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Gas-liquid mass transfer from spherical bubbles is studied by DNS for various Reynolds numbers (1 ≤ Re ≤ 300), Schmidt numbers (1 ≤ Sc ≤ 500) and bubble surface contamination degrees (0 • ≤ θ cap ≤ 180 • ). Computed separation angles, drag coefficients and average Sherwood numbers for both clean and fully contaminated bubbles are favorably compared to literature. For partially contaminated bubbles, a correlation giving the separation angle versus Re and θ cap is proposed. Local Sherwood numbers along the bubble interface shows a transition between clean and contaminated zones closed to the separation angle. At low Re, for θ cap < 40 • , mass transfer of the contaminated bubble can be estimated by correlations for spherical solid particles, meanwhile for θ cap > 160 • , bubbles can be assimilated to clean bubbles. For intermediate contamination levels, a normalized Sherwood number Sh * from the drag Sadhal(1983) model can be used. For intermediate Re and high Sc, Sh * converges to a function well correlated to the normalized drag coefficient C * D by Sh * lower = 1 -(1 -(C * D ) 2 ) 0.5 .

Introduction

Mass transfer through gas-liquid and liquid-liquid interfaces is a limiting step in many chemical engineering processes like solvent extraction, distillation and chemical or biological reactions like oxydations and fermentations. For each application, an accurate prediction of the reactor mass transfer performance would be suitable to propose better design and optimal operating conditions that would increase productivity. In case of mass transfer from bubbles to a liquid phase, overall mass transfer performance results from several phenomena at various scales. At the molecular level, mass transfer is always performed by a diffusion process that tries to reduce non-equilibrium of the chemical activities on both sides of the interface. The mass transfer rate at this level is related in each phase to the diffusion coefficients of the chemical species that are being transferred. As the diffusion in the gas phase are much faster than in the liquid phase, the resistance to mass transfer is mainly located in the liquid phase; so the mass transfer rate is governed at this level by the diffusion in the liquid. At this molecular level, mass transfer can be affected by the presence of surfactants on the interface which can either change the equilibrium between the phases or modify the diffusion within the few molecular adsorbed layers [START_REF] Jamnongwong | Experimental study of oxygen diffusion coefficients in clean water containing salt, glucose or surfactant: Consequences on the liquid-side mass transfer coefficients[END_REF][START_REF] Kherbeche | Multi-scale analysis of the influence of physicochemical parameters on the hydrodynamic and gas liquid mass transfer in gas liquid solid reactors[END_REF][START_REF] Jimenez | Oxygen mass transfer and hydrodynamic behaviour in wastewater: Determination of local impact of surfactants by visualization techniques[END_REF][START_REF] Wissink | Effect of surface contamination on interfacial mass transfer rate[END_REF][START_REF] Ahmia | Impact of cellulose and surfactants on mass transfer of bubble columns[END_REF]. At the bubble level, the transfer of the molecules having crossed the interface results from the combination of the omnipresent diffusion process with advection by the flow around the inclusion. Advection directly relates to the flow field generated around the bubble, itself a function of its shape, of the bubble Reynolds number Re, and also of the hydrodynamic condition offered to the liquid flow at the bubble interface. The presence of adsorbed constituents at this interface plays another part here, immobilizing the interface and, as a consequence, drastically changing the flow field around the bubble. Species having transferred from the inclusions are then mixed to the continuous phase by the work of the bubble wake, but also by turbulent eddies generated by other bubbles of similar sizes, or at a larger scale, by mechanical mixing due to larger bubbles or to volume fraction gradient induced advection. Moreover, one cannot forget the influences of coalescence and breakage of droplets that considerably affect the drop size distribution and by this way the interfacial area available for mass transfer, the bubble slip velocity and the mass transfer rate. Considering the wide domain of length scales that govern the overall mass transfer from a dispersed gas to a liquid continuous phase, it is obvious that a lot of experimental results at the global scale that can be found in the literature are sometimes difficult to explain, leading to a crucial need for precise understanding and modelling for every sub-phenomenon. The present work focuses on the bubble scale and is more precisely targeted to the investigation via Direct Numerical Simulations of the effect of interface contamination on mass transfer coefficients or Sherwood numbers Sh. A bubble rising in a surfactant solution accumulates surfactant molecules on its surface. It is well established that this presence of surfactants affects the bubble motion and the bubble rising velocity through aqueous solutions [START_REF] Duineveld | Bouncing and coalescence of two bubbles in water[END_REF][START_REF] Mclaughlin | Numerical simulation of bubble motion in water[END_REF][START_REF] Bel Fdhila | The effect of surfactant on the rise of spherical bubble at high reynolds and peclet numbers[END_REF][START_REF] Takemura | Rising speed and dissolution rate of a carbon dioxide bubble in slightly contaminated water[END_REF][START_REF] Dani | Direct numerical simulation of mass transfer from spherical bubbles: the effect of interface contamination at low reynolds numbers[END_REF][START_REF] Jimenez | Oxygen mass transfer and hydrodynamic behaviour in wastewater: Determination of local impact of surfactants by visualization techniques[END_REF]. Similar effects are also observed for bubble covered by fine particles [START_REF] Sarrot | Experimental determination of particles capture efficiency in flotation[END_REF][START_REF] Huang | A new experimental method for determining particle capture efficiency in flotation[END_REF]. The surfactant modifies the liquid flow at the surface of the rising bubble, with the result that the free rise velocity is appreciably reduced. The liquid flow around the bubble advects to the rear of the bubble the surfactant molecules adsorbed at the front. The hydrodynamics boundary conditions on the bubble surface depend upon the level of the bubble surface contamination. When a bubble rises in a surfactant solution, the adsorption-desorption processes of the surfactant result in four types of situations [START_REF] Cuenot | The effects of slightly soluble surfactants on the flow around a spherical bubble[END_REF]: unretarded velocity profile (which occurs when the adsorption kinetics is slow compared to advection by surface velocity and velocity at the interface is not much affected by the surfactant), uniformly retarded velocity profile (which occurs when the diffusion flux or the flux of surfactant reaching the interface is dominant), completely stagnant (which occurs when the desorption flux is too small to compensate for the advective flux) and stagnant cap configuration. For the last case, the adsorption-desorption process results in a stationary situation (the advective term or flux vanishes) that has been described by the stagnant cap model first proposed by [START_REF] Savic | Circulation and distortion of liquid drops falling through a viscous medium[END_REF]. In the stagnant cap model, the bubble surface contamination due to surfactant adsorptiondesorption equilibrium situation is characterized by the stagnant cap angle θ cap (figure 1). θ cap corresponds to the edge of the stagnant part of the interface and is defined here as usual from the forward stagnation point. The surfactant free bubble surface (θ < θ cap ) can move with the liquid (mobile surface) meanwhile the contaminated zone (θ > θ cap ) behaves as "stagnant cap" (immobile surface). [START_REF] Cuenot | The effects of slightly soluble surfactants on the flow around a spherical bubble[END_REF] have solved transport equation for the surfactant and have showed that the stagnant cap model is valid to describe the stationary adsorption-desorption process for non-dissolving spherical bubble.

