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Oscillations of a micro bubble under a free interface

Le but de ces travaux est d'étudier, grâce à la simulation numérique directe l'interaction entre une bulle et une surface libre. Une telle interaction a lieu lors du procédé LIFT (Laser-Induced Forward Transfer). Ce nouveau procédé d'impression sans contact consiste à focaliser un laser dans un milieu fluide afin de créer une bulle de cavitation qui va grossir et finalement éjecter le fluide qui l'entoure. Pour étudier ce problème, on considère une bulle sujette à une pression excessive (induite par l'input d'énergie laser) localisée à une distance controlée de la surface libre. En considérant des paramètres appropriés, deux jets verticaux (ascendant et descendant) sont générés après la forte expansion de la bulle. Un second jet ascendant plus large et plus lent est ensuite observé. L'objectif de ces travaux est de discuter des effets des paramètres principaux du problème sur les différentes phases du problème, et en particulier des conditions initiales imposées à la bulle ainsi que la distance de la bulle à l'interface. Afin de s'assurer de la validité du code utilisé, une première étape de validation des oscillations de la bulle en milieu infini est effectuée avant d'étudier l'effet de la présence de l'interface.

Introduction

The aim of this work is to investigate, using direct numerical simulation, the interaction of a bubble (after its generation) with a free interface. Such interaction takes place in the LIFT (Laser-Induced Forward Transfer) process. This cutting edge printing technique is nozzle free. It consists of focusing a laser in a material so that a cavitation bubble is nucleated. This bubble will expands and finally ejects the surrounding material [START_REF] Legendre | Laser-Induced Forward Transfer : Fundamentals and Applications[END_REF]. It is a very precise printing technique which has a lots of applications, including bio-printing and which has raised a certain interest in fundamental research from both experimental [START_REF]Experimental and numerical study of laser-induced secondary jetting[END_REF] and numerical sides [START_REF]Crown formation from a cavitating bubble close to a free surface[END_REF]. Before studying the interaction between an oscillating bubble and an interface, a validation of our code is done for the case of an oscillating bubble in an infinite media where a theoretical solution is available (thanks to the Rayleigh Plesset equation). This equation takes into account viscosity and surface tension effects and makes the hypothesis of an incompressible liquid. For the cases with an interface, the induced jets are strongly linked to the first two oscillations of the bubble. Therefore we want our code to precisely describe at least the first two oscillations. It will be our criteria whether to know if our code is valid for the set of parameters chosen. Once the code is validated against the Rayleigh Plesset equation for the bubble oscillations in an infinite case, the oscillation close to an interface is considered with the objective to describe the bubble behaviour as well as the induced liquid jet formation. In order to understand better the role of each parameter in the physics involved, a parametric study is conducted.

Problem statement

The problem studied corresponds to the oscillations of a bubble of initial radius R 0 , first in a infinite media (Figure 1a) and then close to an interface (Figure 1b). The oscillations are produced thanks to an initial pressure P 0 at the initial time. For given fluid properties, Bubble oscillations are controlled by the couple (P 0 , R 0 ).
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Presentation of the code

The code used for the study is based on the solver compressibleInterFoam from OpenFOAM [START_REF] Foam | [END_REF]. Com-pressibleInterFoam is a segregated compressible two phase flow CFD solver which uses a Volume of Fluid (VOF) method for the interface treatment. The details of the numerical implementation are given in the following. The link between each solver is schematized (Figure 2).

Several classes of VOF methods exist, with the main objective to control the interface shape and numerical thickness [START_REF] V W | Volume of fluid methods for immiscible-fluid and freesurface flows[END_REF]. Among these methods, the compressive method is employed here. A "compressive term" is added in the VoF equation used to solve the the volume fraction α in order to maintain the sharpness of the interface.

∂(α) ∂t + ∇ • (αv) + ∇ • (α(1 -α)v r ) = α(1 -α) 1 ρ 2 dρ 2 dt - 1 ρ 1 dρ 1 dt + α∇ • v (1) 
Boundedness of α is guaranteed by the MULES algorithm which is based on the method of flux corrected transport where an additional limiter is used to cut-off the face-fluxes at critical values [START_REF]Fully multidimensional flux-corrected transport algorithms for fluids[END_REF].

