regime of experiments of [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF] where the Knudsen number is high enough. They also argued that the non-continuum effect should not be a dominant factor in the splash mechanism. [START_REF] Mandre | The mechanism of a splash on a dry solid surface[END_REF] investigated both compressibility and non-continuum effects of the surrounding gas. They considered an incompressible inviscid liquid and an isothermal compressible gas beneath the drop. They pointed that the sheet ejection comes from a competition at the contact point between the liquid inertia and the surface tension.

When the thin sheet spreads on the air layer, it is parallel to the substrate, there is no splash. A splash only happens after the contact with the solid surface where the sheet can be deflected by the solid-caused viscous force. Since they use a single-value model for the interface, it is impossible to produce the jet and to get a direct observation of the jet formation dynamics.

Besides numerical and theoretical works, experimental investigations are also active.

Air entrapment is studied by Thoroddsen [Thoroddsen et al., 2008[START_REF] Thoroddsen | Air entrapment under an impacting drop[END_REF][START_REF] Thoroddsen | The air bubble entrapped under a drop impacting on a solid surface[END_REF][START_REF] Thoroddsen | Dewetting at the center of a drop impact[END_REF].

The air entrapment is observed in drop impacts on liquid and also on solid. [START_REF] Thoroddsen | The air bubble entrapped under a drop impacting on a solid surface[END_REF] investigated the air bubble entrapped under a drop impacting on a solid surface and the effect of the liquid viscosity on air entrapment. [START_REF] Thoroddsen | Dewetting at the center of a drop impact[END_REF] further investigated the dewetting caused by the air entrapment and argued that capillary waves propagating on the top surface of the drop may cause the merging of air bubbles and dewet the center of the lamella. [START_REF] Mehdi-Nejad | Air bubble entrapment under an impacting droplet[END_REF] made numerical investigations on the air bubble entrapment phenomenon in non-splash cases with different liquids. They argued that the air entrapment could be a cause of the splashing in a liquid/solid impact. [START_REF] Driscoll | Thin film formation during splashing of viscous liquids[END_REF] studied impacts of relatively high-viscosity liquid drops and reported that the dynamics could be strikingly different comparing to low-viscosity liquid drops observed by [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF]. For low-viscosity liquids, [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF] proposed that the compressibility of the surrounding gas is important for the formation of a splash and the gas compressibility effect becomes strong around the impact moment, which seems to be confirmed by the experimental data. Whereas, in the high-viscosity splashing regime, the compressibility effect is probably not relevant to the splash. For low-viscosity liquids, the splash (the ejection of a thin liquid sheet) occurs immediately after the drop impact, however, for high-viscosity liquids, the drop will extend smoothly on the substrate for a while then a splash suddenly happens and the angle of the ejection direction is much smaller than low-viscosity liquids (see Figure 5 (a)). They confirmed that the ejection of a thin liquid sheet is the precursor to the splash. For high-viscosity liquids, a central entrapped bubble is also observed but the ejection of thin sheet occurs long after the collapse of the central bubble, which implies the bubble entrapment is not directly relevant to the splash. [START_REF] Driscoll | Ultrafast Interference Imaging of Air in Splashing Dynamics[END_REF] reported that for a highly-viscous liquid the splash can also be suppressed by lowering the surrounding gas pressure. No significant air layer persists to the splash moment and the drop has already a direct contact with the substrate before the ejection of the thin sheet (see Figure 5 With a coupled total internal reflection (TIR) microscopy [START_REF] Rubinstein | Detachment fronts and the onset of dynamic friction[END_REF] and a novel virtual frame technique (VFT), [START_REF] Kolinski | Skating on a film of air: Drops impacting on a surface[END_REF] obtained a high resolution in time (it can be 6 ns with ideal conditions) and got the first direct observation of the thin gas layer between the impacting drop and the substrate. They demonstrated that at the very early stage of an impact, the drop skates on a gas layer, but the thin gas layer will become unstable and break into discrete locations which will result to a full wetting of the substrate subsequently. As the impact velocity increases, the thickness and the radial size of the gas layer decrease, but they confirmed the existence of the gas layer even with a high impact velocity in their experimental range.

Thanks to the development of high speed cameras with high resolution, more and more details of the drop impact have been discovered. A better understanding of the splashing mechanism is achieved, however, even the state-of-art high-speed visualization equipment is not able to observe the initial stage of an impact which is crucial to understand the splash formation. The theoretical and numerical methods are indispensable in the study of the drop splashing dynamics.

This Thesis

Motivated by the experimental results of [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF], in this thesis, under incompressible assumption, we investigate the drop impact dynamics by direct numerical simulations and try to understand the splashing mechanism, especially the effect of the surrounding gas.

The objectives of this work were the following:

Validation of the numerical methods used in the code GERRIS.

Study on the detailed dynamics occurred during the drop impacting on solid by the direct numerical simulations.

Investigation on the effect of the surrounding gas in the drop impact dynamics, for instance, the inertial and viscous effects.

Investigation on the contact angle effect in drop impacts.

Validation of the incompressible assumption in drop impacts and the influence of the gas compressibility effect.

Modelling of the drop impact on a highly-viscous liquid.

Numerical and experimental studies on liquid/highly-viscous-liquid impacts and comprehension of the connection between liquid/solid impacts and liquid/liquid impacts.

The manuscript organisation of this thesis is structured as below:

Chapter §1 of the thesis provides a brief introduction of the numerical schemes used in the code GERRIS and the nondimensionalization process in GERRIS is then introduced with an example of the drop impact.

Chapter §2 presents a classical interface issue -the meniscus on a vertical wall in order to validate the numerical schemes used in the code GERRIS. The imposition of a contact angle at the beginning of the simulation introduces a perturbation to the system and a capillary wave is generated by the oscillation of the contact point. The dynamics of the oscillation is studied and the profile of the equilibrium interface calculated by GERRIS is compared with the analytical solution.

Chapter §3 investigates the gas influence in the dynamics of the drop impact onto a solid substrate under the incompressible assumption. Complex dynamics occurs in the gas layer during the impacting process, the impact outcome differs with different gas properties. Two different splash mechanisms are identified. The drop can first contact the substrate and eject a fast moving liquid sheet, then the sheet is detached from the substrate and forms a "detachment-splash"; Otherwise, a small jet is formed before the contact with the substrate, then the jet is deflected and forms a "jet-splash", the contact with the substrate occurs before or after the jet deflection. A curved transition frontier between non-splash and splash and a curved transition frontier between detachmentsplash and jet-splash are found. The gas inertial effect is not negligible in the splashing mechanism.

In Chapter §4, dynamics of the drop impact process before and after the direct contact with the substrate are systematically studied. According to our investigations, the gas compressibility effect is not crucial in the splashing mechanism. If we regard both the small jet and the thin liquid sheet as an ejecta, the splash originates from the creation and deflection of the ejecta at the very early stage of the impact. An aerodynamic splashing mechanism is proposed to explain the two splashing mechanisms -"detachment-splash" and "jet-splash". The influence of the contact angle on the impact dynamics is also investigated, a hydrophilic contact angles can eliminate a splash, while a hydrophobic contact angle can promote a splash.

Chapter §5 studies the dynamics of a normal-liquid droplet impacting on a highlyviscous liquid basin. A theoretical model is proposed to deal with the three-phase impacting dynamics. Viscous effect is dominant as compared to inertial and surface-tension effects. By increasing the viscosity of the liquid basin, two regimes are identified: a wave-like regime, where the splash is eliminated and a wave-like interface is formed; a solidification regime, where the splash is formed again and the interface of the basin remains at the initial position and performs as a solid substrate. Experiments of an ethanol drop impacting on a highly-viscous liquid (honey) basin are also presented. The honey basin performed as a solid and the complete suppression of the splash was observed by decreas-ing the gas pressure as reported for impacts on solid. Comparison between photographs of experiments with snapshots of numerical simulations are demonstrated.

Chapter 1

Numerical methodology According to the scale of the computing target, CFD numerical methods can be divided into three branches [START_REF] Tao | Advances in Computational Heat Transfer[END_REF]):

Macro-scale methods. It is based on the continuous fluid assumption and a fundamental model is the Navier-Stokes equations [START_REF] Ferziger | Computational Methods for Fluid Dynamics[END_REF]).

Meso-scale methods. It simulates the kinetics of particle-groups and obtains values of macro physical parameters by some averaging techniques. The Direct Simulation of Monte Carlo method (DSMC) [START_REF] Alexander | The direct simulation monte carlo method[END_REF]) and the Lattice-Boltzmann Method (LBM) [START_REF] Mohamad | Lattice Boltzmann Method: Fundamentals and Engineering Applications with Computer Codes[END_REF]) are included.

Micro-scale methods. It simulates the dynamics of molecules, atoms, etc. and calculates the macro physical parameters by the statistic method. The Molecular Dynamics simulation (MD) [START_REF] Haile | Molecular Dynamics Simulation: Elementary Methods[END_REF]) is included.

The principle of a CFD numerical method can be listed as blow:

Modelling of the physical problem and establishing the corresponding governing equations (such as a simplified or modified form of the Navier-Stokes equations and other necessary equations).

Establishment of the physical geometry of the problem. The optimized computational area is defined as a compromise between the real computational cost and the physical precision.

Definition of the initial and boundary conditions. A correct definition of conditions is essential to a CFD problem. The conditions generally consist of informations of velocity, pressure, temperature or concentration.

Temporal and spatial discretisation of the computational area and the mesh generation. The spatial discretisation consists of the Finite Volume Method (FVM) [START_REF] Versteeg | An Introduction to Computational Fluid Dynamics: The Finite Volume Method[END_REF]), the Finite Element Method (FEM) [START_REF] Zienkiewicz | The Finite Element Method: Its Basis and Fundamentals: Its Basis and Fundamentals[END_REF]), the Finite Difference Method (FDM) [START_REF] Smith | Numerical Solution of Partial Differential Equations: Finite Difference Methods[END_REF]), etc.

Iterative process to solve the governing equations and convergence criteria. For a system of linear equations, Jacobi method, Gauss-Seidel method, Successive overrelaxation method [START_REF] Tao | Numerical Heat Transfer (Second Edition)[END_REF]) and the Krylov subspace method [START_REF] Watkins | The Matrix Eigenvalue Problem: GR and Krylov Subspace Methods[END_REF]) can be employed. A hierarchical discretization method -the Multi-grid method [START_REF] Hackbusch | Multi-Grid Methods and Applications[END_REF]) is an efficient iterative method and a large number of algorithms are inspired by this idea.

Analysis and visualization of the simulation results to validate the CFD models and obtain the physical explanation from the mathematical numerical solutions.

Multiphase CFD problems are of great interest for the industry and the academy.

Particularly, as a simple case of multiphase flows, the diphasic flow is widely studied. The diphasic flow can consist of a same fluid in two different phases, two different fluids in a same phase or two different fluids in two different phases. The precise tracking of the interface between two different phases remains difficult, which makes the establishment of an efficient numerical scheme for the diphasic flow a great challenge and also a highly active research subject.

In the literature, three types of efficient schemes are often reported:

Front Tracking method: it uses a point-group called markers at the interface, where the interface reconstruction is done by connecting the markers with a curve (in two dimensions) or a surface element (in three dimensions) [START_REF] Chern | Front tracking for gas dynamics[END_REF], [START_REF] Shyy | Computational fluid dynamics with moving boundaries[END_REF], [START_REF] Tryggvason | A front-tracking method for the computations of multiphase flow[END_REF]).

Level Set method: it uses a level function of which the level 0 is the interface, it provides a high-precision tracking of the interface but the local mass conservation needs to be carefully guaranteed [START_REF] Granier | An implicit centered scheme for steady and unsteady incompressible one and two-phase flows[END_REF], [START_REF] Osher | Level set methods: An overview and some recent results[END_REF], [START_REF] Osher | Fronts propagating with curvature-dependent speed: algorithms based on hamilton-jacobi formulations[END_REF]).

Volume-of-Fluid method (VOF) : it reconstructs the interface from a volume-fraction occupied by one phase in a mesh cell, it has a good local mass conservation and the high-precision tracking of the interface can be achieved by a local mesh refinement [START_REF] Grétar Tryggvason | Direct Numerical Simulations of Gas-Liquid Multiphase Flows[END_REF], [START_REF] Gueyffier | Volume-of-fluid interface tracking with smoothed surface stress methods for three-dimensional flows[END_REF], [START_REF] Hirt | Volume of fluid (vof) method for the dynamics of free boundaries[END_REF]).

In 

Numerical schemes

The detail of the numerical schemes used in GERRIS is described in the articles of [START_REF] Popinet | Gerris: a tree-based adaptive solver for the incompressible euler equations in complex geometries[END_REF][START_REF] Popinet | An accurate adaptive solver for surface-tension-driven interfacial flows[END_REF]. Here, we just talk about the main idea of the numerical schemes.

1.1.1 Quadtree/Octree Adaptive Mesh Refinement (AMR)

GERRIS employs a hierarchical adaptive mesh refinement through a fully-threaded tree structure. The adaptation process has two strategies: The first strategy is the refining process. Only small cells which satisfy a user-defined criterion will be refined. Several criteria can be introduced such as the adaptation of the gradient or a defined function for a variable. The second strategy is the coarsening process. After each refinement, all cells will be checked. If a cell does not satisfy the refinement criterion (it is over-refined), the cell will be coarsened.

Then, values of variables in the cell center will be updated. For parent cells, values are calculated by the mass-volumetric average of the children cells in order to make a good local conservation of physical variables (velocity for instance). For children cells, values

1 CIAM in French.
are calculated by a linear interpolation from their parent cells, which ensures a good local conversation of velocity. A projection step is implemented to avoid the numerical oscillation of vorticity and guarantee the incompressible assumption. Besides, a fractional time-step is introduced to reduce the computing cost.

Temporal discretisation

The diphasic, variable-density Navier-Stokes equations for an incompressible flow with the surface tension can be written as:

ρ(∂ t u + u • ∇u) = -∇p + ∇ • (2µD) + γκδ s n + F ext (1.1) ∂ t ρ + ∇ • (ρu) = 0 (1.2) ∇ • u = 0 (1.3)
where ρ ≡ ρ(x, t) is the fluid density, u = (u, v, w) the fluid velocity, p the pressure, µ ≡ µ(x, t) the fluid viscosity, D the deformation tensor defined as

D ij ≡ (∂ i u j + ∂ j u i )/2,
γ the surface tension, κ the mean curvature of the interface and n the normal vector to the interface. The distribution function δ s is a delta function which insures the surface tension γ is only on the interface. The force F ext represents the external forces applied on the system (for example, the gravitational force ρg).

A volume-fraction c(x, t) is introduced and the density and viscosity of the system are defined as :

ρ(c) = cρ 1 + (1 -c)ρ 2 , µ(c) = cµ 1 + (1 -c)µ 2 ,
where ρ 1 , ρ 2 and µ 1 , µ 2 are the density and viscosity of the fluid 1 and the fluid 2 respectively.

A staggered temporal discretisation of the volume-fraction, the density and the pressure produces a formally second-order accurate temporal discretisation of equations (1.1-1.3) at step n:

ρ n+ 1 2 u n+1 -u n ∆t + u n+ 1 2 • ∇u n+ 1 2 = -∇p n+ 1 2 + ∇ • µ n+ 1 2 (D n + D n+1 ) + (γκδ s n) n+ 1 2 + F ext (1.4) c n+ 1 2 -c n-1 2 ∆t + ∇ • (c n u n ) = 0 (1.5) ∇ • u n = 0 (1.6)
This system is simplified by introducing the velocity decomposition of Hodge [START_REF] Schwarz | The hodge decomposition[END_REF] 

u = u n+1 + ∆t ρ n+ 1 2 ∇p n+ 1 2 (1.7) with ∇ • u n+1 = 0 (1.8)
Then, the system (1. 4-1.6) becomes [START_REF] Chorin | On the convergence of discrete approximations to the navier-stokes equations[END_REF] 

ρ n+ 1 2 u -u n ∆t + u n+ 1 2 • ∇u n+ 1 2 = ∇ • µ n+ 1 2 (D n + D ) + (γκδ s n) n+ 1 2 + F ext (1.9) c n+ 1 2 -c n-1 2 ∆t + ∇ • (c n u n ) = 0 (1.10) u n+1 = u - ∆t ρ n+ 1 2 ∇p n+ 1 2 (1.11) ∇ • u n+1 = 0 (1.12)
which requires solving a Poisson equation

∇ • ∆t ρ n+ 1 2 ∇p n+ 1 2 = ∇ • u (1.13)
Then, the discretised momentum equation (1.9) is reorganised as

ρ n+ 1 2 ∆t u -∇ • µ n+ 1 2 D =∇ • µ n+ 1 2 D n + ρ n+ 1 2 u n ∆t -u n+ 1 2 • ∇u n+ 1 2 + (γκδ s n) n+ 1 2 + F ext (1.14)
where the right-hand-side term depends only on the values at the step n and n + 1/2, which is a Helmholtz-type equation and is solved using a variant of the multilevel Poisson solver. The Crank-Nicholson discretisation [START_REF] Crank | A practical method for numerical evaluation of solutions of partial differential equations of the heat-conduction type[END_REF] of the viscous terms is implemented and it is formally second-order accurate and unconditionally stable.

The velocity advection term u n+ 1 2

• ∇u n+ 1 2 is estimated by the Bell-Colella-Glaz secondorder unsplit upwind scheme [START_REF] Bell | A second-order projection method for the incompressible navier-stokes equations[END_REF]] and this scheme is stable for a CFL number 2 smaller than 1.

Spatial discretisation

The computational area is discretised in an orthogonal way using square (cubic in three dimensions) finite-volume organised hierarchically by a tree-structure called quadtree in two dimensions (octree in three dimensions).