The stagnant cap model has been used to describe the effects of surfactants or of fine particles partially covering the interface on the velocity field around the bubble in many studies [START_REF] Savic | Circulation and distortion of liquid drops falling through a viscous medium[END_REF][START_REF] Sadhal | Stokes flow past bubbles and drops partially coated with thin films. Part 1 : Stagnant cap of surfactant filmexact solution[END_REF][START_REF] Mclaughlin | Numerical simulation of bubble motion in water[END_REF][START_REF] Ponoth | Numerical simulation of mass transfer for bubbles in water[END_REF][START_REF] Sarrot | Determination of the collision frequency between bubbles and particles in flotation[END_REF][START_REF] Dani | Direct numerical simulation of mass transfer from spherical bubbles: the effect of interface contamination at low reynolds numbers[END_REF][START_REF] Legendre | On the particle inertiafree collision with a partially contaminated spherical bubble[END_REF][START_REF] Huang | Effect of interface contamination on particle bubble collision[END_REF]. [START_REF] Sadhal | Stokes flow past bubbles and drops partially coated with thin films. Part 1 : Stagnant cap of surfactant filmexact solution[END_REF] made a significant improvement since they were able to obtain a closed analytical form, in the creeping flow, giving the variation of the drag coefficient as a function of the stagnant cap angle θ cap . The studies of [START_REF] Leppinen | The effects of surfactants on droplet behaviour at intermediate reynolds numbers-the numerical model and steady state results[END_REF] and [START_REF] Mclaughlin | Numerical simulation of bubble motion in water[END_REF] give a very realistic description of hydrodynamic processes since both take into account the deformation of the drop or the bubble. Nevertheless, in order to avoid full momentum coupling, as well as bulk and surface concentration balances, they ignored the processes linked to the solubility of the surfactant, namely adsorption, desorption, and diffusion from the bulk. According to [START_REF] Cuenot | The effects of slightly soluble surfactants on the flow around a spherical bubble[END_REF], a simple relation between the cap angle and the bulk concentration cannot generally be obtained because diffusion from the bulk plays a significant role. For spherical bubbles, [START_REF] Takemura | Rising speed and dissolution rate of a carbon dioxide bubble in slightly contaminated water[END_REF] studied the effect of the interface contamination on mass transfer by using the stagnant cap model. The results of numerical simulations of non-dissolving bubbles released from rest in aqueous solutions of decanoic acid are reported by Liao and McLaughlin (2000a). [START_REF] Liao | Dissolution of freely rising bubble in aqueous surfactant solutions[END_REF] determined the dissolution rate of a freely rising bubble in both pure water and aqueous surfactant solutions, showing also that the surfactant cap develops naturally by solving conservation equations for the surfactant. [START_REF] Ponoth | Numerical simulation of mass transfer for bubbles in water[END_REF] showed that mass transfer depends on the contamination degree for intermediate Reynolds numbers and reported correlations for mass transfer in the presence of surfactants in the continuous phase. In creeping flow, [START_REF] Ramirez | Mass transfer to a surfactant-covered bubble or drop[END_REF] used the stagnant cap model in combination with the retardation surface concept for the description of the interface contamination. [START_REF] Dani | Direct numerical simulation of mass transfer from spherical bubbles: the effect of interface contamination at low reynolds numbers[END_REF] studied the effect of the interface contamination on mass transfer in creeping flow by Direct Numerical Simulation (DNS). In some studies [START_REF] Sada | Transport of gases through insoluble monolayers[END_REF][START_REF] Caskey | A study of the effects of soluble surfactants on gas absorption using liquid laminar jets[END_REF][START_REF] Sardeing | Effects of surfactants on liquid-side mass transfer coefficients in gas-liquid systems: A first step to modeling[END_REF], the effect of surfactants on mass transfer was characterized as a function of the surface area per surfactant molecule. The ability of DNS of hydrodynamic and mass transfer to correctly provide mass transfer coefficients has so been largely demonstrated. The interest of DNS lies in the fact that it permits a better understanding of the hydrodynamic contribution to the influence on mass transfer of the presence of adsorbed molecules at the interface than an experimental study in which it is impossible to independently split the effects of different parameters. This work focuses on the influence of the contamination angle θ cap on Sherwood numbers for a wide range of intermediate Reynolds numbers (1 ≤ Re ≤ 300, Re being based on the bubble diameter) and Schmidt numbers (1 ≤ Sc ≤ 500), the bubble remaining spherical and the flow field 2D. This work comes after a first attempt to deduce Sherwood numbers from direct numerical simulations performed by [START_REF] Dani | Direct numerical simulation of mass transfer from spherical bubbles: the effect of interface contamination at low reynolds numbers[END_REF]. However, at that time, the simulations were limited to Peclet numbers lower than 1, 000 due to numerical limitations. In the present work, with the help of a homemade software, the Peclet range is extended to 150, 000, a more classical value in bubbly flows. In the work of [START_REF] Kishore | Heat transfer from confined contaminated bubbles to power-law liquids at low to moderate reynolds and prandtl numbers[END_REF], a similar approach is used to calculate heat transfer from DNS with ANSYS Fluent and the spherical stagnant cap model for intermediate Re numbers and a wide range of Prandtl number (1 -1000 equivalent to Schmidt number). They underlined that for a contamination angle lower than 60 • , the contamination was found to be insignificant. Inversely, the average Nusselt number decreases with an increasing stagnant cap angle when P e > 10, but they do not propose a predictive equation to model the contamination effect on the Nusselt number (equivalent to Sherwood for mass transfer). More recently, in the work of [START_REF] Claassen | An improved subgrid scale model for front-tracking based simulations of mass transfer from bubbles[END_REF], recent development with subgrid scale model for front-tracking based simulations are very promising and permits to predict by DNS the correct Sherwood numbers with resolved bubble shape at high Schmidt numbers. In the same research group, [START_REF] Panda | A multiple resolution approach using adaptive grids for fully resolved boundary layers on deformable gas-liquid interfaces at high schmidt numbers[END_REF] developed adaptative mesh refinement (AMR) to capture the boundary layer of the mass transfer. These numerical techniques are very powerful and permits 3D bubble rise simulations with a competitive computational time but they are not yet able to capture contamination effects to our knowledge. In the present work, we thus still use the fixed bubble shape method with refined mesh at the interface to capture the very thin mass boundary layer that exists because of the typically high Sc number. The axisymmetric 2D simulation is then well adapted for spheroids bubble and a special attention is carefully done to adapt the mesh to the interface contamination in a reasonable CPU time. After a brief presentation of the related equation and numerical conditions, the second part shows the effect of the surface coverage on hydrodynamics with focus on Drag coefficients and on the separation angle. The third part details the results concerning mass transfer and provide Sherwood numbers as a function of the Reynolds number, of the Schmidt number and of the stagnant cap angle with the aim to give correlation for the Sherwood number.

Formulation of the problem

Formulation and hypothesis

The situation under consideration consists of a spherical bubble of diameter d = 2 R moving at a steady velocity U in a liquid at rest and of infinite extent. The kinematic viscosity of the liquid is ν. The dynamic of the inclusion can be characterized by the bubble Reynolds number Re defined as:

Re = 2 R U ν (1) 
The Peclet number P e plays a similar role in the mass transfer of the solute in the liquid phase around the inclusion as the Reynolds number plays in momentum transport:

P e = Re.Sc = 2 R U D L (2) 
where Sc = ν/D L is the Schmidt number and D L is the diffusion coefficient. P e << 1 relates to mass transfer situations governed by diffusion and P e >> 1 to mass transfer dominated by advection.

