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Introduction

Turbulence is known to be a highly efficient enhancement mechanism for mixing and mass transfer between phases. In particular, liquid side turbulence has been shown to enhance air-water mass transfer of low diffusive atmospheric gases at interfaces, by locally deforming the liquid side concentration boundary layer [START_REF] Janzen | Estimation of mass transfer velocity based on measured turbulence parameters[END_REF][START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF][START_REF] Lacassagne | Study of Gas Liquid Mass Transfer in a Grid Stirred Tank[END_REF]. Local, near-surface, mixing mechanisms occur in thin sub-layers under the interface, typically of 1 cm to less than 1 mm. They have been investigated for several decades, but the question of their depiction is arduous to tackle, both numerically and experimentally, because of the small scales involved. Studies have so far focused mostly on air-water interfaces, clean [START_REF] Hunt | Turbulence Structure and Turbulent Diffusion Near Gas-Liquid Interfaces[END_REF][START_REF] Brumley | Near-surface turbulence in a grid-stirred tank[END_REF][START_REF] Chu | Turbulent gas flux measurements below the airwater interface of a grid-stirred tank[END_REF][START_REF] Magnaudet | Turbulent mass transfer through a flat shearfree surface[END_REF][START_REF] Flores | On the dynamics of turbulence near a free surface[END_REF] or polluted [START_REF] Herlina | Isotropic-turbulence-induced mass transfer across a severely contaminated water surface[END_REF][START_REF] Wissink | Effect of surface contamination on interfacial mass transfer rate[END_REF]. Despite the numerous industrial processes involving turbulent gas-liquid mass transfer in complex fluids (see e.g. [START_REF] Gabelle | Effect of tank size on kLa and mixing time in aerated stirred reactors with non-newtonian fluids[END_REF], [START_REF] Kawase | Gas-liquid mass transfer in external-loop airlift columns with newtonian and non-newtonian fluids[END_REF]) local mass transfer events and near-surface turbulence have never been measured in non-Newtonian media. Here, focus is made on the case of a low liquid phase diffusivity atmospheric gas, carbon dioxide, frequently encountered in industrial and environmental applications. Indeed, capture and storage of carbon dioxide is a crucial challenge for industrial and environmental process aiming at an increased sustainability [START_REF] Olajire | CO2 capture and separation technologies for end-of-pipe applications -A review[END_REF][START_REF] Huppert | The Fluid Mechanics of Carbon Dioxide Sequestration[END_REF][START_REF] Hosseini | Biosequestration of industrial off-gas CO2 for enhanced lipid productivity in open microalgae cultivation systems[END_REF], and many of such process involve flows of liquids with complex rheologies [START_REF] Hosseini | Biosequestration of industrial off-gas CO2 for enhanced lipid productivity in open microalgae cultivation systems[END_REF][START_REF] Li | Mass transfer characteristics for CO2 absorption in nanoabsorbents[END_REF].

The aim of this work is to provide a first experimental observation of nearsurface turbulence-induced mass transfer and mixing in a non-Newtonian, moderately shear-thinning fluid, in the few millimetres underneath a flat gas-liquid interface. The gas is dissolving from an over saturated gaseous phase at rest towards a complex liquid phase, at initially zero concentration, stirred by bulk turbulence. The simplified case of a flat horizontal interface is studied in order to visualize fundamental mass transfer mechanisms at small scales. Spatially and temporally synchronised application of stereoscopic particle image velocimetry (SPIV) and planar laser induced fluorescence (PLIF) allows to measure coupled liquid phase velocity fluctuations and dissolved gas 

Background

In a liquid phase in contact with an over-saturated gas phase, the concentration C of a dissolved species varies exponentially between its interfacial value C sat and the bulk value C b far from the interface, according to Fick's laws of diffusion. One may write

C(z, t) = C(z, t) -C b (t) C sat (t) -C b (t) = e -z/δ D (1) 
where C(z, t) is the concentration normalised by saturation and bulk concentrations, t is the time and z the distance from the interface (here the depth below the flat horizontal interface, see fig 1).

Assuming a negligible resistance to mass transfer on the gas side, the saturation value is fixed by the partial pressure of the same species in the gaseous phase p * according to Henry's law p * = H c,i C sat [START_REF] Henry | Experiments on the Quantity of Gases Absorbed by Water, at Different Temperatures, and under Different Pressures[END_REF]. Resistance to mass transfer on the liquid side is expressed by the δ D parameter: the apparent diffusive layer depth, or liquid film. This sub-layer accounts for diffusion but also advection mechanisms. In cases with no liquid side motion, this sub-layer is simply equivalent to a purely diffusive sub-layer. The liquid side mass transfer efficiency/velocity is defined k L = D δ D is with D the molecular diffusion coefficient of the dissolved gas in the aqueous medium considered [START_REF] Lewis | Principles of Gas Absorption[END_REF], with here D = 1.90 × 10 -9 m 2 .s -1 for carbon dioxide in water at 20°C.