The surface tension term f σ in the momentum equation is modelled with the continuum surface force method. Its effect is distributed across several cells. More informations on this method can be found on [START_REF]A continuum method for modeling surface tension[END_REF]. the interface curvature is evaluated using

K = div( ∇C ||∇C|| ) (2) 
The fluid properties are then defined using the volume fraction α by :

ρ = αρ 1 + (1 -α)ρ 2 (3) 
µ = αµ 1 + (1 -α)µ 2 (4) 
Once discretized the momentum equation can be expressed as

M U = -∇P + f σ (5) 
where P i the pressure and M a matrix that contains the discretization for the U terms in the momentum equation. Solving this equation is called the predictor step. At this stage continuity is not ensured. M is decomposed as a diagonal matrix A and a matrix H as followed :

M U = AU -H (6) 
A laplacian equation for the pressure needs to be solved to know its value.

∇.(A -1 H) = ∇.(A -1 (-∇P + f σ )) (7) 
Once the pressure is known, velocity is calculated thanks to

U = A -1 H -A -1 ∇P -A -1 f σ (8) 
The outer loop number in the PIMPLE algorithm is set to a relatively high number, typically 50. A criteria is imposed on the pressure solver so that the number of loop can be reduced if a convergence is reached. The inner loop is set to 3. Classical implicit Euler scheme is used for temporal discretization, combined with subcycles on the alpha solver. Time step is limited by two Courant numbers : -Co which is the classical Courant number, taking the whole domain into consideration -αCo which is the Courant number taking into account only the domain close to the interface(s). In our calculations, Co is limited by M ax(Co) = 0.5 and αCo is limited by M ax(αCo) = 0.2. Linear Upwind scheme is employed for convection term whereas second order centered scheme is used for diffusion term.

Validation against Rayleigh Plesset equation

The CFD code ability to consider bubble oscillation is first validated by considering bubble oscillations in an infinite media. The results are compared to the Rayleigh Plesset equation to quantify its precision and to check the influence of different parameters on the results.

Domain and Mesh

The domain is schematized in Figure 1a. It is a part of the 3D volume considering axisymmetric condition of the considered problem. An azimuthal angle β= 5°is considered. The domain radius is referred after as R Domain . l c corresponds to the distance around the bubble where the cell size is constant and is equals to δ min . Cells size then gradually increases from δ min to δ max up to the domain boundary. All the domains and meshes characteristics are summed up in Table 2 The simulations performed with the different meshes are reported in Fig. 3. The physical properties are given in Table 1. No significant differences are observed between the fine and the reference meshes during the first three oscillations. With the coarse mesh, the third rebound is much more damped than with the other meshes. With the three different domains, the same oscillations are obtained.

Bubble sphericity conservation

The evolution of the bubble sphericity is now checked, at least during the first two oscillations, which are the most important for the LIFT process, as it will be described in the next section. In Figure 4 the bubble shape evolution is reported and compared to the exact spherical shape. In the studied conditions, the bubble interface remains spherical during all the bubble oscillation and the difference between the bubble theoretical ans simulated radius always stays in the interval [-5%; +5%] (see Figure 4). Numerical errors can be the source of non-physical interface deformations. In our oscillating system, they are particularly visible when the bubble radius is close to its minimum [START_REF]Numerical modeling of laser generated cavitation bubbles with the finite volume and volume of fluid method, using OpenFOAM[END_REF]. In particular, numerical errors in the discretization of the surface tension term coupled with the transport of the volume fraction result in the apparitions of spurious current able to significantly deform and alter the interface shape. Viscosity tends to reduce spurious currents since their magnitude is known to evolve as σ/µ [START_REF] Et | On the combined effects of surface tension force calculation and interface advection on spurious currents within Volume of Fluid and Level Set frameworks[END_REF].