Hydrodynamics around the bubble and mass transfer of a soluble species from the gas bubble to the liquid are calculated by solving the Navier-Stokes equations and the convective-diffusion equation for non-compressible liquid (not reported here). The bubble surface contamination level is accounted by the stagnant cap model via the contamination angle θ cap . The computations reported below are carried out with the JADIM code described in previous publications [START_REF] Magnaudet | Accelerated flows past a rigid sphere or a spherical bubble. Part 1: Steady straining flow[END_REF][START_REF] Calmet | Large-eddy simulation of high-Schmidt number mass transfer in a turbulent channel flow[END_REF][START_REF] Cuenot | The effects of slightly soluble surfactants on the flow around a spherical bubble[END_REF][START_REF] Legendre | Thermal and dynamic evolution of a spherical bubble moving steadily in a superheated or subcooled liquid[END_REF][START_REF] Legendre | Hydrodynamic interactions between two spherical bubbles rising side by side in a viscous liquid[END_REF][START_REF] Figueroa-Espinoza | Mass or heat transfer from spheroidal gas bubbles rising through a stationary liquid[END_REF]. This code solves the three-dimensional unsteady Navier-Stokes equations written in velocity-pressure variables in a general system of orthogonal curvilinear coordinates. The discretization makes use of a staggered mesh and the equations are integrated in space using a finite volume method with second-order accuracy, all spatial derivatives being approximated using second-order centered schemes. Time advancement is achieved through a Runge-Kutta/Crank-Nicolson algorithm which is secondorder accurate in time, while incompressibility is satisfied at the end of each time step by solving a Poisson equation for an auxiliary potential. Note that in this study we only consider axis-symmetrical simulations of mass transfer around spherical bubble for several stagnant cap angle θ cap , Reynolds numbers and Schmidt numbers. The computations discussed are based on a number of assumptions. Surfactant molecules on an interface can in some cases interfere with the diffusion at the interface of solute molecules [START_REF] Archer | The rate of evaporation of water through fatty acid monolayers[END_REF][START_REF] Blank | Retardation of evaporation by monolayers[END_REF][START_REF] Jamnongwong | Experimental study of oxygen diffusion coefficients in clean water containing salt, glucose or surfactant: Consequences on the liquid-side mass transfer coefficients[END_REF][START_REF] Jimenez | Oxygen mass transfer and hydrodynamic behaviour in wastewater: Determination of local impact of surfactants by visualization techniques[END_REF] . However, this effect was not included as a supplementary mass transfer resistance at the interface in the calculations in order to focus on the pure hydrodynamic effect of the interface contamination. Mass transfer and bubble velocity are considered at steady state so that, the rate of change of the bubble size is ignored, and the bubble is assumed to remain spherical and its velocity is constant. The relevant parameter to describe the deformation is the Weber number [START_REF] Legendre | On the deformation of gas bubbles in liquids[END_REF] which is close to 1.25 for instance for the air-water case, when Re = 300 with bubble size equal to 1mm. From the relation of Moore (Moore, 1965) for pure fluids, the aspect ratio can be evaluated to 1.16 which represents a small distortion of an oblate spheroid. The effect of bubble deformation on heat or mass transfer has been investigated by Figueroa-Espinoza and [START_REF] Figueroa-Espinoza | Mass or heat transfer from spheroidal gas bubbles rising through a stationary liquid[END_REF] up to aspect ratio equal to 3 and few effects of deformation on the transfer compared to a sphere is observed for aspect ratio less than 1.5. For contaminated bubble, as their rising velocity decreases with the contamination angle, the Weber number decreases and as a consequence the bubble distortion.

For a clean spherical bubble, no vortex appears and the wake remains steady and axis-symmetric whatever their Reynolds number [START_REF] Magnuadet | Wake instability of a fixed spheroidal bubble[END_REF]. For solid spheres [START_REF] Ern | Wake-induced oscillatory paths of bodies freely rising or falling in fluids[END_REF], the wake presents a steady axis-symmetric vortex for Re > 20, loses its axis-symmetry (regular bifurcation) at Re ≈ 212 where two vortex filaments appear and becomes unsteady around Re ≈ 273 where vortices are shed, which will limit this work in the case of a fully contaminated bubble that behaves as a solid sphere. Therefore, for partially contaminated bubbles, the vortex appears at Reynolds number higher than 210, depending on the contamination angle. The loss of vortex stability is not studied in this work but we can easily infer that this critical value if always higher than 210 and certainly higher than 300 in a wide range of contamination angle.

Computational domain and boundary conditions

The JADIM code has been extensively used, especially for axisymmetric flows around bubbles and rigid particles (see [START_REF] Magnaudet | Accelerated flows past a rigid sphere or a spherical bubble. Part 1: Steady straining flow[END_REF]; [START_REF] Blanco | Quelques aspects de l'écoulement d'un fluide visqueus autour d'une bulle déformable : une analyse par simulation directe[END_REF]; [START_REF] Cuenot | The effects of slightly soluble surfactants on the flow around a spherical bubble[END_REF]; [START_REF] Legendre | Thermal and dynamic evolution of a spherical bubble moving steadily in a superheated or subcooled liquid[END_REF]) or for three-dimensional turbulent flows [START_REF] Calmet | Large-eddy simulation of high-Schmidt number mass transfer in a turbulent channel flow[END_REF]. According to [START_REF] Magnaudet | Accelerated flows past a rigid sphere or a spherical bubble. Part 1: Steady straining flow[END_REF] and [START_REF] Legendre | Thermal and dynamic evolution of a spherical bubble moving steadily in a superheated or subcooled liquid[END_REF], the suitable size of computational domain to correctly calculate the flow depends on the bubble Reynolds number. In this work, with the Reynolds numbers in the range 1 ≤ Re ≤ 300, the length of the computational domain has been fixed at L ∞ = 160 R in all the cases, the width being 80 R in the orthogonal direction to the symmetry axis. The computational domain is presented in figure 1. This domain is limited by the bubble surface and by rectangular boundary on which inflow (x = -L ∞ /2), free-stream (y = L ∞ /2), symmetry (y = 0), and outflow (x = L ∞ /2) boundary conditions are imposed. A laminar uniform flow U ∞ as inflow condition and a constant concentration C ∞ = 0 of the species that transfers from the bubble are specified at the inlet of the domain. The free-stream and symmetry conditions simply state that the normal velocity, the tangential stress, and the mass flux are zero on the boundary under consideration. The outflow conditions use parabolic approximations of the Navier-Stokes and the advection-diffusion equations to allow the flow to leave the domain without perturbing significantly the computed field (see [START_REF] Magnaudet | Accelerated flows past a rigid sphere or a spherical bubble. Part 1: Steady straining flow[END_REF] for a detailed description). The effects of surfactants on the velocity field around the bubble are accounted for by the stagnant cap angle θ cap (figure 1). θ cap is the parameter that indicates the contamination level of the bubble surface. It divides the bubble surface in a mobile surface at the front of the bubble and an immobile surface at the rear part. Slip and no-slip boundary conditions apply respectively at the mobile and the immobile surface of the bubble. Whatever the level of the bubble surface contamination, the concentration of the transferring species on the interface is determined by Henry's law. As the gas phase inside the bubble can be supposed to be perfectly mixed, this results in a constant concentration at the interface C i = 1.

Grid

For all the simulations, the angular resolution is important: 42 nodes are located on the bubble surface (every 4.3 • ).The grid must be highly refined radially in the region near the surface of the inclusion in order to correctly describe the concentration boundary layer. In all the cases that have been studied here, the Peclet number is less than 15 × 10 4 (for Re = 300 and Sc = 500). In that most difficult situation for which the concentration boundary layer is the finest, its thickness δ c /R lies around 5 × 10 -3 (δ c /R = 2 P e 0.5 ). Three grids have been tested with different interface element sizes l n /R (l n /R = 2.0 × 10 -3 , 1.0 × 10 -3 and 0.5 × 10 -3 ). The drag coefficients C D and the Sherwood numbers Sh obtained for the three cases are reported in table 1 for this case, but also for a much more easy situation where Sc = 1.

Re

Sc δ c /R l n /R N δ C D Sh 1
2.0 10 -3 2 0.1398 19.342 1.16 10 -1 1.0 10 -3 4 0.1399 19.345 300 5.0 10 -4 8 0.14 19.348 500 2.0 10 -3 2 0.1398 404.19 5.2 10 -3 1.0 10 -3 4 0.1399 405.54 5.0 10 -4 8 0.14 405.99 At low P e number (Sc = 1), the concentration boundary layer is larger than the interface element size, resulting in a constant Sh number whatever the tested grid size. For the grid test at high P e number (Sc = 500), the thickness of the concentration boundary layer is much thinner than that of the momentum boundary layer because Sc number is large. The drag coefficient is so very well predicted and in fact is not sensitive to the grid size.

The consequence on the calculated Sh number remains limited for the three grid tested: the variation of the Sherwood number is less than 1% for a more refined mesh (l n /R = 0.5 × 10 -3 ), all the simulations presented in this paper have been performed with an interface element size l n /R = 1.0 × 10 -3 , meaning at lmeast three grid points inside the concentration boundary layer.

All the simulations reported in the present paper make use of 118 × 50 nodes.

Hydrodynamics

A special attention has been given to hydrodynamic results. At first, the objective is to validate the simulations by comparison with literature. Secondly, as convective transport of the species being transferred from the bubble interface plays a major role in the overall mass transfer mechanism (P e > 1), it seems essential to well understand the flow behaviour (the existence of vortices in the rear part of the bubble for instance) in order to be able to explain mass transfer mechanisms and Sherwood number predictions when the interface contamination level varies θ cap . Since a spherical bubble is subjected to a uniform incompressible continuum flow, the drag force is typically the first surface force. Validation of the hydrodynamic numerical simulations is realized by comparison with the results in the literature which concern the separation angle θ s for fully contaminated bubbles and the drag coefficient C D for both clean and fully contaminated bubbles.