Each finite volume is defined as a cell. Each cell could be the parent of up to four children (eight in three dimensions). The cell level is defined by starting from zero for the root cell and by adding one each time when a group of four children is added. Each cell has a direct neighbour at the same level in each direction (four in two dimensions, six in three dimensions). Each of these neighbours is accessible through a cell face. A mixed cell is also defined which has two fluid phases or is cut by a solid boundary. An example of spatial discretisation and the corresponding tree-structure representation is given in Figure 1.1.

To simplify the calculations (for instance, the gradient and the flux calculation) at the cell boundaries, several constraints are introduced in GERRIS:

The difference of level between direct-neighbour cells can not be bigger than 1;

The difference of level between diagonal-neighbour cells can not be bigger than 1;

All the cells directly neighbouring a mixed cell must be at the same level.

All the physical variables (for example velocity, pressure and passive tracers) are collocated in the cell center (square center in two dimensions and cube center in three di-

2
The CFL condition proposed by [START_REF] Courant | Über die partiellen differenzengleichungen der mathematischen physik[END_REF][START_REF] Courant | On the partial difference equations of mathematical physics[END_REF] is a necessary but not sufficient condition of stability for solving certain partial differential equations. It can be described that the dependent physical domain must be contained in the numerical domain in a certain time. The general form of the CFL condition for a n-dimensional problem can be expressed as An approximate projection method of spatial discretisation [START_REF] Almgren | Approximate projection methods: Part i. inviscid analysis[END_REF] is implemented for the pressure correction equation (1.11) and the associated divergence in the Poisson equation (1.13) in order to avoid the classical decoupling between the pressure and velocity field caused by a collocated mesh.

C = ∆t n i=1 ux i ∆xi ≤ C max .
At the first step, an auxiliary cell-centred velocity field u c * is computed by equation (1.14). Then, an auxiliary face-centred velocity field u f * is calculated by averaging the cell-centred values on all the faces of the orthogonal discretisation volumes. When the faces are on the boundary between different refinement levels of the quadtree (octree in three dimensions) mesh, an averaging process is performed to guarantee the consistency of the corresponding volume fluxes.

The divergence of the auxiliary velocity field of the right-hand-side of equation (1.13) is calculated for each control volume by a finite-volume approximation

∇ • u = 1 δ f u f * • n f (1.15)
where n f is the unit normal vector to the face and δ is the length scale of the control volume.

After solving equation (1.13), a pressure correction is applied to the face-centred auxiliary field

u f n+1 = u f - ∆t ρ f n+ 1 2 ∇ f p n+ 1 2 (1.16)
where ∇ f is a face-centred gradient operator and the resulting face-centred velocity field u f n+1 is non-divergent with its construction. The cell-centred velocity field at time n + 1 is calculated by adding a cell-centred pressure correction

u c n+1 = u c - ∆t ρ f n+ 1 2 ∇ f p n+ 1 2 c
(1.17)

where the |.| c operator denotes the average over all the faces delimiting the control volume.

The resulting cell-centred velocity field u c n+1 is approximately divergence-free with the above corrections.

Volume-of-Fluid (VOF) advection scheme

A piecewise linear Volume-of-Fluid (VOF) geometrical scheme based on quadtree (octree in three dimensions) spatial discretisation is used to solve the advection equation (1.10). The interface is reconstructed in each cell by a line (a plane in three dimensions) (see Figure 1.2) described by the equation

m • x = α (1.18)
where m is the local normal to the interface and x is the position vector.

As m and the local volume fraction c are known, α is determined by ensuring that the volume of fluid in the cell is equal to c. This volume can be calculated by considering the relative positioning of the line (the plane in three dimensions) in the cell which leads to the matched linear and quadratic (cubic in three dimensions) functions of α. A Mixed-Youngs-Centred (MYC) scheme [START_REF] Aulisa | Interface reconstruction with least-squares fit and split advection in three-dimensional cartesian geometry[END_REF] is employed for interface normal estimation where a 3 × 3 (3 × 3 × 3 in three dimensions) regular Cartesian stencil is used.

Once the interface is reconstructed, the interface advection and geometrical flux need to be calculated. As shown in Figure 1.3, the total volume which will be fluxed to the right-hand neighbour in the cell C is delimited with a dashed line C a and the fraction Reconstruction with piecewise linear interface [START_REF] Agbaglah | Dynamique et instabilité des nappes liquides[END_REF].

of this volume occupied by the phase 1 is indicated by the dark grey triangle. The area of this triangle is an estimation of the volume flux φ i+ 1 2 ,j . For this advection, GERRIS uses a piecewise linear interface calculation scheme [START_REF] Li | Calcul d'interface affine par morceaux (piecewise linear interface calculation)[END_REF], also known as least-square fit and split Lagrangian-Eulerian advection scheme [START_REF] Scardovelli | Interface reconstruction with least-square fit and split eulerian-lagrangian advection[END_REF]. This geometrical approach is efficient and simple to implement with a Cartesian (or orthogonal) discretisation elements using a quadtree (octree in three dimensions) spatial discretisation.

Figure 1.3: Geometrical flux estimation [START_REF] Popinet | An accurate adaptive solver for surface-tension-driven interfacial flows[END_REF].

A general form of this advection scheme with a quadtree (octree in three dimensions) discretisation is illustrated in Figure 1.4. In this case, cell C is a coarse cell, so the fluxes are computed independently for the top-(C t ) and bottom-halves (C b ). Once this is done, flux calculation in each half-cell is identical to the standard case (Figure 1.3).

Balanced-force surface tension calculation

To get an accurate estimation of the surface tension term (γ κ δ s n) n+ 1 2 in the discretised momentum equation (1.9) is one of the most difficult part of a VOF method in surface-tension-driven flows. A Continuum-Surface-Force (CSF) approach [Brackbill Figure 1.4: General case for geometrical flux computation on a quadtree discretisation [START_REF] Popinet | An accurate adaptive solver for surface-tension-driven interfacial flows[END_REF][Popinet, ]. et al., 1992] ] for VOF method proposed an approximation as blow:

γ κ δ s n ≈ γ κ∇c (1.19) κ ≈ ∇ • ñ with ñ ≡ ∇c |∇c| (1.20)
where ∇ is a finite difference operator, c is a spatially-filtered volume fraction field and |.| is a norm operator. [START_REF] Harvie | An analysis of parasitic current generation in volume of fluid simulations[END_REF], [START_REF] Lafaurie | Modelling merging and fragmentation in multiphase flows with SURFER[END_REF], [START_REF] Popinet | A front tracking algorithm for the accurate representation of surface tension[END_REF] reported that problematic parasitic currents are created by this approximation in the case of the theoretical equilibrium of a stationary droplet. To solve this problem, it is reported by [START_REF] Francois | A balanced-force algorithm for continuous and sharp interfacial surface tension models within a volume tracking framework[END_REF], [START_REF] Renardy | Prost: a parabolic reconstruction of surface tension for the volume-of-fluid method[END_REF] that in this case, the discretised momentum equation can be reduced to

-∇p n+ 1 2 + γ κ (δ s n) n+ 1 2 = 0 (1.21)
with the CSF approximation, it can be expressed equivalently as

-∇p n+ 1 2 + γ κ (∇c) n+ 1 2 = 0 (1.22)
If two conditions are satisfied:

Discrete approximations of gradient operators in equation (1.22) are compatible;

The estimated curvature κ is constant.

then the exact discrete equilibrium between surface tension and pressure gradient is regained by

p n+ 1 2 = γκc n+ 1 2 + arbitrary constant (1.23)
Since GERRIS implements a collocated scheme, the gradient of cell-centred pressure is calculated by averaging the gradients of face-centred pressure as indicated in equation

(1.17). To satisfy the first condition, an implementation as below is executed before the projection steps:

first, the surface-tension force is applied to the auxiliary face-centred velocity field u f * as

u f * = ũf * + ∆t γ κ f n+ 1 2 ρ c f n+ 1 2 ∇ f c n+ 1 2 (1.24)
then the corresponding cell-centred surface-tension force is applied to u c * as

u c * = ũc * + ∆t γ κ f n+ 1 2 ρ c f n+ 1 2 ∇ f c c n+ 1 2 (1.25)

Height-function curvature calculation

To satisfy the second condition, a high-accuracy Height-Function (HF) curvature calculation method is implemented in GERRIS. The standard HF scheme on two-dimension Cartesian grids can be listed in three steps:

1.Find a 3 × N (or N × 3) stencil centred on the cell to calculate the curvature. Here, the interface orientation is calculated in order to choose a stencil well aligned with the normal direction to the interface.

2.Sum the volume fractions in each column (or line) to obtain a discrete approximation of the interface height y = h(x) (or x = h(y)).

3.Use finite difference approximation of the derivatives of the discretised height-function to compute the curvature

κ = h (1 + h 2 ) 3/2 x=0 (ou y=0) (1.26)
To calculate the curvature of under-resolved interfaces (of which the curvature radius becomes comparable to the mesh size), a parabola-fitted curvature algorithm is employed in GERRIS. In general, the interface can be fitted by a parabola (elliptic paraboloid in three dimensions) on minimising

F(a i ) ≡ i j n [z j -f (a i , x j )] 2 (1.27) with f (a i , x) ≡    a 0 x 2 + a 1 x + a 2 in two dimensions a 0 x 2 + a 1 y 2 + a 2 xy + a 3 x + a 4 y + a 5 in three dimensions (1.28)
Then, from equation (1.26), the mean curvature κ can be estimated as

κ ≡            2a 0 (1 + a 2 1 ) 3/2 in two dimensions 2 • a 0 (1 + a 2 4 ) + a 1 (1 + a 2 3 ) -a 2 a 3 a 4 (1 + a 2 1 + a 2 4 ) 3/2
in three dimensions

(1.29)

Parallelisation

The increasing computing complexity and the great demand for massive high-performance computing have made the compatibility to parallel computation an indispensability for a modern CFD code, GERRIS provides a portable parallel support using the MPI library.

It uses a MPI domain decomposition approach to synchronise at domain boundaries and a dynamic load-balancing technique to maintain a good parallel efficiency. A special visualisation tool -GfsView is developed to realise the parallel on-the-fly or offline visualisation.

With an adaptive quadtree (octree in three dimensions) mesh, the parallelisation can be easily implemented in the square (cubic in three dimensions) cells or a group of cells in each level (see Figure 1.5). 

Nondimensionalization

Dimensional analysis which introduces dimensionless numbers is often employed in fluid mechanics. In GERRIS, the only constraint of the unit system is coherence. Here, we introduce the nondimensionalization process with the drop impact process. If the only external force F ext is the gravitational force ρg, the Navier-Stokes equations (1.1) can be written as:

ρ du dt = -∇p + µ∆u + ρg + γκδ s n (1.30)
A liquid drop of diameter D, density ρ l and viscosity µ l falls from a height h with an initial velocity U 0 and the gravity g, on a surface. The surrounding gas has a density ρ g , a viscosity µ g and a gas/liquid surface tension γ where the interface curvature is κ. The size of the computational area is L.

A symbol ' * ' is superscribed on the nondimensionalized variables to distinguish from the original ones3 .

We take the initial velocity U 0 , the liquid density ρ l and a length scale X(X = D or L for instance) as the characteristic quantities, yield:

ρ * = ρ ρ l , u * = u U 0 , D * = D X , x * = x X , t * t • U 0 X = t τ , κ * = Xκ
and for operators:

d dt = d dt * • dt * dt ∼ 1 τ d dt * , ∇ ∼ ∂ ∂x = ∂x * ∂x • ∂ ∂x * ∼ 1 X ∇ * , ∆ ∼ ∂ 2 ∂x 2 = ∂ ∂x ( ∂ ∂x ) ∼ 1 X 2 ∆ *
Considering the agreement of magnitude of unit between two sides of equation (1.30),

the delta function δ s should be to reduce a volume quantity into a surface one, then:

δ s ∼ ∂ ∂x = 1 X • ∂ ∂x * ∼ 1 X δ * s
Substituting all formulas into equation (1.30), gives:

ρ * du * dt * = - 1 ρ l U 2 0 ∇ * p + µ ρ l U 0 X • ∆ * u * + ρ * • X U 2 0 g + γ ρ l U 2 0 X • κ * δ * s n (1.31)
Comparing to the Navier-Stokes equations (1.30), if we define

g * = X U 2 0 g, p * = p ρ l U 2 0
and Reynolds number Re = ρ l U 0 X/µ l and Weber number W e = ρ l U 2 0 X/γ, the coefficient of the viscosity term can be written as :

µ ρ l U 0 X = 1 Re • µ µ l = 1 Re • µ * * = µ * ,
and the coefficient of the surface tension term:

γ ρ l U 2 0 X = 1 W e = γ *
Then we obtain the dimensionless Navier-Stokes equations:

ρ * du * dt * = -∇ * p * + 1 Re • µ * * ∆ * u * + ρ * g * + 1 W e • κ * δ * s n (1.32)
where the nondimensionlized variables are shown in Table 1.1.

Table 1.1: U 0 -based dimensionless formulas

ρ * u * t * p * µ * g * γ * L * D * ρ ρ l u U 0 U 0 D t p ρ l U 2 0 1 Re • µ * * X U 2 0 g 1 W e L X D X
We can also nondimensionlize equation (1.30) by the gravity g instead of the initial velocity U 0 , then the dimensionless Navier-Stokes equations are:

ρ * du * dt * = -∇ * p * + 1 Re • µ * * ∆ * u * + ρ * + 1 W e • κ * δ * s n (1.33)
where the nondimensionlized variables are shown in Table 1

.2. Table 1.2: g-based dimensionless formulas ρ * u * t * p * µ * g * γ * L * D * ρ ρ l u √ gX g X t p ρ l gX 1 Re • µ * * 1 1 W e L X D X
For a diphasic system, we introduce two dimensionless numbers:

(i) the density ratio r :

r = ρ g ρ l (1.34) (ii) the viscosity ratio m : m = µ g µ l (1.35)
Then the dimensionless density and viscosity are:

ρ * =        1 if liquid r if gas , µ * * =        1 if liquid m if gas .
Now we can calculate all necessary dimensionless variables for a simulation. We take a water drop of diameter D = 3 mm = 3 × 10 -3 m with an initial velocity of

U 0 = 3 m • s -1
and a gravity of g = 9.8 m • s -2 as example. At the Standard Atmospheric Pressure (SAP 1.01325 × 10 5 P a) and the ambient temperature (20 

ρ (kg • m -3 ) viscosity µ (P a • s) surface tension γ (N • m -1 ) water 998.2 1.002 × 10 -3 7.28 × 10 -2 air 1.204 1.983 × 10 -5
With the formulas in Table 1.1, we obtain the dimensionless variables (see Table 1.4).

Table 1.4:

U 0 -based nondimensionlization ρ * l ρ * g γ * D * ρ l ρ l = 1 r • ρ * l ≈ 1.21 × 10 -3 1 W e ≈ 2.70 × 10 -3 D D = 1 µ * l µ * g U * 0 g * 1 Re ≈ 1.12 × 10 -4 m • µ * l ≈ 2.21 × 10 -6 U 0 U 0 = 1 D U 2 0 g ≈ 3.27 × 10 -3
As shown in Table 1.4, the dimensionless gravity g * is small as compared to U * 0 . If the initial position of the drop is close to the substrate, the variation of velocity due to the gravitational force is negligible since the velocity is large and the time before impact is small. Then, the gravity g * can be neglected in simulations.

Conclusion

In this chapter, we first give a brief introduction of the numerical schemes used in the code GERRIS. GERRIS is in general a solver for incompressible multiphase flows, it provides solutions for Navier-Stokes-type equations and it has developed special modules for geographic (GfsRiver, GfsOcean) and electro-hydrodynamics (GfsElectroHydro) issues. A staggered temporal discretization is used and it ensures a formally second-order accuracy.

The velocity is discretized by a Hodge decomposition and the pressure is calculated by solving a multi-level Poisson equation. A collocated finite-volume spatial discretization is employed with an orthogonal tree-structure mesh arrangement. As one of the highlights in GERRIS, the adaptive quadtree (octree) mesh ensures an efficient computation with a high precision and a low computing cost. The interface advection is calculated by a piecewise linear Volume-of-Fluid (VOF) geometrical scheme. A height-function scheme is used to calculate the curvature and a balanced-force scheme ensures an accurate computation of the surface tension. GERRIS also provides the parallel computation via MPI and has successful applications in clusters and supercomputers in practice. A visualisation tool -GfsView is developed to realise the on-the-fly or offline visualisation for serial or parallel computations.

In the second part, we introduce the nondimensionalization process in GERRIS with an example of the drop impact. Since GERRIS has a coherent unit system, all coherent unit-systems are acceptable which is a convenience for industrial computations.

Chapter 2

Validation of the numerical method: meniscus case Meniscus is a common phenomenon which is present in wall-related dynamics such as drop impacts, surface coating processing. Rich physical factors are involved in this dynamics, surface tension, gravity, interface, triple-phase contact line and contact angle and an analytical solution exists for the profile of the equilibrium interface. The triplephase contact line is the intersection of the fluid/fluid interface (usually gas/liquid) to the solid boundaries and the contact angle is the angle measured in the liquid, where a liquid/gas interface meets a solid surface. In an equilibrium system (for example, a liquid drop at rest on a solid surface, see 

γ lg cosθ e = γ sg -γ sl (2.1)
where θ e is the static contact angle, γ lg , γ sg and γ sl are capillary forces by unity (surface tension) of the liquid-gas, solid-gas, solid-liquid interfaces at the contact point.

The static contact angle is a physical property of the triple-phase system and the Young's formula indicates the relation between contact angle and surface tension:

cosθ e = (γ sg -γ sl )/γ lg .
In this chapter, we validate the numerical schemes used in GERRIS by the meniscus case. The dynamics of the contact point and the profile of the equilibrium interface are studied.