In Figure 5, the shape of the bubble observed for the first three rebounds are represented for different viscosities. As expected, the more the fluid is viscous, the more the bubble interface remains spherical. At the end of the first oscillation (Figure 5a), the bubble is spherical for all the considered viscosities. However at the end of the second oscillation (Figure 5b), the bubble interface is considerably deformed for the fluid with the smaller viscosity of µ = 1cP oise. At the end of the third oscillation (Figure 5c), bubble interface is completely deformed for the fluid with viscosity of µ = 1cP oise and it has been fragmented. The interface is slightly deformed for fluids with µ = 5cP oise and µ = 10cP oise. For viscosities of 20cP oise and more, the interface is perfectly spherical. 

Summary on the code performance

With the considered parameters, the CFD code used for our study can accurately describe the two first bubble oscillations in a infinite media. The simulation results robustness has been validated thanks to a domain and mesh sensibility study. The three considered domains give the same bubble oscillations and very few difference between the fine and the reference mesh are observed on the two first bubble oscillations. The limits of the code have been observed when changing the liquid viscosity. A special attention must be paid on this parameter. Indeed the code performance is clearly reduced when decreasing the viscosity due to the development of the well identified spurious currents.

Bubble oscillations near an interface

Description of the process

The domain used for the simulations is reported in Figure 1b. The reference cell size chosen (near the bubble) is 2µm (i.e the same as the previous part). The domain radius R Domain is 5mm and its height H Domain is 2mm.

Figure 6 reports some typical bubble shape during its oscillation and interaction with the interface. A bubble of radius R 0 = 100µm is initially located at the distance d = 150µm under the interface. During the initial stages of the process, the bubble expands and deforms the interface. Due to the presence of the interface, the bubble expansion is no longer the same in each direction (see Figure 6a). Indeed the mass of liquid to displace above the bubble is lower, therefore the upper direction is the preferred for the bubble expansion. Once the bubble has reached its maximum expansion, two jets are generated : one jet directed upwards and one counter-jet directed towards the bubble (see Figure 6b). This counter-jet will then pierces the bubble. The jet is then followed by a wider jet, here called secondary jet (see Figure 6c). Figure 7 compares the time evolution of the bubble equivalent radius with and without the presence of the interface. As it can be seen in Figure 7, the oscillatory system is more damped with the interface. 

Liquid ejection

As described, the counter-jet then pierces the bubble and a secondary jet, thicker is created (see Figure 8a. For the LIFT process, the aim is to transfer some liquid on a receiver located at a certain distance above the interface. To do so, the liquid must reach a certain height. Therefore we propose to post process the volume above a certain height for different cases. The height chosen is 350µm above the interface and the bubble initial radius is R 0 = 100µm. In Figure 8a 

Effect of the bubble distance to the interface

In order to understand better the interaction between the bubble and the interface, a parametric study is now presented by varying the normalized distance H * = d/R 0 . Figure 9 reports the bubble evolution at three different time for the five different values of H * considered. A clear impact of H * is observed on the jets formation. The closer the bubble is to the interface, the more the bubble deforms during its expansion (see Figure 9a). The quantification of the deviation from the spherical shape has been evaluated with maximum bubble aspect ratio. It is reported in Figure 10a for different values of H * . The bubble is clearly more deformed when H * is reduced. When the bubble is close to the interface, the jet and counter jet are more developed as shown in Figure 9b. For the case where H * = 5, the counter jet has not been able to pierce the bubble (see Figure 9c). The time evolution of the liquid jet is reported in Figure 10b for the considered values of H * . The figure confirms that no jet is created for H * > 3. 

Effect of the initial conditions R 0 and P 0

As shown in the previous section, there is no liquid transfer for H * = 2, H * = 3 and H * = 5. This is confirmed by Figure 11a where the volume of liquid transferred at the distance Z = 350µm is reported as a function of time. For H * = 1.75, the transfer is possible but the volume transferred is small. However, for H * = 1.5, an important volume of liquid can be transferred.

Figure 11b reports the effect of the initial pressure P 0 on the volume of liquid transferred at the distance Z = 350µm. For P 0 = 5bar and P 0 = 6bar important volumes of liquid can be transferred. The transfer of small volumes is still possible for P 0 = 4bar but no transfer is observed for P 0 = 3bar. 