Flow modification by interface contamination

Figure 2 presents the streamlines around a bubble at Re=100 for different interface contamination levels (different stagnant cap angles θ cap ; θ cap = 0 • , 90 • , 124 • and 180 • ) and the separation angle θ s . θ s is the angle at which the flow separation or the boundary layer separation occurs, creating a recirculation zone that can be observed at the rear part of the contaminated bubbles. This angle changes with the Reynolds number and the stagnant cap angle. It can be determined accurately by the change of the sign of the vorticity along the interface. The separation angle is so defined by the angle between the symmetry axis and the point where the vorticity sign changes. A fully contaminated bubble (figure 2 a) behaves as a solid sphere. At the rear of the bubble, a separation of the flow is observed for Reynolds numbers greater than a critical Reynolds number, Re c = 20 as shown by numbers of numerical and experimental studies [START_REF] Taneda | Experimental investigation of the wake behind a sphere at low reynolds numbers[END_REF][START_REF] Pruppacher | Some relations between drag and flow pattern of viscous flow past a sphere and a cylinder at low and intermediate reynolds numbers[END_REF][START_REF] Rivero | Etude par simulation numérique des forces exercées sur une inclusion sphérique par un écoulement accéléré[END_REF]. For partially contaminated bubbles, this critical value changes with the stagnant cap angle θ cap : behind a partially contaminated bubble, a recirculation is observed as for a fully contaminated bubble, but the size of the vortex varies with the contamination degree (θ cap ) and the Reynolds number. At θ cap = 90 • (figure 2 b), and for θ cap < 90 • , the size of the recirculation zone is almost similar to the size of the vortex observed for a fully contaminated bubble. For larger values of θ cap , the recirculation decreases in size (for example at θ cap = 124 • , figure 2 c) and disappears completely for a given contamination level that depends upon the Reynolds number. As it will be presented with more details in the following, it is easy to imagine that this recirculation plays an important role on the mass transfer from the bubble to the liquid. However, even if the effect of interface contamination on the bubble dynamic has been reported [START_REF] Bel Fdhila | The effect of surfactant on the rise of spherical bubble at high reynolds and peclet numbers[END_REF][START_REF] Cuenot | The effects of slightly soluble surfactants on the flow around a spherical bubble[END_REF][START_REF] Wang | Increased mobility of a surfactant-retarded bubble at high bulk concentrations[END_REF][START_REF] Wang | Using surfactants to control the formation and size of wakes behind moving bubbles at orderone reynolds numbers[END_REF][START_REF] Sarrot | Capture des fines particules par des inclusions fluides[END_REF], the variation of the separation angle is only well known for solid spheres [START_REF] Taneda | Experimental investigation of the wake behind a sphere at low reynolds numbers[END_REF][START_REF] Pruppacher | Some relations between drag and flow pattern of viscous flow past a sphere and a cylinder at low and intermediate reynolds numbers[END_REF][START_REF] Rivero | Etude par simulation numérique des forces exercées sur une inclusion sphérique par un écoulement accéléré[END_REF]. The separation angle θ s obtained by our simulations is presented in the following section.

Separation angle

Figure 3 shows the separation angle θ s (in degrees from the forward stagnation point) obtained by numerical simulations as a function of Reynolds number Re for several contamination degrees (for different stagnant cap angles θ cap ). For a fully contaminated bubble behaving as a solid sphere, our results are in very good agreement with the following correlation proposed by [START_REF] Clift | Bubbles, Drops and Particles[END_REF].

θ s = 180 -42.5[ln(Re/20)] 0.483 20 < Re < 400
(3) [START_REF] Rivero | Etude par simulation numérique des forces exercées sur une inclusion sphérique par un écoulement accéléré[END_REF] showed that this correlation well fits the previous results of [START_REF] Taneda | Experimental investigation of the wake behind a sphere at low reynolds numbers[END_REF] and [START_REF] Pruppacher | Some relations between drag and flow pattern of viscous flow past a sphere and a cylinder at low and intermediate reynolds numbers[END_REF] as well as her own numerical results.

The separation angle decreases when the bubble Reynolds number increases whatever θ cap ≤ 145 • . For θ cap ≥ 167 • , no recirculation has been observed in As θ cap becomes larger, the critical Reynolds number for flow separation begins to increase. Note again than no recirculation has been observed when θ cap ≥ 167 • whatever the Reynolds number being less than 300.

θ cap θ s (a) θ cap = 0 • θ cap θ s (b) θ cap = 90 • θ cap θ s (c) θ cap = 124 • θ ca p θ s (d) θ cap = 180 •
For partially contaminated bubbles, the correlation (equation 3) of the separation angle as a function of the bubble Reynolds number has been modified to account the effect of the stagnant cap angle as follows:

θ s = 180 -α s [ln(Re/Re c )] 0.483 for Re c < Re ≤ 300 (4) 
where :

α s = 42.5 for 0 • ≤ θ cap < 85 • α s = 85.4 -0.5θ cap for 85 • ≤ θ cap ≤ 145 • Re c = 20 + e 0.118(θcap-110) for 0 • ≤ θ cap ≤ 145 •
In figure 3, our DNS results (symbols) are compared with equation 4 (solid lines). It can be seen that for the different stagnant angles θ cap (θ cap = 90 • , 124 • and 145 • ), the computed separation angles are well fitted by equation 4. This equation is the same that as equation (3) for θ cap = 0 • , . In order to better understand the combined effects of the interface contamination level and of the bubble Reynolds number, the separation angles predicted by equation 4 are plotted in figure 4 versus θ cap and Re. Note that θ s = 180 • means that there is no recirculation in the rear part of the bubble. This is the situation in a limited domain of θ cap and of Re ranges, roughly for small Reynolds numbers (Re ≤ 20) or low contamination levels (θ cap ≥ 167 • ). For higher Re or contamination levels (lower values of θ cap ), a recirculation appears which size increases with Re and the contamination level. The maximum value of the separation angle θ s (meaning the larger recirculation size) is around 110 • in the (Re, θ cap ) domain under consideration. It's important to note that the separation angle remains greater than θ cap because the sep- As it will be discussed later, the flow separation that occurs behind the spherical bubble affects the local mass transfer on bubble surface. Its effects will be clearly put in evidence in the discussion concerning the local values of the Sherwood number along the bubble interface.

Drag coefficients

The drag force exerted by the surrounding fluid on the bubble is the sum of two components, the pressure drag and the viscous drag. The respective drag coefficients C D,p and C D,τ , have been directly calculated by:

C D,p = -4 π 0 p cos θ sin θdθ (5) C D,τ = C D,τ 1 + C D τ 2 = 4 π 0 τ rθ sin θ sin θdθ + 4 π 0 τ rr cos θ sin θdθ (6)
where p, τ rθ and τ rr are the pressure, the shear stress and the normal stress, respectively. All these quantities are calculated at the bubble surface. The total drag coefficient is given by:

C D = C D,p + C D,τ 1 + C D τ 2 (7) 
In table 2, the values of the selected stagnant cap angle and of the computed pressure, shear stress and normal stress drag coefficients are given. This table represent the effect of the contamination degree on each drag coefficient for a bubble Reynolds number Re = 100. The shear stress drag C D,τ 1 and the pressure drag C D,p decrease as the stagnant cap angle θ cap increases and the normal stress drag C D,τ 2 increases when the θ cap increases. We note that C D,τ 1 , which keeps nearly the same value as θ cap ≤ 43 • , is about 0 when 167 • ≤ θ cap ≤ 180 • . But, the normal stress drag C D,τ 2 which is nearly 0 for a strongly contaminated bubble (θ cap → 0 • ), as observed for a solid surface, becomes high for a little contaminated bubble (θ cap → 180 • ), as observed for a shear-free interface. been used to validate the hydrodynamic computations: the drag coefficient for a clean bubble C m D proposed by [START_REF] Mei | A note on the history force on a spherical bubble at finite Reynolds number[END_REF]:

C Dp C D τ 1 C D τ 2 C D 0 • (contaminated) 0.
C m D =
16 Re 1 + Re 8 + 0.5 (Re + 3.315Re 0.5 ) (8)

and the drag coefficient for a fully contaminated bubble C im D proposed by [START_REF] Schiller | Uber die grundlegende berechnung bei der schwekraftaufbereitung[END_REF]:

C im D = 24 Re 1 + 0.15 Re 0.687 (9) 
Our numerical results agree with the drag coefficients obtained by equations ( 8) and ( 9), and also with the results of other researches [START_REF] Rivero | Etude par simulation numérique des forces exercées sur une inclusion sphérique par un écoulement accéléré[END_REF][START_REF] Sarrot | Capture des fines particules par des inclusions fluides[END_REF], for a clean bubble θ cap = 0 • and a fully contaminated bubble θ cap = 180 • , respectively. When θ cap ≤ 43 • , the drag coefficient of a partially contaminated bubble is almost equal to that of a fully contaminated bubble. Furthermore, even if the bubble surface is not entirely covered by the surfactants, the bubble behaves like a fully contaminated bubble in the range 1 ≤ Re ≤ 300. The increase of the normal stress on the bubble surface does not affect the total drag coefficient. A similar behavior is noticed when the surfactant concentration is weak (θ cap ≥ 145 • ), bubbles behave like clean bubbles. Between these two stages where the drag coefficient is almost constant, the variation of the drag coefficient according to the stagnant cap angle is almost linear. [START_REF] Sadhal | Stokes flow past bubbles and drops partially coated with thin films. Part 1 : Stagnant cap of surfactant filmexact solution[END_REF] have developed an analytical expression of the drag coefficient C D as a function of the stagnant cap angle θ cap for creeping flow (Re → 0): 

C D (θ cap ) = 16 Re 1 4π 2(π -θ cap ) + sin θ cap + sin 2θ cap - 1 3 sin 3θ cap + 1 ( 
C * D = C D -C m D C im D -C m D ( 11 
)
As suggested by [START_REF] Cuenot | The effects of slightly soluble surfactants on the flow around a spherical bubble[END_REF] for Re = 100, C * D can be calculated only as a function of the stagnant cap angle θ cap as follows:

C * D = 1 2π 2(π -θ cap ) + sin θ cap + sin 2θ cap - 1 3 sin 3θ cap (12) 
Figure 6 displays the normalized drag coefficient C * D as a function of stagnant cap angle θ cap for several Reynolds numbers (Re = 1, 10, 100 and 300). C * D values obtained by numerical simulations are in good agreement with equation ( 12). Then, it is possible to estimate the contamination angle from the [START_REF] Sadhal | Stokes flow past bubbles and drops partially coated with thin films. Part 1 : Stagnant cap of surfactant filmexact solution[END_REF] relation. In this work, as this analytical model is satisfactory compared to direct numerical simulation at intermediate Re numbers up to Re = 300, we extend thus the use of this relation to estimate the contamination angle from the bubble terminal velocity at intermediate Re number. This comparison enables to calculate the drag coefficient of a partially contaminated rising bubble by using the equation 12 and the equations 8 and 9. Experimentally, the contamination angle can be deduced by measuring the terminal velocity of the bubble [START_REF] Xu | Mass transfer and diffusion of a single bubble rising in polymer solutions[END_REF]. This possibility has also been used in the case of the contamination by particles in flotation [START_REF] Huang | A new experimental method for determining particle capture efficiency in flotation[END_REF]). These figures show clearly the modification of concentration fields around the bubble due to the interface contamination and the effect of advection around the bubble that increases with Sc and Re, i.e. with P e. For low Schmidt number (Sc = 1), at Re = 1 (figure 7 (a)), concentration fields remain almost fore-and-aft symmetric around the bubble whatever the interface contamination level: the mass transfer by diffusion plays an important role even far away from the surface of the bubble, the concentration decreases gradually from the interface to the bulk. For Re = 100 (figure 8 (a)), mass transfer by advection is more important than that by diffusion, the results being similar for other Re numbers greater than 10 (not showed here), in accordance with the results of [START_REF] Legendre | Etude par simulation numérique du transfert de chaleur entre un écoulement stationnaire ou accéléré et une inclusion sphérique. modélisation numérique de la croissance sphérique d'une bulle de vapeur[END_REF]. With the increase of Sc and/or Re (figures 7 (b,c) and 8 (b,c)), the fore-and-aft symmetry is broken because the advection becomes the predominant mechanism for mass transfer leading to the thickening of the concentration boundary layer in the front of the bubbles whatever the contamination level. As it is showed in figures 7 and 8, when the value of θ increases, the thickness of the concentration boundary layer increases from its minimum value at the front stagnation point (θ = 0 • ) to its maximum value at the rear stagnation point (θ = 180 • ). The thickness of the concentration boundary layer for a clean bubble is lower than that for a contaminated bubble, due to the larger tangential velocity at a clean interface. Furthermore, it is to be noted that the concentration boundary layer becomes very thin for high Re and high Sc (i.e. high P e) whatever the interface contamination level.

The differences between contaminated bubbles and clean bubbles become more important in the rear part and in the wake of the bubble with the increase of Re. At Re = 100 (figure 8), the recirculatory wake modifies the concentration distributions at the rear of the fully contaminated bubble in comparison to the clean bubble for which no recirculation zone appears; this results in a lower concentration in this zone. The effect of the flow separation on concentration fields around contaminated bubbles is observed for Sc = 10 and more clearly for Sc = 100 in the zone θ > θ s (θ s is the separation angle). In addition, it is observed that at high Sc number (Sc = 100), the isolines of concentration are very similar to the corresponding streamlines (figure 2) because the solute is only convected and slightly diffused.

It can be easily inferred from these concentration fields that the interface contamination results in deep changes in mass transfer rates due to the observed effects on the concentration boundary layer thickness presented below.

Thickness of the concentration boundary layer

As shown in the last section, the concentration decreases gradually from the interface (r = 1) to the bulk. The radial profiles of the concentration in the vicinity of the bubble surface at several angular positions θ are shown in figure 9 for a clean bubble (θ cap = 180 • ) at Re = 300 and Sc = 500 (P e = 15 10 4 ). If we call the thickness of the concentration boundary layer δ c the normal distance to the interface over which the concentration is divided by 100 (the concentration decreases from 1 to 0.01), it appears clearly that δ c varies as a function of the angular position θ: at the front part of the bubble surface θ = 180 • , δ c ≈ 5 10 -3 R, it increases up to δ c ≈ 1 10 -2 R for θ > 90 • and it continues increasing for greater θ. As the thickness of the concentration boundary layer increases, the concentration gradient at the interface decreases, so we can suppose that the local mass transfer rate by diffusion from the bubble surface is affected.

Since, as when Sc >> 1 the concentration boundary layer is far thinner than the velocity boundary layer, the penetration of the solute into the liquid occurs in a thin layer of fluid. The velocity in this boundary layer can be evaluated by the first two terms alone of expanding the tangential velocity u x in Taylor series [START_REF] Lochiel | Mass transfer in the continuous phase around axisymmetric bodies of revolution[END_REF]:

u x = U Γ + y ∂u x ∂y Γ ( 13 
)
where U Γ and (∂u x /∂y) Γ are the tangential velocity and the tangential velocity gradient at the surface, respectively, and y = r -1 is the radial distance from the bubble surface scaled by the bubble radius R.

As presented in figure 10, the maximum of the velocity U Γ is located at θ = 90 • for a clean bubble and at θ ≈ 70 • for a partially contaminated bubble (θ cap = 90 • ), whatever the Reynolds number. Due to the zero shear stress condition at the mobile interface of a bubble (θ < θ cap ), the tangential velocity in the vicinity layer of the clean part of the bubble surface is almost equal to U Γ . This can explain the lower thickness of the concentration boundary .

Local Sherwood number

The local mass transfer rate from the bubble surface to the liquid can be characterized by the local Sherwood numbers Sh loc (θ) given by:

Sh loc (θ) = - 2 R J loc (θ) D L (c ′ s -c ′ 0 ) = -2 ∂c ∂r r=1 ( 14 
)
where J loc (θ) is the local mass flux on the inclusion surface at θ. The Sh loc (θ) profiles along the interface versus θ are presented in figure 11 for a clean and a fully contaminated bubble and in figure 12 for partially contaminated bubbles.