The relative effects of momentum diffusion over molecular diffusion are quantified by the Schmidt number Sc= ν/D with ν the kinematic viscosity of the fluid.

For high Schmidt number (low diffusivity) phenomena, flow structures may deform, contract or stretch the local diffusive layer δ D . What is known of turbulence action on dissolved gas at the interface can thus be summarized as follows (see figure 1). A turbulent eddy coming from the bulk enters the surface influenced region and is deformed by surface action [START_REF] Hunt | Turbulence Structure and Turbulent Diffusion Near Gas-Liquid Interfaces[END_REF][START_REF] Brumley | Near-surface turbulence in a grid-stirred tank[END_REF][START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF]. If its typical size is large compared to the apparent scalar sub-layer depth, it mainly contracts the scalar sub-layer thus sharpening the concentration gradient and increasing mass transfer. This is the picture of the film model by [START_REF] Lewis | Principles of Gas Absorption[END_REF].

Smaller eddies however have the ability to peel the diffusive film and send saturated fluid downwards, while replacing it with fresh fluid brought from the bulk. Under-saturated fluid being brought at the interface, concentration gradients are increased making the boundary layer δ D thinner and enhancing near surface diffusion. This is the principle of surface renewal or film renewal [START_REF] Higbie | The rate of absorption of a pure gas into still liquid during short periods of exposure[END_REF][START_REF] Danckwerts | Significance of Liquid-Film Coefficients in Gas Absorption[END_REF][START_REF] Chu | Turbulent gas flux measurements below the airwater interface of a grid-stirred tank[END_REF]. This renewal is associated with a complementary mechanism [START_REF] Herlina | Experiments on gas transfer at the air-water interface induced by oscillating grid turbulence[END_REF][START_REF] Janzen | Estimation of mass transfer velocity based on measured turbulence parameters[END_REF][START_REF] Asher | Statistics of surface divergence and their relation to air-water gas transfer velocity[END_REF][START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF]: injection/peeling events of the boundary layer by velocity structures resulting in the injection of saturated fluid inside the bulk where i) diffusion is thus enhanced and ii) multi-scale turbulent mixing becomes dominant.

The wide range of turbulent structure sizes and the various ways eddies can interact with the scalar boundary layer result in an intricate combination of surface renewal and injection events responsible of global turbulent mass transfer.

The influence of turbulence on gas-liquid mass transfer and the depths at which it is relevant thus needs to be understood in light of the behaviour of turbulence approaching the interface. In water, the interactions between an horizontal free surface and upcoming bulk turbulence are usually characterized using two "undisturbed" scales of turbulence [START_REF] Hunt | Free-stream turbulence near plane boundaries[END_REF][START_REF] Brumley | Near-surface turbulence in a grid-stirred tank[END_REF]: the horizontal integral length scale L ∞ and horizontal velocity fluctuations (root mean square value) u . These are the values that would be found at the interface location if there were no interface, obtained by extrapolation of the bulk turbulence scaling laws [START_REF] Lacassagne | Oscillating grid turbulence in shear-thinning polymer solutions[END_REF]. They thus depend on the bulk turbulence properties only.

The depth at which turbulence begins to "see" the interface is called the surface-influenced layer, and is assumed to be about the size of one integral length scale of the upcoming bulk turbulence L ∞ [START_REF] Hunt | Turbulence Structure and Turbulent Diffusion Near Gas-Liquid Interfaces[END_REF][START_REF] Brumley | Near-surface turbulence in a grid-stirred tank[END_REF][START_REF] Chu | Turbulent gas flux measurements below the airwater interface of a grid-stirred tank[END_REF]. Velocity dynamics in the surface-influenced layer is mostly independent of the surface boundary condition, and the theory of [START_REF] Hunt | Turbulence Structure and Turbulent Diffusion Near Gas-Liquid Interfaces[END_REF] applies equally well to clean, contaminated and no-slip surfaces up to a certain proximity with the interface [START_REF] Bodart | Direct numerical simulation of unsheared turbulence diffusing towards a free-slip or no-slip surface[END_REF], which is in turn defined by another smaller typical depth: the viscous sub-layer

δ v , scaling as δ v = L ∞ Re -0.5
T [START_REF] Brumley | Near-surface turbulence in a grid-stirred tank[END_REF][START_REF] Magnaudet | High-Reynolds-number turbulence in a shear-free boundary layer: revisiting the Hunt-Graham theory[END_REF]. Here Re T is the turbulent Reynolds number at the interface expressed as Re T = ρu L∞ µ , with ρ and µ the density and dynamic viscosity respectively. This sub-layer is defined as the depth from which an eddy adjusts to the boundary condition set by the interface by viscous effects. For turbulent mass transfer of high Schmidt number gases at non negligible Reynolds number, the characteristic scalar depth δ OD is typically smaller than the viscous sub-layer depth δ v : most of the events relevant for mass transfer occurs within the viscous sub-layer.