Physical description

The water surface is nearly flat in a cup of water; but if we look closely at the water area near the wall, the water surface appears a curved profile. The surface deformation is caused by capillary forces. This phenomenon of surface deformation is called a meniscus, which is a result of the equilibrium between capillary forces and the gravity.

For the meniscus on a vertical wall, we suppose the liquid surface is half-infinity large. The meniscus profile depends on the wettability of the wall. On a hydrophilic substrate, the surface ascends from the flat surface and forms a contact angle θ e < 90 To get the equilibrium interface profile, we study a point (x, z) on the interface (note

• z 0 h θ e Gas Liquid θ ∞ x (a) hydrophilic z 0 h θ e Gas Liquid θ ∞ x (b) hydrophobic
f = z(x))
. At the equilibrium state, the point (x, z) has a balance between the capillary force and the gravity.

Note the gas pressure at infinity is P 0 . At the point (x, z), the liquid-side pressure caused by the gravity is P 0 -ρ l gz and the gas-side pressure caused by the surface tension is P 0 -γκ(z). The interface is at equilibrium, thus the pressures of two sides of the interface come to balance:

P 0 -ρ l gz = P 0 -γκ(z) (2.2)
where P 0 is the gas pressure, ρ l is the liquid density, g is the gravity, γ is the coefficient of surface tension and κ(z) is the curvature at the point (x, z).

Then, the interface f = z(x) obeys:

z = l c 2 κ(z) (2.3)
where l c is the capillary length:

l c = γ ρ l g (2.4)
In Cartesian coordinates, the curvature κ(z) can be calculated as:

κ(z) = - z (1 + (z ) 2 ) 3 2
(2.5)

Substituting equation (2.5) into equation ( 2.3) gives:

z = -l c 2 z (1 + (z ) 2 ) 3 2 (2.6)
To solve the equation (2.6), we have two boundary conditions: on the wall (x = 0), z takes the maximum value h and when x-position is far away from the wall, the interface returns flat, z approaches 0:

   z = h, x = 0 z → 0, x → +∞
By integrating equation (2.6), we can obtain the profile of the equilibrium interface in an implicit form:

x = l c • acosh 2l c z -4l 2 c -z 2 + x 0 (2.7) [De Gennes et al., 2005].
The constant x 0 is obtained by the boundary condition x = 0, z = h:

x 0 = 4l 2 c -h 2 -l c • acosh 2l c h (2.8)
To calculate the maximum height of the equilibrium interface h, we suppose the surface tension is uniform and continuous on the interface and consider the horizontal force balance in the liquid between the wall and the positive infinity (see the shaded part in Figure 2.2(a)). On the wall, the liquid bears the capillary force and the hydraulic force;

At the positive infinity, there is only the capillary force. They are in balance :

γsinθ e + h 0 ρgz dz = γ (2.9)
Then, the maximum height of the equilibrium interface h:

h = √ 2l c 1 -sinθ e (2.10)
Now the profile of the equilibrium interface is determined by equations (2.7),(2.8),(2.10).

Results and discussions

In the case of water and air, for a contact angle θ e = 30 • , the characteristic lengths of meniscus: the capillary length l c = γ ρ l g ∼ 3 × 10 -3 m and the maximum height of the equilibrium interface h = √ 2l c √ 1 -sinθ e ∼ 3 × 10 -3 m. In general, the characteristic length of meniscus is of the order of 10 -3 m for water and air.

θ ρ l , µ l ρ g , µ g g γ x z 0 Figure 2.3: Calculation domain.
A liquid of density ρ l , viscosity µ l and a gas of density ρ g , viscosity µ g form an initial horizontal interface with a surface tension γ. The gravity g applies in the whole domain. The left side is a solid wall and a contact angle θ e will be imposed at the beginning of the simulation t = 0; a symmetry condition is applied on the right side. The interface is initially at z = 0.

As shown in Figure 2.3, to eliminate the boundary effect to the meniscus, we take a relatively large domain comparing to the order of magnitude of the characteristic meniscus length. The left side of the domain is a solid wall and a contact angle θ e will be imposed at the beginning of the simulation. The domain can be considered as the half of a liquid basin, the symmetry condition is applied on the right side of the domain, which results null normal derivatives for scalar fields and for the tangential component of vector fields, and null normal component of vector fields.

The interface will come to equilibrium as a result of the balance between the gravity and the capillary forces. The imposition of a contact angle at the beginning is a strong perturbation to the system, a capillary wave will be formed and propagate on the interface. To accelerate the attenuation of the capillary wave, large viscosities are used. Six static contact angles (θ e = 30 

Dynamics of the contact point

The imposition of a contact angle at the triple-phase contact point perturbs the initial system. The contact point oscillates along the wall and generates a capillary wave on the initially horizontal interface. if we rescale the h max by 1 -sin( θe 180 π) (which represents the contact angle effect to the maximum height of the equilibrium interface in equation (2.10)), the dynamics of the contact point shows a self-similarity.

Equilibrium interface

As a matter of mass conservation, the interface deviates from the initial position (z = 0). To simplify the comparison, we set the lowest (highest for hydrophobic cases) position of the equilibrium interface as the plane z = 0. We note the maximum height of the equilibrium interface h calculated by simulations as h g and h calculated by equation (2.10) as h a , and define the error of simulations as:

ε = 100 |h a -h g | h a % (2.11)
Figure 2.7 shows the comparison of the maximum height of the equilibrium interface h between numerical simulations and the analytical solution. The error is smaller than 1.2%. The simulations agrees quite well with the analytical solution. Figure 2.8 shows snapshots of the equilibrium interface with the adaptive mesh arrangement. The interface, especially the meniscus area, is well tracked by the adaptive mesh. 

Conclusion

In this chapter, a classical interface issue -the meniscus on a vertical wall is studied to validate the numerical schemes used in the code GERRIS. The imposition of a contact angle at the beginning of the simulation introduces a perturbation to the system and the triple-phase contact point starts to oscillate. A capillary wave is generated by the oscillation of the contact point. The dynamics of the oscillation shows a self-similarity.

A stronger oscillation is observed for a contact angle away from the threshold value 90 • (which means the deviation ∆θ = |θ -90 • | is bigger), but it takes less time to come to the equilibrium state.

The profile of the equilibrium interface is obtained from a force balance analysis. The error of the maximum height of the equilibrium interface is small and the equilibrium interface calculated by GERRIS agrees well with the analytical solution. The interface is well tracked by the adaptive quadtree mesh.

The code GERRIS shows a good performance in the computation of multiphase flows and it will be used to calculate a more complicated physical dynamics -the drop impact issue in the coming chapters.

Chapter 3

Gas effect in drop impact on a solid substrate In the literature, the surrounding gas has been normally neglected because of the large density and viscosity ratio between liquid and gas. However, some striking experimental results have been recently reported [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF]. They discovered that only by decreasing the surrounding gas pressure, the splash can be completely suppressed and turned to a deposition even without the undulation of the liquid sheet. It implies the crucial effect of gas in the dynamics of drop impacts.

Since these striking discoveries, several models involving gas compressibility or gas non-continuum effect have been proposed to explain the role of gas. But the direct connection between compressibility, non-continuum effect and the splash mechanism is not clearly explained and there is still no clear understanding of the mechanism.

In this chapter, we make the direct numerical simulation of the drop impact onto a solid surface under the incompressible assumption and investigate the gas influence during the drop impact dynamics.

Physical description

The physical process of a drop impact on a solid substrate can be described as: a liquid droplet falls from a certain height, accelerates under the gravitational effect, approaches a solid substrate then impacts on the substrate with an impact velocity. It can show different behaviours (deposition, splashing, rebounding) under different impact conditions (for instance, the viscosity, the surrounding gas pressure or the roughness of the solid surface).

Considering the role of the gravitational effect, the impact process can be divided into two regimes:

First regime, from the starting position until the drop approaches the substrate. It is a gravity-driven motion. During this period, several forces (such as the gas viscous force, the gravity) apply on the drop, but the gravity is the only thrust of falling and it is dominant. The drop is accelerated from rest (or an initial velocity) by the gravity and the shape of the drop could be deformed from a sphere as a result of the gas viscous effet.

Second regime, subsequent to the first regime until the drop impacts on the substrate.

In this regime, the drop has already a large velocity and it is close to the substrate. The duration of this regime is short and the gas effect becomes important. Apparently, the drop is decelerated and the acceleration effect of the gravity becomes subordinate. The variation of the drop velocity is no longer due to the gravity. A high deformation of the drop is observed and some complex interactions between the drop, the surrounding gas and the substrate occur. The time scale of these dynamics, which could originate the splashing, is very small and it could be of the order of several nanoseconds.

To measure the gravitational effect during the drop impact, a dimensionless number called Froude number is introduced. Its definition is the ratio between the inertia and the gravitational force and it can be expressed as

F r = U 2 gD ∼ H D (3.1)
where U is the drop velocity, g is the gravity, D is the drop diameter and H is the height from the starting position to the substrate. In the experiments of [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF], when the drop approaches the substrate (the second regime of the drop impact), the drop has a large velocity, the Froude number is large. The liquid inertia is dominant compared to the gravitational force. Since we are interested in the gas effect during the drop impact which is more important in the second regime, the gravity can be neglected during this high deformation regime and the shape deformation during the first regime is not considered either.

Now, the physical problem can be defined as: a circular drop falls from a small height h with a large initial velocity U 0 and the gravity is not considered. The drop will not be accelerated as a result of the absence of gravity 1 . The solid surface is dry, flat, rigid, without roughness and a contact angle is defined. Liquid and gas are both considered incompressible.

The calculation domain is shown in Figure 3.1. The problem is solved axisymmetrically, a semi circular drop is placed along the left boarder (r = 0, which is the symmetry axis). The bottom boarder (z = 0) is considered as a solid substrate and a typical partially-wettable surface is considered with a contact angle θ = 90 • .

Although a large initial velocity is imposed to replace the gravity acceleration regime and the drop is close to the substrate, the drop should be high enough in order to avoid the influence of the substrate at the beginning and show the entire dynamics of the interaction between the drop and the substrate. To determine the initial height h of the drop, we take four different values of h (h = 0.05D, 0.1D, 0.25D, 0.5D, where D is the drop diameter)

and study the convergence of the interface height h r0 on the symmetry axis (r = 0).

With absence of the surrounding gas, the drop will contact the substrate at t th = h/U 0 .

Figure 3.2 shows the temporal evolution of the interface height h r0 . For each h, the 1 Deceleration and deformation of the bottom part of the drop is observed in simulations when gravity is neglected during the high deformation regime. It is caused by the cushioning effect of the surrounding gas, which is a proof of the gas effect to the drop impact. h min is the smallest height between the interface and the substrate and r max is the largest radius of the liquid area. moment of contact t th is different, we rescale the time as t = t -t th . The initial height h only influences the bottom interface of the drop. For h = 0.05D, the height of the bottom interface h r0 has an evident difference from h r0 of h = 0.1D, 0.25D, 0.5D at the early stage of the impact (see Figure 3.2 (c), t = [0, 0.3]), the drop is too close to the substrate at the beginning, therefore, we take h = 0.1D in further simulations.

Values of nondimensionlized physical parameters used in simulations2 are shown in Table 3.1. r is the density ratio r = ρ g /ρ l and m is the viscosity ratio m = µ g /µ l . If we compare it with the example of a water drop of diameter D = 3 mm with an initial velocity of U 0 = 3 m • s -1 (Table 1.4 in the section §1.2), the viscosity is 10 times larger than the real one. Large viscosities are used to enforce the gas effect and get a better vision of the gas layer3 . The Reynolds number Re = 1000 and the Weber number W e = 370 in our simulations. 

Convergence test: analysis of the gas layer

In GERRIS, the adaptivity is applied in time and space by criteria defined by users, mesh amount and mesh refinement are controlled by a parameter called "refinement level n". As a characteristic of the quadtree mesh arrangement, for a refinement level n, the maximum mesh amount is 4 n4 and the smallest mesh size is L/2 n , where L is the length of the calculation domain. In the next, we use the refinement level n to describe the mesh arrangement.

Here, a convergence test is done to insure the accuracy of our computation. The case with a density ratio r = 0.001 and a viscosity ratio m = 0.1 is used. The convergence of the smallest height h r 0 between the interface and the substrate on the symmetry axis r = 0 is investigated. 

h r0 (t) = h -U 0 t.
The intersection between the dash line and the axis t indicates the theoretical contact time t th = h/U 0 = 0.1 with absence of the surrounding gas. Inset shows a zoom around the theoretical contact time t th in a logarithmic scale.

As shown in Figure 3.3, the drop falls with a constant velocity at the beginning, the smallest height h r0 obeys a linear law h r0 (t) = h -U 0 t (see dash line in Figure 3.3).

When the drop approaches the substrate, it is decelerated by the gas and h r0 deviates from the linear law (see inset of Figure 3.3). If the gas effect is not considered, the drop will contact the substrate at t th = h/U 0 = 0.1. After the moment t = 0.1, h r0 becomes almost constant. It implies that a gas layer exists between the drop and the substrate, or an amount of gas is entrapped under the drop and a bubble is formed, h r0 represents the height of the bubble. The difference between different refinement levels is quite small (see inset of Figure 3.3), with a refinement level n = 11, a good accuracy of the computation can be guaranteed5 . Moreover, we also compare a more general smallest height h min , which is measured between the interface and the substrate in the entire calculation domain (as defined in It should be noticed that the deviation of h min occurs earlier than h r0 and a change of slop is observed, which implies that the r-coordinate of the h min -point is changed as confirmed in Figure 3.6, the h min -point deviates from the center and moves towards the outside. Then, the drop contacts with the substrate, which makes h min = 0 (see Figure 3.5) and the distribution of the r-coordinate of the h min -point turns to be chaotic (see the substrate; it implies that during this period, an entrapped bubble is formed and the interaction between the drop and the gas layer could originate a splash.

If we continue the discussion of the regime-division in the section §3.1 and look into details of the early stage of the impact process, it can be divided into four stages (see Figure 3.7):

[I] Linear movement : the drop is "far" enough from the substrate, without the gravity, it falls with a constant velocity (this initial large velocity is due to the gravitational acceleration from the beginning). The gas viscous effect and the liquid inertial effect are not important in this stage, the velocity shield in the drop can be considered uniform and the deformation of the drop is negligible. The drop keeps the shape of a circle (a sphere in three dimensions).

[II] Central deformation : the drop starts to "feel" the existence of the substrate and is decelerated by the gas cushioning effect. The bottom part of the drop starts to deform from a circle, but the h min -point remains at the center-bottom of the drop.

[III] Dimple formation : the drop further approaches the substrate, the gas cush- [IV] Direct contact : eventually, the drop contacts with the substrate, a part of gas is trapped under the drop and forms a bubble. As the upper part of the drop continues to fall, the contact point expands towards the outside and the wetted area of the solid surface extends. Figure 3.7 (f) shows a snapshot of the interface in this stage. The drop has a direct contact with the surface, a central entrapped bubble is formed and a series of small bubbles (local contacts) are also observed. Here, we make two important remarks:

Definition of contact

According to the simulation results, the drop will eventually contact with the solid surface. It is a numerical observation.

In the real physical mechanics, in a microscopic view, the contact process can be described as:

A liquid drop approaches a solid substrate, the physical distance between liquid molecules and solid molecules δ p decreases. Gas evacuates from the area between the liquid and the solid, the quantity of gas molecules in this area decreases. Subsequently, the distance δ p becomes comparable to the gas mean free path, there is few gas molecule between the drop and the substrate. When the distance δ p comes to the molecular length scale, physical and chemical interactions between liquid molecules and solid molecules (such as the Van der Waals force) become important. There should be a threshold δ pt , when δ p is close to δ pt , the molecules of two materials becomes so close that macroscopically we observe a direct contact between the liquid drop and the solid substrate.

δ pt is probably a function of the properties of both liquid and solid materials. At the Standard Atmospheric Pressure (SAP 1.01325 × 10 5 P a) and the ambient temperature (20 • C), the mean free path of the dry air is 65 nm = 6.5 × 10 -8 m [START_REF] Jennings | The mean free path in air[END_REF], the average distance between two water molecules is 2.8 Å = 2.8 × 10 -10 m and the average distance between two glass molecules is of the order of 10 -10 m 6 . Therefore, the threshold value δ pt is of the order of 10 -8 ∼ 10 -10 m for a water drop impacting on a glass substrate.

In the numercial simulations, as a limit of the computing capacity, the refinement level is limited (n = 11 in our simulations) 7 and the smallest size of a cell ∆x has a certain value. When the drop approaches the solid surface, the distance between the interface and the solid boundary δ n (both h r0 and h min are examples of δ n ) decreases. From a moment, the interface will enter into the last gas cell above the solid boundary (δ n ∆x). There should be also a threshold δ nt , when δ n is smaller or equal to δ nt , the gas percentage in a cell becomes very small. In the next step of the computation, the code will treat the cell as a full liquid cell. Apparently, the liquid drop contacts with the solid surface.

δ nt is probably also a function of the properties of both liquid and solid materials (such as the liquid density, the liquid viscosity and the contact angle and the surface tension)

8 . In our simulations, the smallest size of a cell ∆x ≈ 1 × 10 -3 . For a drop of diameter 3 × 10 -3 m, it corresponds to a real length of the order of 1 × 10 -6 m. If we suppose

δ nt ∼ 0.1∆x, δ nt ≈ 1 × 10 -7 m.
It should be mentioned that, with the limit of numerical computations, δ nt is not exactly equal to δ pt . But the dynamics observed in numerical simulations should be similar to the real physical process and the characteristics of the mechanics are invariant.

In order to reduce the influence of this issue, we fix our refinement level at n = 11, keep both liquid and solid properties constant in all simulations and focus on the gas effect.

It should make both δ pt and δ nt constant in all simulations and have no influence in the mechanism investigation.