One can note immediately on figure 11 the large differences on the local Sherwood numbers for clean or fully contaminated bubbles for identical Re and Sc numbers. Figure 11 shows that for a clean bubble as well as for fully contaminated bubbles in the absence of a recirculation flow (Re < Re c , Re c is the critical Reynolds number), the maximum and the minimum of the local mass transfer rate occur at the front and at the rear stagnation points, respectively. For each Schmidt number (Sc = 1, 100 and 500), around the front stagnation point, the concentration boundary layer becomes thinner as the Reynolds number increases leading to higher local mass transfer rates. For fully contaminated bubble at Re > Re c a flow separation is observed with the consequent formation of a recirculation flow at the rear of bubble (figure 2 a). This recirculation flow has a deep effect on the local mass transfer rate. At high Peclet number, it is found that the minimum of the Sh loc is located near the separation point θ s . After the separation point the local Sherwood number Sh loc increases again. In fact, the location of the minimum of Sh loc corresponds to the point where the vorticity (or tangential gradient velocity) changes its sign. The relative fractions of mass transfer through the bubble surface upstream of the separation point was calculated by integrating the local Sherwood profiles for Re = 100 and 300 with separation angle respectively equal to 127 • et 110 • . As expected, the transfer before the separation angle (Sh f ront ) is drastically greater than that from the rear recirculation (Sh rear ) as the fluid is more renewed at the bubble surface than in the wake. For example, at Re = 100 and Sc = 500, the mass transfer before the separation angle represents 87.6 % of the average Sherwood value. The relative fraction decreases with the Re number as at Re = 300 with Sc numbers equal 100 and 500, the relative fraction (Sh f ront /Sh) is almost constant and close to 79.6 % and 78.8 %. The relative fraction of mass transfer at the front is always greater than 80 % and independent of the Schmidt number but highly correlated to the separation angle. For a contaminated bubble, we can propose in the same way as [START_REF] Clift | Bubbles, Drops and Particles[END_REF] the following correlation between the relative transfer at the front with the Reynolds number as Sh f ront /Sh = (1 -0.077 ln(Re/20)) 20 < Re < 300. Due to the absence of recirculatory wake for a clean bubble, whatever Re, the evolution of the Sherwood number with θ are always similar to the one observed for fully contaminated bubbles at Re < Re c . Whatever Sc and Re, maxima of the mass transfer rate (Sh m loc ) max for clean bubbles are greater than those for fully contaminated bubbles due to more important velocities in the vicinity of the bubble surface: (Sh m loc ) max is about 3.5 times (Sh im loc ) max for Sc = 500 and Re = 300. As it has been observed previously for fully contaminated bubbles, mass transfer loses its spherical symmetry whenever Re = 0 making classical film models used in chemical engineering questionable. For the clean bubble, the velocity (∂u x /∂y) Γ y is low compared with the velocity at interface, and then this velocity can be neglected if the thickness of the concentration boundary layer is very small. In this layer around the bubble, the tangential velocity is important and it is almost equal to U Γ (equation 13). So, the evolution of the mass transfer rate can be related to the tangential velocity.

In addition, the tangential velocity U Γ and the tangential velocity gradient (∂u x /∂y) Γ are equal to zero at the front stagnant point, but the local mass transfer rate is maximum at this point. Then, the evolution of mass transfer rate versus θ cannot be explained only by U Γ and (∂u x /∂y) Γ .

In order to explain the value of the mass transfer rate at the front stagnation point (θ ≈ 0 • ), a theoretical resolution of the convection-diffusion equation is realized for the clean bubble and for the potential flow. The velocity components u x (tangential) and u y (radial) in the concentration boundary layer are given by:

u x = 3 2 sinθ , u y = - 3 2 y sinθ ∂ ∂θ sin 2 θ (15)
At θ ≈ 0 • , u x = 0 and u y = -3 y, the local Sherwood number is:

Sh m loc (θ ≈ 0) = 1.954 √ P e (16) 
This development which corresponds to the potential solution is in good agreement with the numerical results for Sc = 1 and Sc = 10, but for Sc ≥ 100 the Sh loc (θ = 0) obtained by the last equation is greater than that obtained by numerical simulations. For the fully contaminated bubble, a similar development is also used for low Reynolds number. It is remarkable that the mass transfer rate at the front stagnation point depends on the radial velocity u y or on the radial velocity gradient (∂u y /∂y) Γ . So, the evolution of the mass transfer rate is related to the tangential velocity, the tangential gradient velocity and the radial velocity gradient and the molecular diffusion of species. This also depends on the contamination level.

In figure 12, the evolution of the local Sherwood numbers versus θ is presented for a partially contaminated bubble at different Schmidt numbers (Sc = 1, 100 and 500) and for two Reynolds numbers (Re = 1 and 10). For a low contamination level (θ cap ≥ 145 • ), the mass flux transferred by a partially contaminated bubble is the same as that transferred by a clean bubble. While, for a highly contaminated bubble (θ cap ≤ 24 • ), the capacity of the mass transfer is the same as that of a fully contaminated bubble. Also, we observe a sharp decrease of the local Sherwood number at θ = θ cap . Whatever the contamination degree, the contribution of the front surface of the bubble (0 • ≤ θ ≤ 90 • ) to the global flux transferred by the bubble is more important than that of the rear surface (90 • < θ ≤ 180 • ). For example, the flux transferred to the front surface is about 75 % of the total flux at θ cap = 0 • and θ cap = 180 • , but this value can reach 85 % as θ cap = 90 • . However, the local mass transfer on the mobile interface (θ ≤ θ cap ) is always lower than the one in the case of a clean bubble (Sh loc ≤ Sh m loc ). The same diminution is observed for the immobile interface, Sh loc ≤ Sh im loc . Then, the interface contamination has an important effect on the local mass transfer between a spherical bubble and the liquid. In addition, if Re < Re c , whatever the contamination degrees, the maximum and the minimum of the Sh loc occur at θ = 0 • and θ = 180 • , respectively. When Re > Re c the minimum of Sh loc is located at θ ≥ θ s (θ s is the separation angle) for contaminated bubbles.

The numerical results presented in figures 11 and 12 show that the local Sherwood numbers change of course with Schmidt and Reynolds numbers, but also significantly depend upon the contamination level. These effects are now evaluated on the average (or global) Sherwood number over the whole bubble surface in order to transform the previous local investigation in results at the bubble scale, to correlate the resulting values for engineering uses and for comparison with literature results and laws.

Average Sherwood number

The average mass transfer from bubble to the surrounding liquid can be characterized by the average Sherwood numbers (Sh) deduced from local Sherwood values along the interface by the following expression: For fully contaminated spherical bubbles, [START_REF] Clift | Bubbles, Drops and Particles[END_REF] proposed the correlation (equation 18) using the numerical solutions of [START_REF] Al-Taha | Heat and mass transfer from disks and ellipsoids[END_REF]; [START_REF] Ihme | Theoretische untersuchung über die umströmung und den stoffübergang an kugeln[END_REF]; [START_REF] Masliyah | Numerical solution of heat and mass transfer from spheroids in axisymmetric flow[END_REF]; [START_REF] Woo | A Numerical Method of Determining the Rate of Evaporation of Small Water Drops Falling at Terminal Velocity in Air[END_REF]; [START_REF] Dennis | Heat transfer from a sphere at low reynolds numbers[END_REF]; [START_REF] Hatim | Theoretical study of heat transfer from a solid sphere accelerating from rest[END_REF] for 1 ≤ Re ≤ 400 and 0.25 ≤ Sc ≤ 100. The discrepancy between these numerical solutions and equation 18 is less than 3 per cent over this wide range of Re and Sc numbers.