In a recent work [START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF], the liquid phase velocity data of the present set of measurements presented has been used to extend this description to the case of shear-thinning dilute polymer solutions (DPS). A correlation for the evolution of the viscous sub-layer depth in the dilute regime of shear-thinning inelastic xanthan gum (XG) solutions has been derived. The increase of the viscous sub-layer depth was smaller than what could be expected from the increase in zero shear rate viscosity, and better correlated to the value of the infinite-shear viscosity. In what follows, comparison is made between a Newtonian case and a shear-thinning case with comparable Reynolds number and viscous sub-layer depth. In that way, scalar and mass transfer events can be compared between the Newtonian and shear-thinning case for equivalent hydrodynamic conditions of up-coming turbulence.

It should also be mentioned that the influence of non-Newtonian properties on turbulent or non-turbulent mass transfer can be found addressed from a global, process oriented point of view in the literature, where studies try to relate the evolution of global mass transfer parameters such as the volumetric mass transfer coefficient k L a, to dimensionless numbers describing the non-Newtonian properties of the flow. This has been done on a large variety of two phase flows, among which aerated stirred tanks [START_REF] Ranade | Influence of polymer additives on the gas-liquid mass transfer in stirred tanks[END_REF][START_REF] Puthli | Gas-liquid mass transfer studies with triple impeller system on a laboratory scale bioreactor[END_REF][START_REF] Cabaret | Gas-liquid mass transfer in unbaffled dual-impeller mixers[END_REF][START_REF] Gabelle | Effect of tank size on kLa and mixing time in aerated stirred reactors with non-newtonian fluids[END_REF] and bubble columns [START_REF] Kawase | Turbulent heat and mass transfer in newtonian and dilute polymer solutions flowing through rough pipes[END_REF][START_REF] Kawase | Gas-liquid mass transfer in external-loop airlift columns with newtonian and non-newtonian fluids[END_REF][START_REF] Han | Local gas distribution and mass transfer characteristics in an annulus-rising airlift reactor with non-Newtonian fluid[END_REF], to cite a few. The fundamental limitation in these configurations is that mass transfer depends on both the mass transfer velocity k L but also on the interfacial area a, both of which are modified by non-Newtonian properties: hydrodynamics of the liquid phase act on the gas phase properties, that is to say the bubble size, size dispersion, rising velocity, or residence time [START_REF] Ranade | Influence of polymer additives on the gas-liquid mass transfer in stirred tanks[END_REF][START_REF] Han | Local gas distribution and mass transfer characteristics in an annulus-rising airlift reactor with non-Newtonian fluid[END_REF] making it difficult to disentangle the two effects and isolate from such studies the effects of turbulence and non-Newtonian fluids on mass transfer velocity and mixing alone. This is why fundamental, local, flat surface experiments are essential first steps to the better understanding of non-Newtonian turbulent mass transfer.

Materials and methods

Shear-thinning polymer solutions

Distilled water and a dilute solution of XG (10 ppm concentration, M w = 3.4 × 10 6 g.mol -1 , polydispersity close to 1.12 [START_REF] Rodd | Characterisation of xanthan gum solutions using dynamic light scattering and rheology[END_REF]) are used as the Newtonian and shear-thinning fluid, respectively. XG yields clear aqueous non-Newtonian solutions suitable for the use of optical methods metrology, and is here chosen for its high resistance to strong shears and extreme pH conditions [START_REF] Garcia-Ochoa | Xanthan gum: production, recovery, and properties[END_REF]. Such features are necessary when using it in the oscillating grid apparatus, in which strong local shear may be experienced by polymer chains nearby the grid, and when dissolving carbon dioxide in the liquid phase, a process during which the pH may decrease to acidic values. The polymer concentration is chosen well inside the dilute regime [START_REF] Wyatt | Rheology and viscosity scaling of the polyelectrolyte xanthan gum[END_REF][START_REF] Lacassagne | Oscillating grid turbulence in shear-thinning polymer solutions[END_REF]. It is assumed that the diffusion coefficient of carbon dioxide in the aqueous medium is not modified by the presence of the polymer chains in this dilute concentration limit [START_REF] Lohse | Diffusivity and solubility of carbondioxide in diluted polymer solutions[END_REF]. The weak shear-thinning behaviour of such a solution is measure on an Anton-Paar MC302 rheometer and modelled by a