Conclusion

Our CFD code has been validated against the Rayleigh Plesset equation for bubble oscillations in an infinite media. In particular, the viscosity effects on the solver accuracy has been shown. Around 1cPoise, our solver is not able to model accurately two bubble oscillations in a infinite media.

The near-interface bubble oscillations process has been detailed : three main phases have been identified :

-the bubble expansion phase -the generation of a an upward jet and a counter jet (directed downward) -the generation of a thicker but slower second jet The effect of the initial bubble pressure and the bubble-interface distance have been reported. The more the bubble is close to the interface, the more it is deformed with a direct influence on the jet development. Increasing the pressure parameter also increase bubble deformation and the jet development. By postprocessing volume of liquid which reach a certain height, three regimes have been identified.

-No transfer regime : the liquid is not ejected height enough. A receiver located at the height chosen will not received any liquid. -Small volume transfer regime : the liquid reaches the virtual receiver height but the secondary jet volume slop is not very steep therefore the volume that can be transferred is small. -Large Volume transfer regime : The volume carried by the second jet is much more important than the one carried by the first one. Large volume can be transferred.

F 1 -F 2 -

 12 CFD domain definition for (a) an infinite media and (b) with an interface Scheme of the PIMPLE algorithm (inside a time-step)

F 3 -

 3 Effect of the mesh resolution and the domain size. (a) Effect of the Meshes refinement. Theory ( ), δ min = 1µm ( ), δ min = 2µm ( ), δ min = 4µm ( ). (b) Effect of the Domain size. Theory ( ), R Domain = 5mm ( ), R Domain = 10mm ( ), R Domain = 20mm ( )

F 4 -
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 6 Near-interface bubble oscillations characteristics steps for R 0 = 100µm and d = 150µm : (a) Bubble expansion, (b) Jet and counter jet and (c) Secondary jet.
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 7 Bubble radius along time in an infinite media ( )and near an interface ( ).

  ), the time evolution of the liquid displaced above the distance to the interface Z = 350µm is plotted. The figure clearly show a change of slope at t ∼ 125µs. The first part (t ∈ [25, 125]µs) is the volume transported by the first jet while the second part (t ≥ 125µs) is the volume transported by the second jet. The volume transported by this jet is much more important than the one transported by the first jet (see the slope breaking Figure 8b at t ∼ 125µs).
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 8 Volume of liquid above Z = 350µm (a) Secondary jet shape and (b) plot of the volume of liquid above Z = 350µm along time redil faut mettre sur la figure (a) la position correspondante

F 9 -

 9 (a) t = 15µs (b) t = 35µs (c) t = 70µs H * = 1.5 ( ) ; H * = 1.75 ( ) ; H * = 2 ( ) ; H * = 3 ( ) ; H * = 5 ( )at different times (a) (b) F 10 -Effect of the distance to the interface on bubble oscillation. (a) Bubble maximum aspect ratio as a function of H * .(b) Jet height time evolution for H * = 1.5 ( ) ; H * = 1.75 ( ) ; H * = 2 ( ) ; H * = 3 ( ) ; H * = 5 ( ).

  of liquid at Z > 350µm above the interface as a function of time. (a) effect of the bubble to interface distance H * : H * = 1.5 ( ) ; H * = 1.75 ( ) ; H * = 2 ( ) ; H * = 3 ( ) ; H * = 5 ( ). (b) Effect of the initial pressure P 0 : P 0 = 3bar ( ) ; P 0 = 4bar ( ) ; P 0 = 5bar ( ) ; P 0 = 6bar ( )

Table

  

  .

		Reference Mesh Fine Mesh Coarse Mesh Small Domain Large Domain
	R Domain	10mm	10mm	10mm	5mm	20mm
	l c	340µm	340µm	340µm	340µm	340µm
	Min cell size : δ min	2µm	1µm	4µm	2µm	2µm
	Max cell size : δ max	200µm	100µm	400µm	∼ 97.65µm	∼ 405.59µm
	Total number of cells	308 898	1 235 592	76 832	256 328	364 658

T 2 -Domains and meshes characteristics. The reference mesh is the mesh used in the study.

Mots clés :Bubble, free surface interaction, compressible, laser jet-induced, bio-printing.
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