Chaotic distribution

A chaotic distribution of the r-coordinate of the h min -point is observed (see Figure 3.6 and Figure 3.7 (a,d)). The existence of a series of small bubbles explains this phenomenon.

As shown in Figure 3.7(f), after the first contact between the drop and the substrate, the 6 The average distance between two glass molecules varies a lot according to the types of glass, it is close to 0.2 nm in the paper of [START_REF] Muller | Molecular structure and nucleation in silicate glasses[END_REF]. 7 The refinement level can be raised to any number if the computer is powerful enough. But there is a physical limit. If the corresponding physical length is smaller than the average distance between solid molecules or smaller than δ pt , the simulations become physically meaningless. 8 The mathematical accuracy of the simulation code can also play a role.

wetted area is not developed to a continuous zone but several discrete contacts are formed.

As the contact line advances, some gas will be trapped, forms a small bubble and a new contact area. Subsequently, a series of small bubbles are formed. Since the algorithm to find the h min -point will find several points satisfying the h min -rule and only one point is taken at a moment, the multi-contact causes the chaotic distribution.

There is rich information in the chaotic area (see Figure 3 A liquid drop falls towards a solid substrate, if we do not consider the gas effect, the drop will contact the substrate at t th = h/U 0 . We rescale the time as t = t -t th and suppose the substrate is virtual and the drop can penetrate into the solid. At the moment t, the drop penetrates into the solid with a distance U t and the intersection between the drop interface and the solid surface (considered as a virtual wetted radius) is

r v = √ DU t.
In reality, drop stays above the substrate, as a matter of mass conservation, the part of liquid "penetrated" into the solid needs to evacuate towards the outside. The radius of the wetted area r w is proportional to r v :

r w = C • r v = C DU t (3.2)
For a liquid drop impacting on a liquid basin, [START_REF] Josserand | Droplet splashing on a thin liquid film[END_REF] has found the same law for the horizontal length scale r K of base of jet from the origin:

r K = C √ DU t
where C is a numerical constant. In our numerical practice, we find C is equal to 1.2.

In our simulations, the rescaled time system t = t -t th corresponds to stage [III] and [IV]. But as a result of the gas cushioning effect, the contact time is not equal to Symbols denote the temporal evolution of the r-coordinate of the h min -point, dash curve is determined by the law r w = 1.2

t th = h/U 0 .
√ DU t.
Figure 3.9 shows the comparison between simulation results and the law of r w = 1.2 √ DU t. A good agreement is found. The radius of the wetted area r w obeys the same law as in a liquid/liquid impact. It implies that some connection possibly exists in the splashing mechanism for both liquid/liquid and liquid/solid impacts.

Early stage of the impact

The dynamics at the early stage of the impact determines the outcome. With the state-of-art high speed camera, more details of the dynamics are discovered, but the time and space precision is still not high enough to catch the dynamics at the very early stage of the impact. To investigate the gas effect in the early stage of the drop impact, three series of cases are studied with a corresponding time distinction of 1 × 10 -7 s 9 : case (I), we fix the density ratio r = ρ g /ρ l = 0.003 and vary the viscosity ratio m = µ g /µ l = 0.01, 0.035, 0.04, 0.06, 0.07, 0.15; case (II), we fix the viscosity ratio m = 0.037 and vary the density ratio r = 0.0005, 0.001, 0.0015, 0.004; case (III), we fix the viscosity ratio m = 0.07 and vary the density ratio r = 0.0005, 0.001, 0.0015, 0.004 (see Figure 3.10). 9 In the experiments of [START_REF] Kolinski | Skating on a film of air: Drops impacting on a surface[END_REF], theoretically they can achieve an ideal temporal distinction of the order of 10 -6 s and it is the highest time precision in experiments currently. In simulations, we take a time distinction of ∆t * = 10 -4 . As shown is Table 1.1, t = D U0 t * , for a water drop of diameter D = 3 mm with an initial velocity of U 0 = 3 m • s -1 , the corresponding time distinction is ∆t = 10 -7 s.

Constant density ratio r = 0.003

In simulations, three different outcomes are observed: for a small viscosity ratio m = 0.01, 0.035, drop spreads on the substrate and remains on it without splash; for a medium viscosity ratio m = 0.04, 0.06, drop first contacts and spreads on the substrate, then a part of the liquid film is detached from the substrate and a jet is formed and developed to a splash, we define this type of splash as a "detachment-splash"; for a large viscosity ratio m = 0.07, 0.15, a small jet is already formed before the contact with the substrate (which will be developed to a splash) and the drop then contacts the substrate, we define this type of splash as a "jet-splash".

A drop falls from a height h = 0.1D = 0.1 with a velocity U 0 = 1. As the gravity is already ignored, with absence of gas, the drop will contact the substrate at the theoretical contact time t th = h/U 0 = 0.1. At the theoretical contact time t th , the drop is close to the substrate, but the gas cushioning effect delays its contact even for a small viscosity ratio. Colour gradient represents the magnitude of the velocity.

When the drop approaches the substrate, the pressure in the gas layer increases. The bottom central part of the drop is decelerated from a high impact velocity to rest. As the drop continues to descend, a dimple is formed and the bottom part of the drop develops a horizontal velocity. The size of the dimple increases with the gas viscosity. The gas continues to evacuate at a high velocity (see Figure 3.12). For a deposition (non-splash) or a detachment-splash, the drop contacts with the substrate and simultaneously a thin liquid sheet is ejected towards the outside with a large velocity; for a jet-splash, a thin liquid sheet is already ejected with a large velocity before the contact with the substrate (see Figure 3.13). For a deposition, the sheet remains on the solid surface; for a detachment-splash, the sheet detaches from the surface and forms a jet; for a jet-splash, the drop eventually contacts with the substrate and a series of small bubbles are observed. In all three outcomes, a central entrapped bubble always exists (see Figure 3.14). Figure 3.16 shows the temporal evolution of the interface profile for three outcomes.

The upper part of the interface has nearly the same variation and keeps almost circular in three outcomes. Figure 3.17 shows a zoom of the interface close to the substrate. By increasing the gas viscosity, the contact with the substrate is delayed, the size of the dimple increases. As a consequence, the radius of the central entrapped bubble is bigger for a larger gas viscosity but the shape of the bubble does not change during the drop impact. At the early stage of the impact, the variation of gas properties has already originated different outcomes. In the case of a deposition or a detachment-splash, the profile of the thin liquid sheet is different. For the deposition, the rim of the liquid sheet is flat and the upper interface of the sheet is nearly parallel to the solid surface; whereas, for the detachment-splash, a salient is observed at the rim of the sheet, which can be considered as the detachment of the rim of the sheet, or the ejection of a secondary jet.

The deflection of the jet occurs fast and is stronger for a bigger viscosity even in a shorter time interval after the contact (see the interface at t = 0.080 in Figure 3.17 (b) and (c)).

The gas viscous effect play an important role in the impact dynamics. Figure 3.18 shows the position evolution of the rim of the thin liquid sheet, an evident difference between the deposition and the splash is observed. For deposition cases (m = 0.01, 0.035), the sheet remains on the substrate, the non-null position of the rim results from the thickness of the sheet. For splash cases (m = 0.04, 0.06, 0.07, 0.15), a larger gas viscosity produces a higher jet. From the inset of Figure 3.18 we should notice that transition between the deposition (symbols 'solid square' in the figure, m = 0.035) and the splash (symbols 'hollow square' in the figure, m = 0.04) is mild at the beginning of the impact. For a detachment-splash, the height of the rim starts from zero (symbols 'hollow square' and 'star' in the figure, m = 0.04, 0.06). For a jet-splash, the height of the rim does not start from zero, which implies the jet is formed before the contact; the rim starts from a higher position as gas viscosity increases, which implies the gas layer becomes thicker (symbols 'cross' and 'plus' in the figure, m = 0.07, 0.15).

3.3.2

Constant viscosity ratio m = 0.037 and m = 0.07

For a small viscosity ratio m = 0.037, two different outcomes are observed: for small density ratios r = 0.0005, 0.001, there is no splash, drop extends on the substrate; for large density ratios r = 0.0015, 0.004, a detachment-splash is observed. The height of rim decreases by decreasing the density ratio r and an evident transition from non-splash to detachment-splash is observed (see Figure 3.19(a)).

For a big viscosity ratio m = 0.07, the splash always forms and two different types are observed. For small density ratios r = 0.0005, 0.001, it is a detachment-splash; for large density ratios r = 0.0015, 0.004, it turns to be a jet-splash. As shown in Figure 3.19(b), the height of the rim decreases by lowering the density ratio. A similar variation of the position of the rim is found, the difference between the two types of splash is not evident. 

Frontier between impact outcomes

The results in the section §3.3 indicates the existence of frontiers between different outcomes. Two dimensionless numbers have been introduced to measure the gas effect: the density ratio r = ρ g /ρ l and the viscosity ratio m = µ g /µ l . A series of simulations have been done on varying the two ratios only. As the liquid properties keep constant in simulations, we have a constant Reynolds number Re = 1000 and a constant Weber number W e = 370.

Gas inertia is not considered in the lubrication theory, only the gas viscous effect is taken into account, therefore, the frontier predicted by the lubrication approximation should be straight and have no variation by changing the gas density. However, a curved frontier between non-splash and splash is found (see Figure 3.20), which indicates that gas inertia also influences the impact outcomes. We should notice that the frontier remains almost straight in a large scale (see top panel of Figure 3.20), the gas viscous effect is probably dominant in the impact dynamics as described by the lubrication approximation, however, for a small density ratio, the gas inertial effect becomes no longer negligible and needs to be involved in the theory of splashing (see bottom panel of Figure 3.20).

In the splash regime, two different splash mechanisms are identified: the detachmentsplash and the jet-splash. As shown in the bottom panel of Figure 3.21, the frontier is also curved and the deviation from a straight line is larger than the frontier between non-splash and splash, which implies the gas inertial effect plays a more important role in the transition between different splashes.

It can be concluded that both inertial effect and viscous effect influence the drop impact dynamics. The gas viscous effect is probably dominant and the lubrication approximation is valid in a large scale. With the decrease of the gas density, the inertial effect becomes relatively important in the impact dynamics. Our results agrees with the experimental observation reported by [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF]. In their works, splash can be completely suppressed by decreasing the pressure of the surrounding gas. In this process, the gas dynamic viscosity µ is constant, only the gas density ρ varies. The suppression of the splash can be at least partially attributed to the decline of the gas inertial effect due to the decrease of the gas pressure. 

Conclusion

In this chapter, we investigated the gas influence in the dynamics of the drop impact onto a solid substrate under the incompressible assumption. The gravity is neglected and the properties of the liquid and the solid are invariant in simulations. The Reynolds number Re = 1000 and the Weber number W e = 370.

Complex dynamics occurs in the gas layer during the impacting process. As the drop approaches the substrate, the gas cushioning effect increases, the bottom part of the drop is decelerated to rest, a dimple is formed and an amount of gas is entrapped subsequently. From that moment, the impact outcome differs with different gas properties.

For a small gas density and viscosity, the drop remains on the substrate and forms a shape of poached egg; for a large gas density and viscosity, a splash is formed. Two different splash mechanisms are identified. The drop can first contact the substrate and eject a fast moving liquid sheet, then the sheet is detached from the substrate and forms a "detachment-splash"; Otherwise, a small jet is formed before the contact with the substrate, then the jet is deflected and forms a "jet-splash", the contact with the substrate occurs before or after the jet deflection.

The lubrication theory involves only the gas viscosity, however, according to our investigations, the transition between non-splash and splash depends not only on the gas viscosity but also the gas density. The transition between detachment-splash and jet-splash performs a similar behaviour. The gas inertial effect is not negligible in the splashing mechanism.

In Chapter §3, two different types of splash were identified as the detachment-splash and the jet-splash. For a detachment-splash, dynamics after the contact with the substrate such as the ejection of thin liquid sheet and the detachment of the sheet are crucial; for a jet-splash, dynamics before the contact such as the creation of the small jet and the lift-up of the jet (instead of retouching the substrate) are important.

In this chapter, under incompressible assumption, we study dynamics before and after contact in the gas layer and propose an aerodynamic splash mechanism. Other effects in the impact dynamics (the contact angle effect, the gas compressibility effect) are also investigated.

Pre-contact dynamics

Complex dynamics occurs in the gas layer before the contact with the substrate. In this section, we first discuss the lubrication theory, then investigate the dynamics before contact.

Lubrication approximation in the gas layer

For an incompressible Newtonian fluid, if external forces (such as gravity) and surface tension are ignored, Navier-Stokes equations can be written as:

ρ( ∂u ∂t + u • ∇u) = -∇p + µ∇ 2 u (4.1) ∇ • u = 0 (4.2)
where ρ is the fluid density, u the fluid velocity, p the pressure and µ the fluid viscosity.

In our case of drop impact (see Figure 4.1), the gas cushioning effect is weak at the beginning, the variation of the velocity in the drop is small, the velocity field is almost uniform and keeps the initial velocity U in the vertical direction, therefore, the non linear effect of the liquid inertia (the term ρu • ∇u) can be neglected. The Reynolds number Re = 1000, then the viscous effect (the term µ∇ 2 u ) can also be neglected as compared to the inertial forces, yields: The interface y = h(x) is a free surface with absence of the surface tension, then the kinematic boundary condition gives:

ρ l ∂u l ∂t = -∇p l (4.
v l = ∂h ∂t + u l ∂h ∂x
It can be approximated as

(u l , v l )| y=h = (0, ∂h ∂t ) (4.4)
when the drop is "far" from the substrate.

In the gas layer, when the drop approaches the substrate, the thickness of the gas layer decreases and its length scale becomes relatively small as compared to the drop diameter (see Figure 4.1). As a fact of mass conservation and incompressibility, u can be estimated as L/H • v, then u v and u is at least of the order of magnitude of the initial velocity U of the drop. We can introduce the lubrication approximation to describe the dynamics in the gas layer.

In two dimensions, note u = (u, v), rewrite equation ( 4.1) as:

∂u ∂t + u ∂u ∂x + v ∂u ∂y = - 1 ρ ∂p ∂x + µ ρ ( ∂ 2 u ∂x 2 + ∂ 2 u ∂y 2 ) (4.5) ∂v ∂t + u ∂v ∂x + v ∂v ∂y = - 1 ρ ∂p ∂y + µ ρ ( ∂ 2 v ∂x 2 + ∂ 2 v ∂y 2 ) (4.6)
We rescale each variable

x = x L , ȳ = y H , ū = u U , v = L H v U , t = U L t, ρ = ρ ρ 0 , μ = µ µ 0 , p = p p 0 ,
introduce a Reynolds number of the gas layer Re H = ρ 0 U H µ 0

1 and a length scaling factor = H L , substitute all rescaled variables into equations (4.5) and ( 4.6) gives:

Re H ( ∂ ū ∂ t + ū∂ ū ∂ x + v ∂ ū ∂ ȳ ) = - p 0 H 2 µ 0 U L • 1 ρ ∂ p ∂ x + 2 μ ρ ∂ 2 ū ∂ x2 + μ ρ ∂ 2 ū ∂ ȳ2 (4.7) Re H • 2 ( ∂v ∂ t + ū ∂v ∂ x + v ∂v ∂ ȳ ) = - p 0 H 2 µ 0 U L • 1 ρ ∂ p ∂ ȳ + 4 μ ρ ∂ 2 v ∂ x2 + 2 μ ρ ∂ 2 v ∂ ȳ2 (4.8)
The fundamental assumption of the lubrication theory makes 1 and Re H 1 2 , all the terms with Re H , 2 and 4 can be neglected:

- p 0 H 2 µ 0 U L • 1 ρ ∂ p ∂ x + μ ρ ∂ 2 ū ∂ ȳ2 = 0 (4.9) - p 0 H 2 µ 0 U L • 1 ρ ∂ p ∂ ȳ = 0 (4.10)
By transferring to original variables, we obtain:

- ∂p ∂x + µ ∂ 2 u ∂y 2 = 0 (4.11)
-∂p ∂y = 0 (4.12)

Equations (4.11-4.12) indicate that the vertical velocity component (v) can be neglected, which is relatively small as compared to the horizontal component (u); the velocity varies generally in the vertical direction, the horizontal velocity derivative can be neglected and the pressure p can be considered constant in the vertical direction.

On the interface, the stress and the velocity are continuous across the interface (dynamic boundary conditions) 3 :

µ l ∂u l ∂y = µ g ∂u g ∂y , u l = u g , v l = v g .
Considering the liquid boundary condition (4.4), yields:

(u g , v g )| y=h = (0, ∂h ∂t ) (4.13)
1 In this section, U denotes the initial vertical velocity of the drop, it is taken as the scale of the velocity.

2 As mentioned in the book of [START_REF] Frene | Hydrodynamic Lubrication: Bearings and Thrust Bearings[END_REF], generally, for a viscous thin film, is of the order of 10 -3 and Re H is of the order of 10 -4 .

3 Strictly, the continuous conditions are applied in the tangential and normal direction. Since the interface is almost horizontal (α is small in Figure 4.1), we use x, y directions.

The solid substrate is no-slip:

(u g , v g )| y=0 = (0, 0) (4.14)
We integrate equation (4.11) in the y-direction twice with the two boundary conditions (4.13 -4.14) and obtain:

u g = 1 2µ g ∂p g ∂x (y 2 -hy) (4.15)
Substitute u g into the continuity equation ( 4.2), integrate it in the y-direction with the two boundary conditions (4.13 -4.14) and obtain the incompressible Reynolds lubrication equation in the gas layer:

∂h ∂t = ∂ ∂x ( 1 12µ g ∂p g ∂x h 3 ) (4.16)

Characteristic lengths in the gas layer

When the drop approaches the substrate, the gas cushioning effect decelerates the bottom part of the drop continuously. At a certain moment, the interface comes to rest and the thickness of gas layer h e is a characteristic length and it is close to the height of the central entrapped bubble. Here, h e takes the value on the symmetry axis (r = 0, see In the gas layer, the lubrication equation (4.11) indicates that -∂p ∂x has the same scale as µ ∂ 2 u ∂y 2 , then the lubrication pressure p lub :

p lub ∼ µ g U D h 2 e (4.17)
In the drop, for a two-dimensional system, the governing equation ( 4.3) can be solved by a complex analytical method (see [START_REF] Smith | Air cushioning with a lubrication/inviscid balance[END_REF]).