Sh im = 1 + Sc 1/3 Re 0.41 1 + 1 P e 1/3 (18) 
Table 3 shows the comparison of our results with those provided in literature [START_REF] Clift | Bubbles, Drops and Particles[END_REF][START_REF] Legendre | Etude par simulation numérique du transfert de chaleur entre un écoulement stationnaire ou accéléré et une inclusion sphérique. modélisation numérique de la croissance sphérique d'une bulle de vapeur[END_REF][START_REF] Feng | Heat and mass transfer coefficients of viscous spheres[END_REF][START_REF] Saboni | Effect of the viscosity ratio on mass transfer from a fluid sphere at low to very high peclet numbers[END_REF], for fully contaminated bubbles with different Reynolds numbers and Schmidt numbers. Our numerical results agree with the average Sherwood numbers obtained by these differents authors. [START_REF] Lochiel | Mass transfer in the continuous phase around axisymmetric bodies of revolution[END_REF] proposed:

Re

Sh m = 1.13 1 - 2.96 Re 1/2 1/2 P e 1/2 (19) 
and [START_REF] Takemura | Gas dissolution process of spherical rising bubbles[END_REF]:

Sh m = 4 π 1/2 1 - 2 3 1 (1 + 0.09Re 2/3 ) 3/4 1/2 2.5 + P e 1/2 (20)
When the Reynolds number is very high (potential flow), equations 19 and 20 reduce to equation 21 given by Boussinesq for transfer around spheres in potential regime:

Sh m = 1.13P e 1/2 (21) 
At low Re, [START_REF] Oellirich | Theoretische berechnung des stoffransports in der umgebung einer einzelblase[END_REF] directly solved the advection-diffusion equation using the Hadamard-Rybczynski solution to estimate Sh by correlation of their numerical results. They showed that Sh m vs P e lies between two limiting curves given by equation 22 and equation 23, corresponding to Re → 0 and Sc → ∞, and Re → ∞ and Sc → 0, respectively. Sh m = 2 + 0.651P e 1.72 1 + P e 1.22 (22)

Sh m = 2 + 0.232P e 1.72 1 + 0.205P e 1.22 (23)

Table 4 shows the comparison of our results with those found in literature [START_REF] Legendre | Etude par simulation numérique du transfert de chaleur entre un écoulement stationnaire ou accéléré et une inclusion sphérique. modélisation numérique de la croissance sphérique d'une bulle de vapeur[END_REF][START_REF] Takemura | Gas dissolution process of spherical rising bubbles[END_REF][START_REF] Feng | Heat and mass transfer coefficients of viscous spheres[END_REF][START_REF] Kishore | Bubble swarms in power-law liquids at moderate reynolds numbers: Drag and mass transfer[END_REF][START_REF] Saboni | Effect of the viscosity ratio on mass transfer from a fluid sphere at low to very high peclet numbers[END_REF], for clean bubbles with different Reynolds and Schmidt numbers. In most cases, our numerical results agree with the average Sherwood numbers obtained by these different authors.

As showed in the previous section, at high Reynolds number (Re > Re c , Re c is the critical Reynolds number) the interface contamination causes dramatic changes on the flow and on the concentration field around the bubble. As a consequence, it also affects the average mass transfer. The ratio R Sh between the Sherwood number of a clean bubble and of a fully contaminated bubble is always greater than 1. This ratio increases with the Peclet number P e (P e = Re Sc). From our numerical results, at high Peclet number, the ratio R Sh can be correlated by: R Sh = Sc 1/6 Re 1/3 1 + 0.55 Re 1/3 (24)

For instance, the ratio R Sh is about 4 for P e = 150000 (Re = 300 and Sc = 500). For calculating this ratio R Sh , it is assumed that the fully contaminated bubble has the same Reynolds number as the clean bubble. In a bubbly reactor for example, the ratio R Sh will be larger than 4 because the rising velocity of a fully contaminated bubble is lower than the one of a clean bubble, then Re im < Re m for the same bubble diameter. The rising velocity of a 1mm in diameter spherical bubble in clean water is 30 cm.s -1 but it is only 20 cm.s -1 for a fully contaminated bubble giving Re clean = 1.5 Re f ully-contaminted .

As in chemical or biological processes bubble interfaces are rarely totally clean nor fully contaminated, it is necessary to take into account the effect of the partial contamination on mass transfer. The numerical results obtained for partial contaminations are presented in the following section.

(iii) Partially contaminated bubble

Table 5 shows a comparison between the average Sherwood numbers obtained with this present study at the same conditions of those provided by [START_REF] Takemura | Rising speed and dissolution rate of a carbon dioxide bubble in slightly contaminated water[END_REF]. In most cases, our numerical results agree with the average Sherwood numbers obtained by these authors. Figure 13 shows that the shape of Sherwood number Sh versus stagnant cap angle θ cap curves is the same for the different Reynolds and Schmidt numbers (1 ≤ Re ≤ 300 and 1 ≤ Sc ≤ 500). This trend shows a S-shaped transition between the Sherwood numbers of a clean bubble and the Sherwood numbers of a fully contaminated bubble. The Sherwood number exhibits the same behavior with contamination angle as the drag coefficient does, but in the reverse trend as the drag coefficient decreases with the contamination angle.

θ cap 0 • 43 • 64 • 90 • 124 • • Re = 10
For low Reynolds number, we can notice that for θ cap < 40 • the interface contamination fully affect the mass transfer and bubbles can be assimilated to spherical solid particles. On the other side of the curves, for θ cap > 160 • , the mass transfer of a contaminated bubble can be estimated by correlations established for clean bubbles.

For higher Reynolds numbers and a Schmidt number Sc = 500, if the contaminants cover 50% of the bubble surface, the Sherwood numbers remains closer to the Sherwood number of a clean bubble. This conclusion was also showed by the numerical results of [START_REF] Ponoth | Numerical simulation of mass transfer for bubbles in water[END_REF]). Then, a limited contamination of the bubble surface does not affect the mass transfer of a bubble that can be considered as a clean bubble as far as the mass transfer is concerned.

(iv) Normalized Sherwood number

Figures 14 show the normalized Sherwood number Sh * defined by equation 25 as a function of the contamination angle θ cap for different Re (Re =1, 10, 100 and 300) and Sc numbers (Sc =1, 10, 100, 300, 400 and 500).

Sh * = Sh -Sh m Sh im -Sh m (25) 
We plotted also on these figures the normalized drag coefficient C * D (equation 12) derived for creeping conditions by [START_REF] Sadhal | Stokes flow past bubbles and drops partially coated with thin films. Part 1 : Stagnant cap of surfactant filmexact solution[END_REF] ber as a function of the contamination angle θ cap under these common mass transfer conditions in bubbly reactors.

Sh * lower = 1 -(1 -(C * D ) 2 ) 0.5 (26) 
The calculation of mass transfer with the previous relation considers steady state with a constant bubble size. Nevertheless, the Sh and Cd results can be used to solve a quasi-steady state problem in situations where depletion is important for high soluble gas. In this case, a two-way coupling between hydrodynamics and mass transfer solving should be necessary. As an example, a transient two-way coupling with depletion is simulated in the work of [START_REF] Colombet | On single bubble mass transfer in a volatile liquid[END_REF] at intermediate Re numbers.

Conclusions

The effect of interface contamination on spherical bubble to liquid mass transfer are analyzed by Direct Numerical Simulation (DNS) with the JADIM calculation code in terms of Sherwood number Sh function of bubble Reynolds number Re (1 ≤ Re ≤ 300) and Schmidt Sc number (1 ≤ Sc ≤ 500). The level of interface contamination is accounted for by the contamination angle θ cap . Three types of rising inclusions are studied: fully contaminated spherical bubbles behaving as solid particles (θ cap = 0 • ), clean spherical bubbles (θ cap = 180 • ), and partially contaminated bubbles (0 • < θ cap < 180 • ). For solid spheres and clean spherical bubbles, a special attention have been paid to verify that drag coefficients and separation angle are in very good agreement with the theoretical and numerical results from the literature. For partially contaminated bubbles at low and intermediate Reynolds numbers, the drag coefficient is showed to be favorably determined by the normalized drag coefficient proposed by [START_REF] Sadhal | Stokes flow past bubbles and drops partially coated with thin films. Part 1 : Stagnant cap of surfactant filmexact solution[END_REF] in combination with the drag laws of [START_REF] Schiller | Uber die grundlegende berechnung bei der schwekraftaufbereitung[END_REF] and [START_REF] Mei | A note on the history force on a spherical bubble at finite Reynolds number[END_REF]. This result is of paramount importance for the calculation of exact rising velocity of these partially contaminated bubble when estimating their mass transfer rate.