Rewrite equation ( 4.3) as:

ρ ∂u l ∂t = - ∂p l ∂x , ρ ∂v l ∂t = - ∂p l ∂y (4.18)
Since ∇ 2 p l ∼ 0 4 , we construct a holomorphic complex function p l + iq l in the complex plane z = x + iy. Cauchy's integral theorem gives:

d dz (p l + iq l ) = 1 2πi ∞ -∞ [p lξ (ξ, 0, t) + iq lξ (ξ, 0, t)]dξ (ξ -z) (4.19)
Evaluate the imaginary parts at y = 0,

∂p l ∂y (x, 0, t) = 1 π p.v. ∞ -∞ p lξ dξ (ξ -x) = -H( ∂p l ∂x ) (4.20)
where p.v. is the Cauchy principal value.

Then, we can relate ∂p l ∂y with ∂p l ∂x by a Hilbert transform,

ρ ∂v l ∂t = H( ∂p l ∂x ) (4.21)
thus, the liquid pressure can be estimated:

p l ∼ ρ l U L τ (4.22)
where L = √ Dh e is the local horizontal length scale at the bottom part of the drop,

τ = h e /U .
To deform the drop interface (reverse the interface curvature), the lubrication pressure in the gas layer p lub must be sufficient to decelerate the drop from a high impact velocity to zero, p lub becomes comparable to the liquid pressure p l . Then p lub ∼ p l , we obtain the thickness of the gas layer:

h e ∼ D • St 2 3 (4.23)
where

St = µ g ρ l U D (4.24)
is the Stokes number. It compares the interaction between the gas viscous effect and the liquid inertial effect.

4 Make the divergence on the two sides of equation ( 4.

3): ∇ • (ρ l ∂u l ∂t ) = -∇ • (∇p l ), then ∇ 2 p l ∼ -ρ l ∂(∇•u l ) ∂t
. With the continuity equation ( 4.2), yields: ∇ 2 p l ∼ 0.

Suppose the substrate becomes "invisible" and the drop penetrates into the substrate, the radius of the first contact point r e can be estimated as:

r e ∼ √ DU τ (4.25)
where the time scale τ = h e /U . Thus,

r e ∼ Dh e ∼ D • St 1 3 (4.26)
The area of the gas layer (or of the central entrapped bubble) can also be estimated:

S e ∼ h e • r e ∼ D 2 • St (4.27)
As shown in , S e ∼ St). For extremely large or small viscosity ratios 5 , the characteristic lengths deviate from the prediction of the lubrication approximation.

Moreover, the variation of the characteristic lengths with the density ratio is slight (see Figures 4.3(b),4.4(b) and 4.5(b)), which indicates that the gas inertial effect is possibly not a significant factor to the dynamics in the gas layer and the lubrication approximation is valid before contact. The deviation of the characteristic lengths from a constant is also observed for extremely large or small viscosity ratios.

It should be noticed that the characteristic lengths h e , r e are obtained before the ejection and the lift-up of the small jet, then the role of the gas viscous and inertial effects in these dynamics is not clear with the lubrication approximation. 5 In simulations, the viscosity ratio m = µ g /µ l and the density ratio r = ρ g /ρ l are introduced, then the Stokes number: St = mµ l ρ l U D = m Re = 0.001m. The viscosity ratio is proportional to the Stokes number. 

Ejection of the small jet

For a jet-splash, a small jet is ejected before the contact with the substrate and it is the origin of a splash. Under the lubrication approximation, the gas pressure is constant in the y-direction, then p g ∼ p(x). As shown in Figure 4.66 , the maximum gas pressure is located in the smallest-thickness area and moves from the center to the corner-like interface zone. As discussed in the section §4.1.2, in the lubrication gas layer, the gas pressure takes the same scale as the liquid pressure,

p g ∼ p l ∼ ρ l U L τ ∼ ρ l U 2 √ Dh -1 2 min ∼ h -1 2 min (4.28)
As shown in Figure 4.8, for a non-splash and a detachment-splash, p gmax obeys the scaling law p gmax ∼ h -1 2 min ; whereas, for a jet-splash with a large viscosity ratio, the scaling h

-1 2 min
is only satisfied at the very beginning. p gmax keeps nearly constant until the jet ejection and then it decreases. It implies that a part of the gas aerodynamic energy contributes to the jet ejection dynamics. Figure 4.9 shows the velocity evolution at the h min -point on the interface. When the drop approaches, the gas layer becomes thinner. As a matter of gas incompressibility and mass conservation, gas evacuates towards the outside. It accelerates the drop interface locally and supplies a large horizontal velocity component u to the drop; meanwhile, the drop is decelerated by the gas cushioning effect, the vertical velocity component v decreases continuously until zero. After the ejection of the small jet, the kinematic energy in the drop is transferred to the small jet, then the u component decreases too. As shown in Figure 4.10, at the theoretical contact moment t = 0, gas has a velocity four times larger than the initial drop velocity U , while the drop velocity remains at U and its horizontal component is small. After a short time interval ∆t = 0.022, the liquid velocity becomes almost horizontal at the bottom of the drop and a velocity concentration is formed in the corner-like area.

In the corner-like area, the liquid moves fast towards the gas, instabilities (such as a Rayleigh-Taylor instability) exists probably on the interface. As shown in Figure 4.11, a large pressure gradient exists at the corner, it is favourable to the jet ejection. A possible resistance comes from the surface tension, the jet ejection can be considered as a competition between the surface tension and the pressure gradient. that a strong pressure gradient exists at the corner, where the small jet will be ejected.

Lift-up of the small jet

Subsequent to the ejection, the small jet moves horizontally with a large velocity (see Figure 4.12) and gas along the two sides of the jet moves also fast, then instabilities (such as Kelvin-Helmholtz instability) exist probably on the fast-moving jet.

The jet can touch the substrate again or lift up. To lift up the jet, an opposing force is necessary, the only possible force of the jet bending is the gas aerodynamic force caused by the gas dynamic pressure ρ g v 2 g (see Figure 4.13). It should be mentioned that the lift-up of the jet occurs very quickly after the jet ejection, the time interval for the horizontal moving of the jet is quite small. 

Post-contact dynamics

For both non-splash and detachment-splash cases, the drop contacts the substrate first. Subsequent to the direct contact, a fast-moving thin liquid sheet is ejected along the solid surface and the detachment of the thin liquid sheet originates the splash (see 

Central bubble entrapment

As a consequence of the direct contact, a bubble is formed under the drop in the center.

Central bubble entrapment is often reported in the literature in the dynamics of the drop impact on solid [START_REF] Duchemin | Rarefied gas correction for the bubble entrapment singularity in drop impacts[END_REF][START_REF] Hicks | Air cushioning and bubble entrapment in threedimensional droplet impacts[END_REF][START_REF] Mehdi-Nejad | Air bubble entrapment under an impacting droplet[END_REF][START_REF] Thoroddsen | The air bubble entrapped under a drop impacting on a solid surface[END_REF][START_REF] Popinet | An accurate adaptive solver for surface-tension-driven interfacial flows[END_REF]. As shown in Figure 4.15, it is observed in both non-splash and detachment-splash cases in our simulations7 . It should be noticed that the central bubble is far from the thin liquid sheet during the sheet detachment dynamics. As shown in Figure 4.16, the height of the central bubble on the symmetry axis (r = 0) h r0 has a tendency of decreasing. For the non-splash, the fluctuation is "strong" at the beginning; whereas, for the detachment-splash, the viscous dissipation smooths the fluctuation. The variation of h r0 is negligible as compared to the thickness of the thin liquid sheet.

The radius of the central bubble has a small variation at the very beginning then becomes constant (see Figure 4.17). As shown in Figure 4.18, during the drop impact, the central bubble does not extend in the horizontal direction, a capillary wave is generated on the interface of the central bubble, but the oscillation is relatively small. The central bubble is trapped in the center and far from the sheet detachment zone, thus, it is probably not important to the splash formation and the dynamics at the rim of the thin liquid sheet is crucial. A small salient can be formed at the upper corner of the rim, it can be considered that the rim of the jet is detached from the substrate. An opposite force is necessary to maintain the detached rim and lift up the rim opposite to the substrate. The only possible force is the gas aerodynamic force caused by the dynamic pressure (scaled by ρ g v 2 g ) (see Figure 4.19).

Gas entrainment around the contact line

An interesting phenomenon is observed in simulations for both detachment-splash and jet-splash. When the jet moves fast towards the outside, a part of the lower interface of the jet contacts again the substrate just in front of the contact line, an amount of gas is entrapped and a local contact is created (see Figure 4.20). Eventually, a series of small bubbles are formed behind the contact line. The gas entrainment phenomenon is observed in experiments by [START_REF] Driscoll | Thin film formation during splashing of viscous liquids[END_REF] (namely "bubble entrainment") and [START_REF] Palacios | On the impact of viscous drops onto dry smooth surfaces[END_REF] (namely "bubble entrapment").

This phenomenon can be explained by the aerodynamic mechanism. As shown in Figure 4.20, gas has a small velocity under the jet in the zone of this dynamics. The gas aerodynamic force (scaled by ρ g v 2 g ) is not sufficient to support a part of the interface, then that part of the interface falls and touches the substrate again.

An aerodynamic splashing mechanism

As a matter of mass conservation, we obtain an approximation of the radius of the wetted area after impact r w = 1.2 √ DU t, where D is the diameter of the drop and U is the impacting velocity. It can be concluded that the splash originates from the ejecta (the small jet of a jet-splash or the thin liquid sheet of a detachment-splash). Gas properties influence the dynamics of the ejecta and two mechanisms of splash exist. With a large gas density and viscosity, a small jet is formed before the contact and it is immediately lifted up by the gas aerodynamic force and forms a jet-splash (see Figure 4.22 (a)); by decreasing the gas density or viscosity, the drop contacts first the substrate and ejects immediately a fast-moving thin liquid sheet, then the sheet is detached from the substrate by the gas aerodynamic force and developed to a detachment-splash (see Figure 4.22 (b)); with further decreasing, the gas aerodynamic force is not sufficient, then the liquid sheet remains on the substrate and the splash is eliminated (see Figure 4.22 (c)).

(a) Jet-splash (b) Detachment-splash (c) Non-splash Figure 4.22: Sketch of the splash mechanism.

Other effects in the impact dynamics

Drop splashing is complex and a host of physical dynamics are involved. Here, we discuss the effect of the contact angle and the gas compressibility effect in order to verify the assumptions established in our aerodynamic mechanism.

Contact angle effect

Contact angle is a reflection of the coexistence of the three phases and it is associated to a triple-phase contact line. The contact angle discussed here is defined as the angle in the liquid phase between the liquid-gas interface and the solid substrate. The contact angle can take different values according to the state of the system. If the system is in an equilibrium state, we get a static contact angle θ e (as illustrated in Figure 2.1) and it is a proper physical property of the triple-phase system; however, if the system is dynamic (for instance, a drop slipping on an inclined surface, drop evaporation), contact angles varies with many factors such as the velocity of the moving contact line. For a drop slipping on an inclined surface, a receding and an advancing contact angle are observed and they take different values. We should mention that all these angles are measured macroscopically, or saying they are apparent contact angles. The contact angle in a microscopic level can be different from the macroscopic angle as a result of the roughness of the substrate.

Solid substrates can be divided into two types by the value of the contact angle: hydrophobic substrate (θ > 90 • ) and hydrophilic substrate (θ < 90 • ). In Chapters §3

and §4, discussions are based on a threshold contact angle (θ = 90 • ) and we find that gas plays a crucial role in the drop impact, two mechanisms of splash are identified considering whether a jet is formed before the contact with the substrate. The contact angle is taken into account from the moment of contact, which implies that the value of the contact angle could influence the splashing dynamics.

Here, the effect of the contact angle on splashing is investigated, we take the same configuration as in Chapter §3 (see Figure 3.1) and impose a static contact angle on the solid surface. Impacts in the non-splash regime and two different splash regimes are simulated. A totally-nonwettable surface (super hydrophobic), a totally-wettable surface (super hydrophilic) and partially-wettable surfaces (including both hydrophobic and hydrophilic surfaces) are considered. We take six combinations of the density ratio r and the viscosity ratio m: (r, m) = (0.001, 0.01), (r, m) = (0.004, 0.01) (non-splash at θ = 90 • ); (r, m) = (0.001, 0.04), (r, m) = (0.004, 0.04) (detachment-splash at θ = 90 • );

(r, m) = (0.001, 0.15), (r, m) = (0.004, 0.15) (jet-splash at θ = 90 • ).

The only difference with the simulations of θ = 90 • in Chapter §3 is the contact angle applied on the substrate, so the simulations with the same density and viscosity ratios perform same dynamics before the contact with the substrate. With absence of gas, the drop contacts the substrate at t th = h/U 0 = 0.1, we rescale the time by t = t -t th . Figure 4.24 shows the interface profile of the small jet at the early stage of the impact.

A gas layer always exists between the drop and the substrate and a small jet is always ejected before contact. For a small density and viscosity ratio, the gas layer is thin and the thickness of the jet is small. A thin and flat jet with secondary droplets is observed With a longer time, the very thin and flat jet is finally lifted up and forms a splash. For a small density and viscosity ratio, the splash is delayed and the jet is lower. For a superhydrophobic surface with θ = 180 • , the gas layer exists all along the impact dynamics.

The variation of gas properties influence the length and temporal scale of the jet (such as the height of the rim of the jet, the time of jet bending), but it does not change the nature of the dynamics. A jet-splash is always formed as a result of the hydrophobicity. 4.4.1.2 Impact on a totally-wettable surface (θ = 0 • ) On a super-hydrophilic surface, the liquid drop spreads fast and will form a thin liquid film. It implies that a null contact angle restrains the detachment of the liquid film. As shown in Figure 4.25, comparing to θ = 90 • , the non-splash cases (m = 0.01) and the jet-splash cases (m = 0.15) do not change. As the gas is highly viscous for m = 0.15, a small jet has been formed long before the contact, the null contact angle does not affect the formation of the splash. For m = 0.04, the detachment-splash is eliminated for a small gas density (r = 0.001); whereas the the detachment-splash still occurs for a larger gas density (r = 0.004). As shown in the insets, the null contact angle strongly restrains the detachment of the thin liquid sheet and keeps the sheet on the substrate. As discussed in the section §4.2.2, for a detachment-splash, the impulsion of the detachment of the thin liquid sheet is the aerodynamic force (scaled by ρ g U 2 g ). When the aerodynamic force is stronger comparing to the resistance caused by the null contact angle, the detachment of the thin liquid sheet occurs and develops to a splash (see Figure 4.26 (c) the case of r = 0.004, m = 0.04). 

Gas compressibility effect

In fluid mechanics, the compressibility is measured by the Mach number

M = v c (4.29)
where v is the velocity of flow and c is the local sound speed.

For a perfect gas, the local sound speed

c = ( ∂p ∂ρ ) s = γ R M a T (4.30)
where the subscript s means the derivative is taken adiabatically at constant entropy, γ is the adiabatic index, R is the gas molar constant, M a is the molar mass and T is the Kelvin temperature.

To satisfy the incompressible assumption, the Mach number M 1. In practice, M < 0.1 is an incompressible flow, M < 0.3 is a weak-compressibility flow. For M < 0.3, the incompressible assumption is confirmed. In our simulations, we do not consider the influence of the temperature, so the density is regarded constant and the flow is isothermal. At the Standard Atmospheric Pressure (SAP 1.01325 × 10 5 P a) and the ambient temperature (20 • C), the speed of sound is about 340 m • s -1 . Figure 4.30 shows the evolution of the maximum Mach number in the entire gas phase9 . We do observe a significant increase of the Mach number as the impact occurs, but the maximum Mach number M ∼ 0.1. Therefore, the incompressible assumption is satisfied in the entire calculation domain even in the gas layer during the impact dynamics.

Conclusion

In this chapter, we investigated systematically the drop impact dynamics. According to our investigations, gas compressibility effect is not important in our simulations. The surrounding gas takes effect on splashing in the incompressible regime. If we regard both the small jet and the thin liquid sheet as an ejecta, the splash originates from the creation and deflection of the ejecta at the very early stage of the impact.

For a large gas density and viscosity, a jet-splash is formed. The scaling law predicted by the lubrication theory is valid before the creation of the small jet in the gas layer: the thickness of the gas layer h e ∼ St and the maximum pressure in the gas layer p g ∼ h -1 2 min . Subsequent to the ejection of the jet, it is immediately lifted up by the aerodynamic fore scaled by ρ g v 2 g . By decreasing the gas density or viscosity, the drop contacts the substrate without jet ejection. A thin liquid sheet is immediately ejected and moves fast on the substrate. It can be detached by a sufficient aerodynamic fore scaled by ρ g v 2 g , otherwise no splash is formed. A central entrapped bubble is always observed in simulations and its profile can be considered invariant during the drop impact, then it is not a crucial factor for splashing.

A series of small bubbles are also observed as a result of the creation of local contacts in front of the contact line. The contact angle influences the impact dynamics, a hydrophilic contact angles can eliminate a splash, while a hydrophobic contact angle can promote a splash.

Chapter 5

Drop impact on a highly-viscous liquid Drop impact on a wetted surface, on a thin liquid layer or on a deep liquid pool is also often reported in the literature [START_REF] Howison | Droplet impact on a thin fluid layer[END_REF][START_REF] Josserand | Droplet splashing on a thin liquid film[END_REF][START_REF] Lampe | Impact dynamics of drops on thin films of viscoelastic wormlike micelle solutions[END_REF][START_REF] Weiss | Single drop impact onto liquid films: neck distortion, jetting, tiny bubble entrainment, and crown formation[END_REF]. A major difference between an impact on solid and on liquid is the contact line. In experiments, the drop and the basin are usually of the same liquid or of two miscible liquids, therefore, the contact line between different liquid phases is generally not considered.

Regarding the outcomes of the impact, some similarities exist between a liquid/liquid impact and a liquid/solid impact. The study in Chapter §3.2 shows that the radius of the wetted area of a liquid/solid impact obeys the same law (equation 3.2) obtained from an analysis of the liquid/liquid impact [START_REF] Josserand | Droplet splashing on a thin liquid film[END_REF]. Indeed, solid can be considered as a liquid with an infinity viscosity and infinity density. Some common liquids are highly viscous. For example, honey can be 10000 times more viscous than water. A similar performance for such highly viscous liquid comparing to a solid probably exists.

In the literature, experiments of the impact on liquid are generally reported on a lowviscosity liquid basin (such as water, alcohol) and the impact between a normal liquid drop and a highly-viscous liquid basin is not studied. Experiments of a normal liquid drop impacting on a highly-viscous liquid basin are executed in our group. Some inspiring results are found and a similarity to the impact on solid is observed. The highly-viscous basin (honey) performs as a solid during the drop impact dynamics. As the two liquids are miscible, the contact line is no longer considered. The experiments executed in our laboratory strongly motivate us to study this dynamics and find the connection between the impact on solid and the impact on liquid in order to further understand the splash mechanism.

In this chapter, a theoretical model is proposed to deal with the triple-phase impacting dynamics, of which a drop of normal liquid impacts on a highly viscous liquid basin.

Numerical investigations are executed and comparisons between our simulations and the experimental results are also discussed.

Physical description

Some physical properties of water, ethanol and honey1 under the Standard Atmospheric Pressure (SAP 1.01325 × 10 5 P a) and the ambient temperature (20 • C) are listed in Table 5.1: where µ l1 is the viscosity of the normal liquid. The density ratio r = ρ g /ρ l1 and the viscosity ratio m = µ g /µ l1 are used to control the properties of the normal liquid. The density ratio is fixed at r = 0.001 and the viscosity ratio is fixed at m = 0.1, it is a jet-splash case for the impact on solid (θ = 90 • ). Numerically, we introduce three VOF tracers (see Figure 5.1(b)). T is introduced to distinguish liquid and gas in global, T l is set to track the drop and T ls is set to track the liquid basin. Values of nondimensionlized physical parameters used in simulations are shown in Table 5.2. 

* l1 ρ * l2 ρ * g µ * l1 µ * l2 µ * g γ * U * 0 D * d * h * 1 
1 0.001 0.001 0.001m l 1 × 10 -4 2.70 × 10 -3 1 1 0.5 0.1

Numerical investigations

Drop falls from a height h = 0.1D to the liquid basin, with absence of gas, it contacts the basin at t th = h/U 0 = 0.1. We rescale the time by t = t -t th .

Figure 5.2 shows the interface profile at t = 0.9. At m l = 1, it is an impact of a normal liquid as observed by [START_REF] Josserand | Droplet splashing on a thin liquid film[END_REF], a jet is formed and a central entrapped bubble is observed. With increase of the viscosity of the liquid basin, the jet becomes smaller, then it turns to a wave-like shape (see Figure 5.2(e), m l = 20) and the central entrapped bubble becomes flat and collapses into small bubbles.

Subsequent to the wave-like cases, the jet is formed again and a series of bubbles form an "interface" between the drop and the basin (see Figure 5.2(g), m l = 100). With further increase of the viscosity of the liquid basin, a gas layer is observed between the drop and the basin (see Figure 5.2(h), m l = 500). The two liquids become "immiscible".

The maximum deviation of basin interface compared to the initial position decreases. At m l = 10000, the liquid basin remains flat as a solid substrate (see Figure 5.2(l)). (l) m l = 10000

Figure 5.2: Interface profile for different liquid-viscosity ratios m l at t = 0.9.

Wave-like period

To describe the impact dynamics in the wave-like period, we define four quantities (see Figure 5.3):

h r0 : the central height of the top interface of the drop, it becomes the height of the entire liquid at the symmetry axis (r = 0) when the drop contacts the basin after impact.

h i : the central height of the bottom interface of the drop h id and the central height of the highly-viscous liquid basin h ib , we denote them as h i . The difference between h id and h ib represents the thickness of the gas layer between the drop and the basin before contact, then the thickness of the central entrapped bubble after contact. The wave crest propagates towards the outside, its height h w and radius r w both decrease with a larger viscosity of the basin as compared to an impact between a same normal liquid (see Figure 5.4). The kinematic energy transferred from the impacting drop is dissipated faster and the size of the wave crest declines in a more viscous basin. The increase of the viscosity of the basin influences slightly the top interface (see Figure 5.5(a)), but the thickness of the central entrapped bubble decreases largely (see Figure 5.5(b)). As shown in Figure 5.6, the bubbles form an "interface" between the two liquids. As a "frontier" between the two liquids, the "bubble-interface" is first influenced by the increase of the viscosity of the basin. At t = 0.9, for an impact between the same normal liquid, the central bubble has already formed a shape of an olive, its vertical length is larger than its horizontal length (see Figure 5.6(a)). With the increase of m l , the central bubble is broken into small bubbles and the central bubble remains flat. 

Solidification period

With further increase of the viscosity of the basin, the jet is formed again and the liquid basin becomes more and more resistant to the deformation. The liquid basin seems to be solidified, we name it a solidification period. h i : the central height of the bottom interface of the drop h id and the central height of the highly-viscous liquid basin h ib , we denote them as h i . The difference between h id and h ib represents the thickness of the gas layer between the drop and the basin before contact, then the thickness of the central entrapped bubble (or the gas layer) after contact. r jet : the radius of the rim of the jet.

h jet : the height of the rim of the jet (the z-coordinate of the r jet -point).

As shown in Figure 5.8, for a certain m l , both h jet and r jet increase in time. With increase of the viscosity of the liquid basin, the height of the rim of the jet h jet first decreases (from m l = 1 to m l = 500) then keeps nearly constant (from m l = 500 to m l = 10000), it is much smaller than h jet of an impact between the same normal liquid (m l = 1). The radius of the rim of jet r jet increases with the viscosity of the liquid basin.

It implies that the basin acts more and more as a solid and the jet expands much further toward the outside. When the basin becomes more viscous, the top interface is also influenced, h r0 increases (see Figure 5.9(a)). The deviation of the interface of the basin from the initial position declines. As the ratio m l comes to the order of magnitude of honey, the interface of the basin remains at the initial position during the impact (see the case of m l = 10000 in 

Comparison with an impact on solid

Figure 5.11 shows an interface comparison for m l = 1, 20, 500, 10000. At t = 0, for m l = 1, the bottom interface of the drop keeps a parabola profile and a capillary wave is formed on the basin; whereas, for m l = 10000, the basin keeps a flat surface and a capillary wave is observed at the bottom part of the drop. At t = 0.07, for m l = 10000, a jet is already formed and lifted-up, a gas layer exists between the drop and the basin and a capillary wave can be still observed on the bottom interface of the drop. The thickness of the gas layer takes the same scale as the thickness of the jet. Figure 5.12 shows the comparison between the impact on solid and the impact on highly-viscous liquid (m l = 10000) with an equal density raito r = 0.001 and an equal gas/liquid viscosity ratio m = 0.1. The impact on a highly-viscous liquid is a jet-splash. (e) t = 0.9

Figure 5.12: Interface comparison between the impact on a solid and the impact on a highly-viscous liquid (m l = 10000) at r = 0.001, m = 0.1. The solid substrate is located at z = 0.5 for the impact on solid. LS denotes liquid/solid impact and LL denotes liquid/highly-viscous-liquid impact.

Since the thickness of the gas layer is largely enhanced, we can obtain a clear view of the jet-splash mechanism proposed in Chapter §4.

As shown in Figure 5.13, when the drop approaches the "solid", the gas cushioning effect decelerates the drop and an amount of gas is trapped under the drop (see Figure 5.13(a)). A strong gradient of the velocity (vorticity) is found along the bottom interface of the drop, especially around the corner-like zone. Meanwhile, a capillary wave is created on the bottom interface of the drop2 . The wave propagates toward the outside (see Figure 5.13(b)). The corner-like part of the drop has a large velocity and the interface at the corner is not stable. A fast-moving thin liquid jet is then ejected and it is flat at the very beginning (see Figure 5.13(c)). Around the small liquid jet, the high velocity of the surrounding gas makes the inertial effect no longer negligible. The small jet is immediately3 lifted up by the aerodynamic force (scaled by ρ g v 2 g ) after its ejection (see Figure 5.13(d,e)). 

Comparison with the experiments

Our team has executed experiments of the drop impact on a highly viscous liquid (for instance, honey) which have not been reported in the literature so far as to our knowledge.

The drops were made of ethanol with a density 789 kg • m -3 and a viscosity 2.7 × Figure 5.14 shows experimental results under different background air pressures. The drop diameter is d 0 = 3.6 ± 0.1 mm, the impact velocity is 4 ± 0.04 m • s -1 and the time interval between frames is 0.2ms. In Case A, it is under the Standard Atmospheric Pressure (SAP 1.01325 × 10 5 P a). The first frame shows the drop profile just as it is about to impact on the honey basin. The drop has already a shape deformation before the impact, it is due to the surrounding gas during falling, but the deformation is slight as compared to a sphere. There is no apparent deformation of the honey basin. The honey performs as a solid substrate. The impact outcome is similar to the impact on a solid substrate reported by [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF]: drop splashes. The complete suppression of splash due to the decrease of the gas pressure reported by [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF] was also observed. In Case L, the air pressure is 2.1325 × 10 4 P a (one fifth of the SAP). Under such low pressure, the splash is completely eliminated. The drop spreads on the basin fast, forms a flat thin sheet and has a shape of poached egg.

The comparison was done with an impact of a drop of diameter d 0 = 3.6 mm with an impact velocity 4m • s -1 . Physical parameters in simulations are listed in Table 5.3. Similar to an impact on a solid substrate, the drop ejects a thin liquid sheet immediately after impact. Then the sheet is developed to a splash, assuming a crown-like shape.

Drop shapes predicted by our simulations agree well with those observed in photographs.

In the simulations, a slight deformation of the honey basin is observed. The deformation is difficult to see in the photographs because of the reflection of light and the resolution of photographs. 

Conclusion

In this chapter, a theoretical model is proposed to deal with the three-phase impacting dynamics, of which a droplet of normal liquid impacts on a highly viscous liquid basin.

Viscous effect is dominant as compared to the inertial and surface tension effects during the dynamics. The viscosity of the system is defined as µ(c 1 , c 2 ) = c 1 c 2 µ l2 + c 1 (1c 2 )µ l1 + (1 -c 1 )µ g and a liquid viscosity ratio is introduced to measure the viscosity deviation from a normal liquid m l = µ basin /µ droplet,normal . By increasing m l , two regimes are identified: a wave-like regime, where the jet is eliminated and a wave-like interface is formed; a solidification regime, where the jet is formed again, the interface of the basin remains at the initial position and performs as a solid substrate. For highly-viscous liquid (m l > 5000), a jet-splash is observed. With the enhanced gas layer, the jet-splash mechanism for the impact on solid is verified.

For the first time in the literature, we executed experiments of the drop impacting on a highly-viscous liquid (honey). The honey basin performed as a solid and the complete suppression of the splash was also observed by decreasing the gas pressure as reported for impacts on solid by [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF]. Comparison between photographs of experiments with snapshots of numerical simulations shows that drop shapes predicted by our model agree well with the experiments.

Conclusion and perspectives

Conclusion

Drop impact phenomenon is involved in a large number of processes in nature and in industry. When a drop impacts on a solid surface, dynamics produced by such tiny a droplet is rich and complicated. Under certain conditions, a crown-shape splash is formed.

This dynamics has attracted the attention of researchers since more than a century, but there is still no crystal clear understanding of the splashing mechanism. Because of the large density and viscosity ratio between liquid and gas, gas has been generally neglected in the splashing mechanism. However, the experiments of [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF] demonstrated recently the crucial role of the gas in the splashing mechanism.

Motivated by these striking results, numerical and theoretical investigations were executed in this thesis in order to understand the gas effect in the splashing mechanism.

As observed in our simulations, the impact dynamics can be varied by changing the gas density or viscosity, transition frontiers between different outcomes in function of the density and viscosity ratio between gas and liquid are found. Two different mechanisms of splashing are identified. With a large density or viscosity ratio, a small jet is ejected before contact with the substrate and a "jet-splash" is formed; with a small density or viscosity ratio, the drop first contacts the substrate and ejects a thin liquid sheet, then the thin liquid sheet is detached and a "detachment-splash" is formed. Both gas inertial and viscous effect are crucial in the splashing formation.

A detailed study has been done on the dynamics before and after the drop contacts with the substrate. Dynamics in the gas layer before contact can be described by the lubrication approximation, but a modification with the gas inertial effect is necessary to explain the splashing formation. We demonstrate that for both two splash mechanisms, the central entrapped bubble is probably not related to the splashing, the creation and the lift-up of the ejecta (the small jet for a jet-splash and the thin liquid sheet for a detachment-splash) is the origin of the splash and an aerodynamic force makes the lift-up occur. The variation of the aerodynamic force causes the gas entrainment in front of the contact line and produces a series of small bubbles (local contacts). With our discussion, gas compressibility effect should not be crucial in the splashing mechanism and all our studies are under the incompressible assumption. Besides, the value of the contact angle can influence the impact outcome, a hydrophilic contact angle can eliminate the splash while a hydrophobic contact angle can promote the splash.

Finally, the drop impact on a highly-viscous liquid was investigated. The viscous effect is dominant in the process, a theoretical model is proposed to deal with the dynamics with two different liquid phases. By increasing the viscosity of the liquid basin from the value of the drop to 10000 times more viscous than the drop, first the splash is suppressed and a wave-like interface is formed (the wave-like regime), then the splash appears again and the liquid basin performs more and more like a solid (the solidification regime). The experiments of an ethanol drop impacting on a highly-viscous liquid (honey) basin were executed. The honey basin performed as a solid and we observed the complete suppression of the splash by decreasing the gas pressure as reported for impacts on solid by [START_REF] Xu | Drop splashing on a dry smooth surface[END_REF]. Drop shapes predicted by our simulations agree well with the experiments.

Perspectives

We wish that the contributions of this thesis are useful to understand the drop impact dynamics. Moreover, the following are ideas and suggestions for further investigations based on the current work.

The current work fixes the Reynolds number and the Weber number and finds the transition frontiers in function of the gas density and viscosity. The transition frontier reported in the literature is generally for liquid properties in function of the Reynolds number and the Weber number as reviewed in the paper of [START_REF] Rein | The role of air entrainment on the outcome of drop impact on a solid surface[END_REF]. One possibility is that we still keep the liquid and solid properties but vary the impact velocity to get a more general splashing mechanism. 
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Figure 1 :

 1 Figure 1: Examples of drop impact. (a) Sketch of a model of the ink-jet printer with an

  Figure 2: Photographs of Worthington's splashes [Worthington, 1908]. (a) Water drop impacting onto a water mixed milk basin. (b) Rough surface solid sphere impacting onto a water mixed milk basin.

Figure 3 :

 3 Figure 3: Outcomes of the drop impact [Marengo et al., 2011]. (a) deposition; (b) prompt splash; (c) corona splash; (d) receding breakup; (e) partial rebound; (f) rebound.

  Figure 5: (a) Outcomes of a low-and a high-viscosity silicone oil drop impacting on a dry smooth substrate [Driscoll et al., 2010]. The kinematic viscosity of the left column is 1 cSt, which is close to that of water at ambient temperature; the kinematic viscosity of the right column is 10 cSt. For a high-viscosity liquid, splash occurs much later with a much smaller ejection angle. (b) Sequences of photographs of a viscous liquid drop impact [Driscoll and Nagel, 2011]. The bright spot in the middle at right is the central entrapped bubble. The ejection of liquid sheet occurs in the third panel and is far from the central bubble. (c) Photograph of a spreading drop. Two bubble-rings and a cloud of bubbles are identified by Palacios et al. [2012].

  Figure 5 (c)). They investigated the gas entrainment caused by local contacts of the liquid sheet and proposed that the second ring might cause the detachment of the thin film at the early stage of the impact.
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 11 Figure 1.1: Example of two-dimensional quadtree spatial discretisation (left) and the corresponding tree-structure representation (right)[START_REF] Popinet | Gerris: a tree-based adaptive solver for the incompressible euler equations in complex geometries[END_REF].

Figure 1

 1 Figure 1.2: Left: Cells cut by the interface and its associated volume fraction field. Right:

Figure 1 . 5 :

 15 Figure 1.5: Example of parallelisation with the adaptive quadtree mesh in a drop impact case. Black lines shows the adaptive mesh arrangement. The interface and the zone close to the substrate are refined in a high level to obtain a high-precision computation of the interface and the gas dynamics above the substrate. Processors (indicated by different colours) are balanced according to the instant computing load.
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 22 Figure 2.1), the contact line is stationary and forces come to a balance. Considering the force balance projected on the solid surface, projected capillary forces obeys the Young's

Figure 2 . 2 :

 22 Figure 2.2: Meniscus on a vertical wall (a) in a hydrophilic case (θ e < 90 • ) and (b) in a hydrophobic case (θ e > 90 • ). The blue curve shows the equilibrium interface, h is the maximum height of interface, θ e is the static contact angle. When x position is far away from the wall (x → +∞), meniscus will be eliminated and the interface returns flat (θ ∞ → 90 • ).