As the presence and the size of a vortex at the rear part of the bubble play a major role on the mass transfer rate, the vorticity at the bubble interface has been used to determine as a function of θ cap the critical Reynolds number Re c at which this vortex appears. The relevant separation angles θ s are then plotted and correlated as a function of Re and θ cap .

The concentration fields around the rising bubbles and the local Sherwood numbers along the bubble interface show the effects of the partial contamination on the mechanisms at play on the mass transfer, with a sudden rate change very close to the separation angle θ s . The crucial roles of the tangential liquid velocity at the interface and of a possible vortex at the rear part of the bubble are highlighted and explain the effect of the interface contamination that lowers the mass transfer rate at identical Re in comparison with the rates for clean bubbles. It is also showed that the diffusion at low and intermediate Sc numbers play an important contribution to mass transfer rate. These observations lead to the questioning of too simple models for calculating the Sherwood number Sh at intermediate Re for partially contaminated bubbles by simple weighting of Sherwood's numbers for a clean bubble and for a fully contaminated bubble. Calculated average Sherwood numbers Sh for solid spheres and clean spherical bubbles well fit the existing results of the literature. For low Reynolds numbers, for θ cap < 40 • , bubbles can be assimilated to spherical solid particles. On the contrary, for θ cap > 160 • , the mass transfer of the contaminated bubble can be estimated by correlations established for clean bubbles.

For intermediate contamination levels, a normalized Sherwood number Sh * calculated by the [START_REF] Sadhal | Stokes flow past bubbles and drops partially coated with thin films. Part 1 : Stagnant cap of surfactant filmexact solution[END_REF] model for normalized drag coefficient can be used. For intermediate Reynolds numbers, the [START_REF] Sadhal | Stokes flow past bubbles and drops partially coated with thin films. Part 1 : Stagnant cap of surfactant filmexact solution[END_REF] 

= 1 -(1 -(C * D ) 2 ) 0.5 .
Finally, the results presented here allow one to estimate the rising velocity and the mass transfer rates for partially contaminated spherical bubbles classically encountred in bubbly reactors. It is clear that a correlative model would still need to be proposed to represent the whole set of Sherwood num-bers according to the three parameters Re, Sc and θ cap . Concerning the effect of bubble deformation, recent numerical methods developments [START_REF] Atasi | Influence of soluble surfactants and deformation on the dynamics of centered bubbles in cylindrical microchannels[END_REF] make possible the coupling between deformation and surface contamination. The use of such approach will make possible to investigate the coupling between both aspects on mass transfer.
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 1 Figure 1: Computational domain L ∞ = 160R

Figure 2 :

 2 Figure 2: Streamlines around a bubble for different stagnant cap angles θ cap (θ cap = 0 • , θ cap = 90 • , θ cap = 124 • and θ cap = 180 • ) with Re = 100
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 34 Figure 3: Separation angle as a function of Reynolds numbers Re with different stagnant cap angles θ cap . o : θ cap = 0 • , * : θ cap = 64 • , × : θ cap = 90 • , + : θ cap = 124 • , ⋄ : θ cap = 145 • and • : θ cap = 167 • and -: equation 4
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 5 Figure 5 shows the total drag coefficient C D versus stagnant cap angle θ cap of the partially contaminated spherical bubbles for Re = 1 and Re = 100. At an intermediate Reynolds number, two total drag coefficient expressions have

  10) We can relate the drag coefficient of a partially contaminated bubble C D to the drag coefficients of a clean bubble C m D (C m D = 16/Re) and that of a fully contaminated bubble C im D (C im D = 24/Re) via a normalized drag coefficient C * D :
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 6 Figure 6: Normalized drag coefficient versus stagnant cap angle for partially contaminated spherical bubbles. •: Re = 1, + : Re = 10, * : Re = 100, ⋄: Re = 300 and -:[START_REF] Sadhal | Stokes flow past bubbles and drops partially coated with thin films. Part 1 : Stagnant cap of surfactant filmexact solution[END_REF] 
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 7 Figure 7: Concentration fields around a bubble for different Schmidt numbers Sc with Re = 1. (a) Sc = 1, (b) Sc = 100 and (c) Sc = 500. Left : fully contaminated bubble (θ cap = 0 • ), middle : partially contaminated bubble (θ cap = 124 • ) and right : clean bubble (θ cap = 180 • )
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 8 Figure 8: Concentration fields around a bubble for different Schmidt numbers Sc with Re = 100. (a) Sc = 1, (b) Sc = 10 and (c) Sc = 100. Left : fully contaminated bubble (θ cap = 0 • ), middle : partially contaminated bubble (θ cap = 124 • ) and right : clean bubble (θ cap = 180 • )
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 9 Figure 9: Evolution of the concentration in the vicinity of bubble surface for different angular positions θ with θ cap = 180 • , Re = 300 and Sc = 500. * : θ = 28 • , ⋄ : θ = 58 • , + : θ = 90 • , : θ = 122 • and o : θ = 150 •
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 11 Figure 11: Evolution of the local Sherwood numbers Sh loc versus θ for fully contaminated bubble θ cap = 0 • (Left) and for clean bubble θ cap = 180 • (Right).(a) Sc = 1, (b) Sc = 100 and (c) Sc = 500. + : Re = 1, * : Re = 10, o : Re = 100 and : Re = 300
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 12 Figure 12: Evolution of the local Sherwood numbers Sh loc versus θ for partially contaminated bubble. (a) Sc = 1, (b) Sc = 100 and (c) Sc = 500. : θ cap = 0 • , * : θ cap = 24 • , o : θ cap = 64 • , + : θ cap = 90 • , × : θ cap = 145 • and ⋄ : θ cap = 180 • . Left: Re = 1 and Right: Re = 10
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 1314 Figure 13: Sherwood number vs stagnant cap angle for partially contaminated spherical bubbles. * : Sc = 1, + : Sc = 10, × : Sc = 100, • : Sc = 300, ⋄ : Sc = 400 and • : Sc = 500
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 1 Sensitivity of the Drag coefficient and of the Sherwood number for a clean spherical bubble to the grid size

Table 2 :

 2 Drag coefficients versus stagnant cap angles for a bubble Reynolds number Re = 100

		511	0.583	0.18 10 -4	1.095
	24 •	0.515	0.580	0.4 10 -2	1.095
	43 •	0.534	0.558	0.77 10 -2	1.098
	64 •	0.558	0.479	0.38 10 -1	1.075
	90 •	0.464	0.325	0.107	0.85
	124 •	0.211	0.101	0.202	0.52
	145 •	0.149	0.22 10 -1	0.229	0.4
	167 •	0.139	0.92 10 -3	0.236	0.38
	180 • (clean)	0.139	0	0.236	0.38

Table 3 :

 3 Comparison of the average Sherwood number for a fully contaminated spherical bubble for different bubble Reynolds numbers Re and for different Schmidt numbers Sc (ii) Clean spherical bubble At high Re numbers,

Table 4 :

 4 Comparison of average Sherwood number of a clean spherical bubble for different bubble Reynolds numbers Re and for different Schmidt numbers Sc

Table 5 :

 5 Comparison of the average Sherwood number of a partially spherical contaminated bubble for Schmidt number Sc = 500 and for two bubble Reynolds numbers Re (Re = 10 and Re = 100)

  from an analytical expression of the drag coefficient C D .At low Reynolds numbers (Re = 1), whatever the Sc number, the normalized Sherwood number Sh * follows the normalized drag coefficient C * D . For higher Reynolds numbers, Sh * numbers obviously differ from C * D and depend on Re and Sc keeping always a similar S-shape curve as a function of the contamination angle θ cap . It is interesting to note that whatever Re and Sc numbers, C * D is an upper limit for Sh * . At high Re and Sc numbers, the normalized Sherwood number Sh * versus θ cap converges to a lower limit Sh

* lower defined by equation 26 that can be used to calculate the Sh num-

  model, adapted for the Stokes regime, is no longer suitable to calculate the Sherwood number for Reynolds. The discrepancy becomes more pronounced with Re and Sc increases. However, this model gives an upper limit to the normalized Sherwood numbers. At common conditions in bubbly reactors of high Sc and intermediate Re, the normalized Sherwood number Sh * converges to a lower limit Sh * lower function of θ cap well correlated to the normalized drag coefficient C * D by Sh * lower