Figure 2 . 4

 24 Figure2.4 shows dynamics of the contact point. At the beginning of the simulation, the contact point deviates from zero (z = 0) rapidly (t < 0.1) and arrives at a height larger than the maximum equilibrium height (see insets of Figure2.4). The contact point is not stable, the competition between capillary forces and the gravity makes it oscillate and a capillary wave propagates on the interface. Under the viscous dissipation effect, the amplitude of oscillation decreases, subsequently, the capillary wave is completely attenuated and the contact point arrives at the equilibrium position determined by equation (2.10). The time to arrive at the equilibrium interface varies with the contact angle. It takes longer for an angle close to 90 • (which means |θ e -90 • | is small). For two supplementary angles 1 such as θ e = 60 • , 120 • , the behaviour is different: For a hydrophobic angle (θ e > 90 • ), the first maximum deviation (first peak) is the largest and the maximum deviation (the amplitude of peaks) decreases with time, the envelope-line of the peaks is monotonic; whereas, for a hydrophilic angle (θ e < 90 • ), the largest deviation is the second peak, then the envelope-line turns to be monotonic (seeFigure 2.4 (c,d)).

  For a hydrophilic case (θ e < 90 • ), as the value of θ e increases, the vertical component of the capillary force decreases, the deviation from the initial position is weakened and the amplitude of oscillation decreases too, whereas the time necessary to arrive at the equilibrium position increases (see Figure2.5). As shown in the low panels of Figure2.5, 1 The sum of the two angles is 180

Figure 2 . 4 :

 24 Figure 2.4: Maximum height of interface h max (height of the triple-phase contact point) as a function of time t for different contact angles: (a) θ e = 30 • , (b) θ e = 45 • , (c) θ e = 60 • , (d) θ e = 120 • , (e) θ e = 135 • , (f) θ e = 150 • . Inset shows a zoom of the evolution of h max at the beginning of the simulation (t 0.1). h max is the height compared to the initial interface position z = 0 and for a contact angle θ e > 90 • , h max takes its absolute value.

  Figure 2.6: Comparison of the equilibrium interface profile between simulations and the analytical solution given by equation (2.7) at (a) θ e = 30 • , (b) θ e = 45 • , (c) θ e = 60 • , (d) θ e = 120 • , (e) θ e = 135 • , (f) θ e = 150 • . The plane z = 0 is set to the lowest (highest for hydrophobic cases) position of the equilibrium interface.
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 22 Figure 2.6 shows the comparison of the equilibrium interface profile between simulations and the analytical solution determined by equation (2.7). A good agreement is found.

  Figure 2.8: Snapshots of the equilibrium interface and the adaptive mesh arrangement at (a) θ e = 30 • , (b) θ e = 150 • . The interface, especially the meniscus area, is well tracked by the adaptive mesh. Colours represent different phases: White is the interface, blue is the gas phase and red is the liquid phase.
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  Figure 3.1: Calculation domain. The domain is constituted of a square. A semi circular drop of diameter D, density ρ l and viscosity µ l falls from a height h with an initial velocity U 0 , surrounding gas has a density ρ g , a viscosity µ g and a surface tension γ. The bottom boarder (z = 0) is considered as a solid substrate and a contact angle θ = 90 • is defined.

Figure 3

 3 Figure 3.2: Interface height on the symmetry axis (r = 0) h r0 as a function of the rescaled time t = t -h/U 0 for h = 0.05D, 0.1D, 0.25D, 0.5D. In (a), the top and bottom curve correspond to the top and bottom interface respectively, (b) and (c) is a zoom of the top and bottom interface respectively.

Figure 3

 3 Figure3.3: The smallest height h r0 between the interface and the substrate on the symmetry axis r = 0 as a function of time t for a refinement level n = 9, 10, 11, 12. The dash line represents the linear law of the drop movement without the gas effect : h r0 (t) = h -U 0 t.
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 334 Figure 3.4 shows the real computing time cost for a dimensionless computing interval ∆t * = 0.6. The time cost increases exponentially. For a drop of diameter 3 mm with an initial velocity 3 m • s -1 , to compute the dynamics in ∆t = ∆t * • D/U = 0.6 ms, it takes 408470 s about 5 days for a refinement level n = 12. It is too expensive. The time cost of n = 11 is acceptable with a good computing accuracy. Therefore, the refinement level n = 11 is chosen for further computations.
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 335 Figure 3.1). Figures 3.5 and 3.6 show the temporal evolution of the h min -point. When the drop is far from the substrate, the h min -point remains in the center of the drop (on the symmetry axis r = 0, see Figure 3.6), it coincides with the h r0 -point and obeys the

Figure

  Figure 3.6).
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 33 Figure 3.6 shows that at the beginning of the simulation, some h min -points are not on the symmetry axis for a refinement level n = 9, 10. It could not occur in the real dynamics. The temporal evolution of the h min -point further proves the necessity of a refinement level n = 11.

  ioning effect becomes stronger. The bottom part of the drop continues to be decelerated and it will first arrive at a stagnation point (The vertical component of the velocity comes to zero). With further descending of the drop, the curvature of the bottom part of the interface reverses, the h min -point moves towards the outside (a position jump is observed as highlighted by a green circle in Figure3.7 (b)). A corner-like interface is observed and a dimple is formed (see Figure3.7 (e)). Around the theoretical contact time t th = h/U 0 = 0.1, a slope change of the (h min , t) curve (as highlighted by a purple circle in Figure3.7(c)) and a value jump of the r-coordinate of the h min -point (as highlighted by a green circle in Figure3.7(d)) are observed, which corresponds to the formation of the dimple.

Figure 3

 3 Figure 3.7: h min -point evolution during the drop impact. (a) h min -point position as a function of time, (r| h min , h min , t); (b) h min -point distribution, (r| h min , h min ); (c) temporal evolution of h min , (h min , t); (d) temporal evolution of r-coordinate of the h min -point, (r| h min , t); (e) snapshot of the dimple -stage III; (f) snapshot of stage IV . In the snapshots, white curve represents the interface, black lines shows the adaptive mesh arrangement, the zone along the interface and around the strong velocity gradient (vorticity) are well refined and the color gradient represents the magnitude of the velocity.

Figure 3

 3 Figure 3.8: Envelope-lines of the h min -point. Symbols denote the temporal evolution of the r-coordinate of the h min -point, the horizontal blue dash line r b is the radius of the central entrapped bubble and the green dash curve r w is the radius of the wetted area.
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 39 Figure 3.9: Radius of the wetted area r w as a function of time. Time is rescaled by the dimple-formation time t d , t = t -t d . Inset shows the relation between r w and √ t.

Figure 3

 3 Figure 3.10: Case study: case (I) constant density ratio r = 0.003, case (II) constant viscosity ratio m = 0.037 and case (III) constant viscosity ratio m = 0.07.

  The drop remains almost circular, a slight deformation is only observed in the bottom part of the drop. A more viscous gas enforces the gas deceleration effect and a larger local deformation of the interface is produced. The gas under the drop evacuates fast towards the outside (see Figure3.11).
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 3 Figure 3.11: Snapshots at the theoretical contact time t th = 0.1 for different outcomes: (a) non-splash, m = 0.01; (b) detachment-splash, m = 0.04; (c) jet-splash, m = 0.15.

  Figure 3.12: Snapshots of the dimple for different outcomes: (a) non-splash, m = 0.01; (b) detachment-splash, m = 0.04; (c) jet-splash, m = 0.15. Colour gradient represents the magnitude of the velocity.

  Figure 3.13: Snapshots of the drop "contact" with the substrate for different outcomes: (a) non-splash, m = 0.01; (b) detachment-splash, m = 0.04; (c) jet-splash, m = 0.15 (The contact has not yet occurred). Colour gradient represents the magnitude of the velocity.
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 3 Figure 3.14: Snapshots of the sheet development for different outcomes: (a) non-splash, m = 0.01; (b) detachment-splash, m = 0.04; (c) jet-splash, m = 0.15. Colour gradient represents the magnitude of the velocity.
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 3 Figure 3.15: Snapshots of a fully developed moment t = 0.5 for different outcomes: (a) non-splash, m = 0.01; (b) detachment-splash, m = 0.04; (c) jet-splash, m = 0.15. Colour gradient represents the magnitude of the velocity.
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 3 Figure 3.17: Evolution of the interface close to the substrate: (a) non-splash, m = 0.01; (b) detachment-splash, m = 0.04; (c) jet-splash, m = 0.15. The time is rescaled as t = t -t th = t -0.1. The line z = 0 represents the solid substrate.
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 3 Figure 3.18: Position evolution of the rim of the thin liquid sheet for different viscosity ratios m = 0.01, 0.035, 0.04, 0.06, 0.07, 0.15 at a constant density ratio r = 0.003. Inset is a zoom near the zero point.

  Figure 3.19: Position evolution of the rim of the thin liquid sheet on varying the density ratio r = 0.0005, 0.001, 0.0015, 0.004 with a constant viscosity ratio: (a) m = 0.037 and (b) m = 0.07. Inset is a zoom near the zero point.
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 3 Figure 3.20: Frontier between non-splash and splash. The bottom panel is a zoom of the curved part of the frontier. NS represents non-splash and S represents splash.

Figure 3 .

 3 Figure 3.21: Frontier between impact outcomes. The bottom panel is a zoom of the curved part of the frontier. NS represents non-splash, SNJ represents detachment-splash and SJ represents jet-splash.
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 41 Figure 4.1: Lubrication approximation domain. H is the vertical length scale and L is the horizontal length scale, H L. The angle between the interface and the substrate α is small. h(x) is the interface profile of the bottom part of the drop.

Figure 4 .

 4 Figure 4.2 (a)). The drop continues to fall and contacts the substrate. The radius of the first contact point r e is another characteristic length and it is close to the radius of the central entrapped bubble (see Figure 4.2 (b)).
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 42 Figure 4.2: Characteristic lengths in the gas layer: (a) the thickness of the gas layer on the symmetry axis h e and (b) the radius of the first contact point r e .

  Figures 4.3(a), 4.4(a) and 4.5(a), in a large range of the Stokes number, the characteristic lengths of the gas layer take the same scale as predicted by the lubrication approximation (h e ∼ St 2 3 , r e ∼ St 1 3

  h e versus the density ratio r

Figure 4 . 3 :

 43 Figure 4.3: Thickness of the gas layer h e . (a) h e versus Stokes number St in the logarithmic scale. Symbols represents simulation results. Inset shows the normal scale. (b) h e versus the density ratio r for St = 3.7 × 10 -5 . Dash line represents the scaling law h e = 2.6St 2 3 .
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 44 Figure 4.4: Radius of the first contact point r e . (a) r e versus Stokes number St in the logarithmic scale. Symbols represents simulation results. Inset shows the normal scale. (b) r e versus the density ratio r for St = 3.7 × 10 -5 . Dash line represents the scaling law r e = 3.3St 1 3 .
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 45 Figure 4.5: Area of the central entrapped bubble S e . (a) S e versus Stokes number St in the logarithmic scale. Symbols represents simulation results. Inset shows the normal scale. (b) S e versus the density ratio r for St = 3.7 × 10 -5 . Dash line represents the scaling law S e = 8.58St.
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 46 Figure 4.6: Snapshots of the gas pressure field, r = 0.001, m = 0.15.
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 47 Figure 4.7: Pressure profile at the height of h = 0.5h min in the gas layer at different moments before contact for three types of outcomes: (a) non-splash, (b) detachmentsplash and (c) jet-splash.

Figure 4

 4 Figure 4.8: p gmax as a function of h min before the contact. Density ratio r = 0.001, three viscosity ratios m = 0.01, 0.04, 0.15 correspond to the regime of non-splash, detachmentsplash and jet-splash respectively. Inset shows the logarithmic scale and the dotted line is the scaling h -1 2 min . The vertical dotted line indicates the jet ejection for a jet-splash.
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 49 Figure 4.9: Absolute value of the velocity components u, v at the h min -point as a function of h min before the contact for a jet-splash case r = 0.001, m = 0.15. Inset shows a zoom near the contact moment. The vertical dotted line indicates the jet ejection.

  (a) v g , t = 0 (b) v g , t = 0.022 (c) v l , t = 0 (d) v l , t = 0.022

Figure 4 .

 4 Figure 4.10: Snapshots of velocity fields. r = 0.001, m = 0.15.

Figure 4 .

 4 Figure 4.11: Pressure and velocity fields just before the small jet ejection. t = 0.027, r = 0.001, m = 0.15. Coloured arrows represent the velocity field on the interface, the color gradient of arrows represents the magnitude of the velocity. The isolines of pressure show

  (a) v g , t = 0.040 (b) v l , t = 0.040

Figure 4 .

 4 Figure 4.12: Snapshots of velocity fields. r = 0.001, m = 0.15.

  (a) p g , t = 0.059 (b) ρ g v 2 g , t = 0.059

Figure 4 .

 4 Figure 4.13: Snapshots of pressure fields. r = 0.001, m = 0.15. Isolines present the distribution of ρ g v 2 g .
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 4 Figure 4.14).

  (a) p g , t = 0.013 (b) p g , t = 0.035 (c) v g , t = 0.013 (d) v g , t = 0.035 (e) v l , t = 0.013 (f) v l , t = 0.035

Figure 4 .

 4 Figure 4.14: Snapshots of pressure and velocity fields of a detachment-splash case, r = 0.001, m = 0.04.

Figure 4 .

 4 Figure 4.15: Snapshots of the central entrapped bubble at t = 0.060. r = 0.001. Colour gradient represents the gas pressure.

Figure 4 .

 4 Figure 4.16: Height of the central entrapped bubble on the symmetry axis (r = 0) h r0 as a function of the rescaled time t c , r = 0.001. Time is rescaled by t c = t -t c , t c is the contact time in simulations: m = 0.04, t c = 0.113; m = 0.01, t c = 0.106.
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 4 Figure 4.17: Radius of the central entrapped bubble r b as a function of the rescaled time t c , r = 0.001. Time is rescaled by t c = t -t c , t c is the contact time in simulations: m = 0.04, t c = 0.113; m = 0.01, t c = 0.106.
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 44 Figure 4.18: Profile evolution of the central entrapped bubble, r = 0.001.

Figure 4 .

 4 Figure 4.20: Snapshots of the gas entrainment at r = 0.003, m = 0.037. A part of the detached interface in front of the contact line touches the substrate again and an amount of gas is entrapped. Colour gradient represents the magnitude of the velocity. Red line denotes the solid surface.
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 44 Figure 4.21 shows the interface profile in a rescaled framework, where r is rescaled by r -1.2 √ DU t. At the early stage of impact, the trajectory of the rim of the jet shows a similar behaviour as approximated by an exponential law (see the red dotted line in the right panel of Figure 4.21), it can be also considered as an approximation of the profile of the jet.
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 4 Figure 4.23: Impact outcomes for θ = 180 • . A jet-splash is always observed. SJ denotes jet-splash. Cases highlighted by a red rectangle are non-splash at θ = 90 • and cases highlighted by a green rectangle are detachment-splash at θ = 90 • .

  r = 0.004, m = 0.15

Figure 4 .

 4 Figure 4.24: Interface profile of the small jet at the early stage of the impact for θ = 180 • , (a) r = 0.001, m = 0.01 and (b) r = 0.004, m = 0.15.

Figure 4 .

 4 Figure 4.24 (a)); for a big density and viscosity ratio, the jet is thicker and it is already lifted up after the same time interval (profile of t = 0.070 in Figure 4.24 (b)) 8 .

Figure 4 .

 4 Figure 4.25: Impact outcomes for θ = 0 • . Detachment-splash is eliminated for small density ratios as the case highlighted by a green rectangle. NS denotes non-splash, SNJ detachment-splash and SJ jet-splash.

Figure 4 .

 4 Figure 4.26 (a) and (b) shows a comparison of the interface profile between θ = 0 • and θ = 90 • . The contact angle changes the interface profile around the contact line.

  r = 0.001, m = 0.04, θ = 90 • r = 0.004, m = 0.04, θ = 0 •

Figure 4 .

 4 Figure 4.26: Interface profile at the early stage of the impact: (a) r = 0.001, m = 0.04, θ = 0 • , (b) r = 0.001, m = 0.04, θ = 90 • (results from Chapter §3) and (c) r = 0.004, m = 0.04, θ = 0 • . Insets show a zoom of the interface around the contact line at t = 0.040.
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 4 Figure 4.27: Sketch of the interface profile close to the contact line. The green dotted line represents the solid surface and the arrow indicates the curving direction of the interface.
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 44 Figure 4.28 shows the impact outcomes for different contact angles. As m = 0.15, the gas is highly viscous and the lubrication effect is strong. An ejected jet has been well developed before the contact with the substrate, the contact angle does not influence the splash formation and a jet-splash is always observed. The influence of the contact angle is observed for smaller viscous ratios. The detachment-splash is suppressed for hydrophilic contact angles at m = 0.04 and a detachment-splash is formed for a large hydrophobic contact angle (θ = 150 • ) at m = 0.01.
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 44 Figure 4.29 gives a clear vision of the influence of the contact angle. The contact angle takes no effect before the contact, the interface profile is identical at t = 0. For a larger hydrophobic contact angle (θ = 120 • , 150 • , 180 • ), the detachment of the jet occurs earlier and the rim of the jet is higher; whereas, the liquid sheet keeps on the substrate for hydrophilic contact angles (θ = 0 • , 30 • , 60 • ) and the splash is suppressed.

Figure 4 .

 4 Figure 4.30: Temporal evolution of the maximum value of the Mach number in the gas phase at the density ratio r = 0.001 and the viscosity ratio m = 0.01, 0.04, 0.15.
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  Figure 5.1: (a) Calculation domain. The domain is square. A semi circular drop of normal liquid 1 of diameter D, density ρ l1 and viscosity µ l1 falls with an initial velocity U 0 without gravity. A basin of highly-viscous liquid 2 of depth d = 0.5D, density ρ l2 and viscosity µ l2 is located at the bottom of the domain. The initial distance between the drop and the basin is h = 0.1D. Surrounding gas has a density ρ g and a viscosity µ g . A surface tension γ is applied in the domain and the density of the two liquids are equal (ρ l1 = ρ l2 ). (b) Volume-of-Fluid (VOF) tracers.T is introduced to distinguish the liquid and the gas, T l is to track the drop and T ls is to track the liquid basin.

  m l = 10

  Figure 5.3: Sketch of the wave-like interface.

Figure 5 . 4 :

 54 Figure 5.4: Temporal evolution of characteristic lengths of the wave crest. (a) The height of the wave crest h w vs t; (b) the radius of the wave crest r w vs t. Case m l = 1 is plotted as a reference.

  Figure 5.5: Temporal evolution of heights at the symmetry axis (r = 0). (a) The central height of the top interface of the drop h r0 vs t ; (b) the height of lower interfaces h i vs t, inset shows a zoom at t = [0.8, 1], the difference between the top and bottom points at a certain moment t is equal to the thickness of the central entrapped bubble. d denotes the initial position of the liquid basin. Case m l = 1 is plotted as a reference.

  Figure 5.6: Temporal evolution of the interface profile for different liquid-viscosity ratios m l in the wave-like period.

  Figure 5.7: Sketch of the interface in the solidification period.

  Figure 5.8: Temporal evolution of characteristic lengths of the jet. (a) The height of the rim of the jet h jet vs t; (b) the radius of the rim of the jet r jet vs t. Case m l = 1 is plotted as a reference.

Figure 5

 5 Figure 5.9(b)).

Figure 5 .

 5 Figure 5.10 shows the temporal evolution of the interface. The central bubble keeps thin and flat. It becomes difficult for the drop to penetrate into the basin with increase

Figure 5 .

 5 Figure 5.10: Interface evolution for different m l in the solidification period.

Figure 5

 5 Figure 5.11: Interface comparison for m l = 1, 20, 500, 10000 at (a) t = 0 and (b) t = 0.07.

Figure 5

 5 Figure 5.13: Snapshots of an impact on a highly-viscous liquid (m l = 10000) at r = 0.001, m = 0.1. The color gradient represents the vorticity field, as indicated by the value legend, the green color in the major part of the snapshot represents a null-vorticity. The red curves denote the interface and the adaptive quad-tree meshes are also presented in black lines.
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 3 P a • s. The liquid basin was made of a commercial honey -Honey of Acacia ("Miel d'Acacia" in French). Honey of Acacia is a monofloral honey with industrial treatments such as the rapid decrystallization. The viscosity of honey is 20 P a • s at the ambient temperature 20 • C and its density is 1398 ∼ 1445 kg • m -3[START_REF] Meli | Product specifications -honey of acacia[END_REF].Drops were generated by a syringe system, syringes of different diameters were used to create drops of different sizes and a stepping-motor system was employed to insure the reproducible diameter of drops with the same syringe. The drops were released from rest in a vacuum chamber, we controlled the impacting velocity by changing the initial falling height of the drop. The gas pressure in the vacuum chamber could be varied from the Standard Atmospheric Pressure (SAP 1.01325 × 10 5 P a) to low pressures (for instance, 2.1325 × 10 4 P a -one fifth of the SAP) by a pump system. An ultra-high-speed camera (Photron FASTCAM SA5 model 1000K-M1[Photron, 2012]) was used to record the drop impact dynamics. The record rate is 10000 f ps which gives a temporal distinction of 0.1 ms 4 .

Figure 5

 5 Figure 5.14: Photographs of an ethanol drop impacting on a honey basin (taken by Michon [2012]) under different background pressures of air. The drop diameter is d 0 = 3.6 ± 0.1 mm and the impact velocity is 4 ± 0.04 m • s -1 . The first frame shows the drop just as it is about to impact on the honey basin and the black bar is the length scale of 1 mm. The time interval between frames is 0.2ms. In Case A, under the Standard Atmospheric Pressure (SAP 1.01325 × 10 5 P a), drop splashes. In Case L, under an air pressure of 2.1325 × 10 4 P a (one fifth of the SAP), splash is completely suppressed and the drop spreads flat on the basin.

Figure 5 .

 5 Figure5.15 compares photographs (taken by[START_REF] Jian | Numerical and experimental investigation of droplet impact on a highly viscous liquid basin[END_REF]) with snapshots obtained from our simulations with the same physical parameters given in Table5.3. Each column shows successive stages of drop deformation. In the photographs the drop is also seen reflected by the honey basin surface.

Figure 5 .

 5 Figure 5.15: Comparison of photographs (taken by Jian et al. [2014]) with simulations of an ethanol drop impacting on a honey basin under the Standard Atmospheric Pressure (SAP 1.01325 × 10 5 P a). The drop diameter is d 0 = 3.6 mm and the impact velocity is 4m • s -1 . The black bar in the first photograph is the length scale of 1 mm. The time interval between frames is 0.1ms.

  i a m e t e r o f drop */ #d e f i n e Dia 1 . /* p o s i t i o n o f drop c e n t e r */ #d e f i n e Height ( -0.1* Dia -0.5* Dia ) /* s i z e o f c a l c u l a t i o n domain */ i a b l e F i l t e r e d T1 T 1 V a r i a b l e C u r v a t u r e K T # C o o r d i n a t e s o f t h e i n t e r f a c e V a r i a b l e P o s i t i o n PX T x V a r i a b l e P o s i t i o n PY T y # Drop i n i t i a l p o s i t i o n R e f i n e S u r f a c e 10 ( e l l i p s e ( Height , 0 , 0 . 5 * Dia , 0 . 5 * Dia ) ) I n i t F r a c t i o n T ( e l l i p s e ( Height , 0 , 0 . 5 * Dia , 0 . 5 * Dia ) ) # I n i t i a l V e l o c i t y f i e l d I n i t {} { U = (T < 1 ? U0 : 0 ) } # S u r f a c e t e n s i o n S o u r c e T e n s i o n T Sigma K # V i s c o s i t y S o u r c e V i s c o s i t y 1 . /VAR(T1 , 1 . / Mul , 1 . / ( Mul*m) ) { b e t a = 1 t o l e r a n c e = 1 e-3 } # D e n s i t y PhysicalParams { a l p h a = 1 . /RHO(T1) } ### Mesh a d a p t a t i o n c r i t e r i a # G r a d i e n t AdaptGradient { i s t e p = 1 } { cmax = 0 . 0 1 m a x l e v e l = LEVEL m i n l e v e l = ( x > -0.05 ? (LEVEL-2) : 0 ) } T # V o r t i c i t y A d a p t V o r t i c i t y { i s t e p = 1 } { cmax = 0 . 0 5 m a x l e v e l = LEVEL m i n l e v e l = ( x > -0.05 ? (LEVEL-2) : 0 ) } # I n t e r f a c e c u r v a t u r e AdaptFunction { i s t e p = 1 } { cmax = 0 . 0 5 m a x l e v e l = LEVEL m i n l e v e l = ( x > -0.05 ? (LEVEL-2) : 0 ) } (T > 0 && T < 1 ? f a b s (K) *dL : 0 ) # P a r a l l e l computation s e t u p # EventBalance { i s t e p = 100 } 0 . 1 # OutputBalance { i s t e p = 100 } s t d e r r # OutputBalance { i s t e p = 100 } Output . t x t ### On-the-f l y d i s p l a y OutputTime { i s t e p = 10 } s t d e r r O u t p u t P r o j e c t i o n S t a t s { i s t e p = 10 } s t d e r r O u t p u t D i f f u s i o n S t a t s { i s t e p = 10 } s t d e r r OutputSimulation { i s t e p = 1 } s t d o u t OutputTime { i s t e p = 10 } Output . t x t O u t p u t P r o j e c t i o n S t a t s { i s t e p = 10 } Output . t x t O u t p u t D i f f u s i o n S t a t s { i s t e p = 10 } Output . t x t ### Save r e s u l t sOutputSimulation { s t a r t = 0 s t e p = 0 . 0 1 end = 0 . 0 7 } sim -%5.3 f . g f s OutputSimulation { s t a r t = 0 s t e p = 0 . 0 1 end = 0 . 0 7 } Rv-%5.3 f . t x t { v a r i a b l e s =T, PX, PY, U, V, P b i n a r y = 0 format = t e x t } OutputSimulation { s t a r t = 0 . 0 7 s t e p = 0 . 0 0 1 end = 0 . 2 } sim -%5.3 f . g f s OutputSimulation { s t a r t = 0 . 0 7 s t e p = 0 . 0 0 1 end = 0 . 2 } Rv-%5.3 f . t x t { v a r i a b l e s =T, PX, PY, U, V, P b i n a r y = 0 format = t e x t }OutputSimulation { s t a r t = 0 . 2 s t e p = 0 . 0 1 end = 0 . 5 } sim -%5.3 f . g f sOutputSimulation { s t a r t = 0 . 2 s t e p = 0 . 0 1 end = 0 . 5 } Rv-%5.3 f . t x t { v a r i a b l e s =T, PX, PY, U, V, P b i n a r y = 0 format = t e x t }OutputSimulation { s t a r t = 0 . 5 s t e p = 0 . 1 } sim -%5.3 f . g f sOutputSimulation { s t a r t = 0 . 5 s t e p = 0 . 1 } Rv-%5.3 f . t x t { v a r i a b l e s =T, PX, PY, U, V, P b i n a r y = 0 format = t e x t }OutputSimulation { s t a r t = end } sim -%5.3 f . g f s OutputSimulation { s t a r t = end } Rv-%5.3 f . t x t { v a r ia b l e s =T, PX, PY, U, V, P b i n a r y = 0 format = t e x t } ### On-the-f l y Data t r e a t m e n t # O u t p u t S c a l a r S t a t s { s t a r t = 0 s t e p = 0 . 0 0 1 } DPmaxS { v = P c o n d i t i o n = (T < 1 ) } O u t p u t S c a l a r S t a t s { s t a r t = 0 s t e p = 0 . 0 0 1 } DVmaxS { v = s q r t (U*U+V*V) c o n d i t i o n = (T < 1 ) } O u t p u t S c a l a r S t a t s { s t a r t = 0 s t e p = 0 . 0 0 1 } DHminS { v = f a b s (PX) c o n d i t i o n = (T > 0 && T < 1 ) } O u t p u t S c a l a r S t a t s { s t a r t = 0 s t e p = 0 . 0 0 1 } DYmaxS { v = f a b s (PY) c o n d i t i o n = (T > 0 && T < 1 ) } O u t p u t S c a l a r S t a t s { s t a r t = 0 s t e p = 0 . 0 0 1 } DXmaxS { v = PX c o n d i t i o n = (T > 0 && T < 1 ) } # OutputScalarMaxima { s t a r t = 0 s t e p = 0 . 0 0 1 } DPmaxM1 { v = P c o n d i t i o n = (T < 1 ) } 1 OutputScalarMaxima { s t a r t = 0 s t e p = 0 . 0 0 1 } DVmaxM1 { v = s q r t (U*U+V*V) c o n d i t i o n = (T < 1 ) } 1 OutputScalarMaxima { s t a r t = 0 s t e p = 0 . 0 0 1 } DHminM1 { v = f a b s (PX) c o n d i t i o n = (T > 0 && T < 1 ) } 1 OutputScalarMaxima { s t a r t = 0 s t e p = 0 . 0 0 1 } DYmaxM1 { v = f a b s (PY) c o n d i t i o n = (T > 0 && T < 1 ) } 1

  

  • , 45 • , 60 • , 120 • , 135 • , 150 • ) have been calculated. Values of physical variables used in simulations are shown in Table 2.1. Table 2.1: Values of physical variables used in simulations.

	ρ l	ρ g	µ l	µ g	γ	g
	1000 1 0.01 0.001 0.0712 9.8

  4.4.1.1 Impact on a totally-nonwettable surface (θ = 180 • )As shown in Figure4.23, a jet-splash is always observed. On a super-hydrophobic surface, both liquid and substrate tend to prevent physical contacts. Even if a pointcontact occurs, the contact is not stable and they separate from each other immediately.
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Table 5 .

 5 1: Physical properties of water, ethanol and honey density ρ (kg • m -3 ) viscosity µ (P a • s) surface tension γ (N • m -1 )

	water	998.2	1.002 × 10 -3	0.0728
	ethanol	789	2.7 × 10 -3	0.0224
	honey	1500	10 ∼ 100	0.055 ∼ 0.068

Table 5 .

 5 2: Values of nondimensionlized physical parameters in simulations ρ

Table 5

 5 × 10 -3 P a • s 20 P a • s[START_REF] Meli | Product specifications -honey of acacia[END_REF] 

			.3: Physical parameters in simulations *	
		ρ l	ρ g	µ ethanol	µ honey
	R 2.7 Dl 789 kg • m -3 1 kg • m -3 1 1.267 × 10 -3 2.376 × 10 -3	0.8802
		µ g	γ	U 0	D
	R 1.8444 × 10 -5 P a • s 2.24 × 10 -2 N • m -1	4 m • s -1	3.6 mm
	Dl	1.623 × 10 -6	4.929 × 10 -4	1	1
					

* :R denotes real parameters, Dl denotes dimensionless parameters.

For the convenience of readability, in the coming chapters, the superscript '*' of dimensionless variables is dropped except special conventions.

An example of the GERRIS parameter file is presented in Appendix.

The thickness of the gas layer is proportional to the gas viscosity, a detailed discussion is presented in the section §4.1.2.

With the adaptivity, the real mesh amount is much smaller than 4 n .

The ideal convergence test is to verify the convergence for each density and viscosity ratio, whereas, it is too costly. Here, with the test of r = 0.001 and m = 0.1, we consider the convergence and accuracy are guaranteed in general.

With absence of gas, the drop contacts the substrate at t th = h 0 /U 0 = 0.1 in simulations, in the coming section, we rescale the time with t r = t -t th and drop the subscript 'r'.

In the jet-splash, a central entrapped bubble is also observed.

For a big density and viscosity ratio, the ejection of the small jet is delayed, as shown in Figure4.24 (b), the jet starts to form at t = 0.028. So the interface profile at t = 0.040 in Figure4.24 (a) is equivalent to the interface profile at t = 0.070 in Figure4.24 (b).

To calculate the corresponding dimensional gas velocity, we take a water drop with an initial velocity of 3 m • s -1 .

The physical properties of honey vary largely between different types of honey[Oroian, 

[START_REF] Oroian | Measurement, prediction and correlation of density, viscosity, surface tension and ultrasonic velocity of different honey types at different temperatures[END_REF][START_REF] Rehman | Physical and spectroscopic characterization of pakistani honey[END_REF]. Especially the viscosity and the surface tension have a strong dependency on the temperature and on the concentration. Here, we give a range of values reported in the literature.

A capillary wave is also observed in the liquid/solid impact.

The lift-up occurs in a time interval smaller than ∆t * = 0.01 (seeFigures 5.13(c,d)), for a drop of diameter D = 3 mm with an initial velocity of U 0 = 3 m • s -1 , the corresponding dimensional time interval is ∆t = 10 -6 s. The lift-up dynamics occurs really fast.

Since the objective of experiments was to catch the dynamics of the drop impact, an ultra-hight-speed camera of 10000 f ps was chosen. As a compromise, the image resolution is not quite high in each frame.
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As shown in Table 5.1, the density and the surface tension of honey take the same order of magnitude of water and ethanol, but the viscosity of honey is at least 10 4 times larger. Viscous effect is probably dominant as compared to the inertial and surface tension effects in the dynamics of impact on a honey basin.

The dynamics involves three phases: gas and two different liquids. We suppose the two liquids are Newtonian fluids. As viscous effect is dominant, the variation of density and of surface tension caused by the two different liquids can be neglected in a mixed area, we take an equal density for two liquids and an identical surface tension at the interface.

We introduce the first volumetric fraction c 1 (x, t) to distinguish the gas and liquid phase, the viscosity of the system can be defined as:

where μl is the effective viscosity of liquid.

Then we introduce the second volumetric fraction c 2 (x, t) to distinguish two liquid phases, the effective viscosity of liquid μl can be defined as:

where the subscripts l1, l2 denotes the two liquids.

Substituting equation (5.2) into equation (5.1), gives the viscosity of the system

3)

The density of the system is defined as: To measure the viscosity deviation from a normal liquid, we introduce a liquid-viscosity ratio between two liquids m l :

(5.5)

The dynamic contact angle effect in the drop impact. In this thesis, we have investigated the contact angle effect, but the dynamic contact angle is not considered.

The study on the moving contact line would be useful to further understand the splashing process.

Extension of the current work to three dimensions. The three-phase model for the impact on a highly-viscous liquid does not involve the variation of the surface tension and of the density between different liquids. A model involving these two factors especially the surface tension would be appreciated.

Appendix

Example of the GERRIS parameter file

In this section, we present an exemple of the GERRIS parameter file for the simulation of the drop impact on a solid substrate in Chapter §3. GERRIS has a predefined language to write the parameter file. Users do not need to master the numerical schemes to launch simulations. The parameter file is the interface between users and the numerical method.

To execute the simulation, first create a file of the format "gfs" (for instance, impact.gfs) and copy the code here in it; then launch the command "gerris2D impact.gfs | gfsview2D 0movie.gfv" in a terminal. "GfsView" is a visualization tool integrated in GERRIS to realise the on-the-fly or post-simulation visualization. The file "0movie.gfv" is a parameter file for the visualization configuration in "GfsView". It can be easily created by "GfsView".