Carreau-Yasuda equation µ-µ∞ µ 0 -µ∞ = (1 + (t CY γ) m ) n-1 m
with µ 0 = 1.30 mPa.s the zero shear rate viscosity, µ ∞ = 0.99 mPa.s the infinite shear rate Newtonian plateau, t CY = 0.08 s the characteristic time scale of the polymer, n-1=-0.4 the shear-thinning power law exponent, and m =2 the transition parameter. Viscoelasticity is checked to be negligible at this concentration [ [START_REF] Wyatt | Rheology and viscosity scaling of the polyelectrolyte xanthan gum[END_REF][START_REF] Lacassagne | Oscillating grid turbulence in shear-thinning polymer solutions[END_REF]). Moreover, in the context of the near surface turbulence results [START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF], this low concentration allows for comparable viscous sub-layer depth and turbulence properties within the viscous sub-layer between water and XG solution, and hence the mass transfer events are compared in equivalent hydrodynamic conditions. Here the viscous sub-layer depth is 5.10 mm for water and 5.64 mm for the DPS case (see table 1).

Turbulence generation

Turbulence is generated in the liquid phase by an oscillating grid device previously described and used in [START_REF] Lacassagne | Oscillating grid turbulence in shear-thinning polymer solutions[END_REF][START_REF] Lacassagne | Flow around an oscillating grid in water and shear-thinning polymer solution at low Reynolds number[END_REF][START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF][START_REF] Lacassagne | PTV measurements of oscillating grid turbulence in water and polymer solutions[END_REF][START_REF] Lacassagne | POD analysis of oscillating grid turbulence in water and shear thinning polymer solution[END_REF], and sketched in figure 2.

The transparent tank has a 277 mm by 277 mm inner cross section, the fluid height is set at H=450 mm and the distance between the surface and the average grid position is 250 mm. The grid oscillations frequency is f =1 Hz and the Stroke (amplitude) is 45 mm. A Cartesian squared-meshed grid is used, the grid mesh size (distance between the center of two successive grid bars or holes) being 35 mm (see figure 2). With the very dilute solution considered here, the mean flow structure and mean flow to turbulence ratio are close to that achieved in water, and the mean flow is considered weak enough not to affect our local mass transfer study [START_REF] Lacassagne | Oscillating grid turbulence in shear-thinning polymer solutions[END_REF]. When the grid is oscillated, the flat surface hypothesis is verified up to sub-millimetric vertical oscillations of the surface (about 1.5 % of the viscous sub-layer depth) caused by the in and out motion of the grid supporting rods [START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF]. Special care is taken to ensure that both the water and DPS experiments are performed in clean interface conditions (see [START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF]). The undisturbed velocity and length scales are estimated from [START_REF] Lacassagne | Oscillating grid turbulence in shear-thinning polymer solutions[END_REF][START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF] and reported in table 1. The table also

shows the corresponding values of the interface Reynolds number based on the maximum viscosity, Re T = ρu L∞ µ 0 . Note that Re T slightly decreases in the polymer case, mostly because it is defined on µ 0 , which may not be a representative viscosity of the flow [START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF]. The Deborah numbers based on the shear-thinning time scale t CY and on the grid oscillations period is De = t CY f = 0.08.

Concentration and velocity measurements

Methods

Dissolved CO 2 concentration fields are measured using fluorescein-based inhibited fluorescence techniques: I pH -P LIF [START_REF] Valiorgue | Concentration measurement in the wake of a free rising bubble using planar laser-induced fluorescence (PLIF) with a calibration taking into account fluorescence extinction variations[END_REF]. For the DPS case, a ratiometric improvement of the method, I r pH -P LIF , described in [START_REF] Lacassagne | Ratiometric, single-dye, pH-sensitive inhibited laser-induced fluorescence for the characterization of mixing and mass transfer[END_REF], was also applied. This ratiometric method also allows to reduce noise and systematic error of I pH -P LIF on quantitative measurements at high concentration values, very close to the interface (see [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF], appendix G). The spatial scales and the shape of concentration structures are by no mean dependent on the method used. Hence for the purpose of the present work where only a qualitative and conditional analysis of the concentration field is required, the two methods are equivalent. Hereinafter and if not specified differently, all water and DPS results presented come from respectively I pH -P LIF and I r pH -P LIF measurements. In each case, fluorescein sodium concentration in the working fluid is 

C F l = 5 × 10 -7 mol.L -1 .
δ e D = 2L ∞ Re -1/2 T Sc -1/2 (mm) 0.25 0.34-0.38 δ e B = 2L ∞ Re -3/4 T Sc -1/2 (mm) 0.063 0.11-0.12
Table 1: Hydrodynamic parameters and mass transfer sub-layers of the two working fluids. L ∞ and δ v were determined in [START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF], by interpolation of bulk turbulence scaling [START_REF] Lacassagne | Oscillating grid turbulence in shear-thinning polymer solutions[END_REF] or directly measured, respectively. The expected apparent diffusive sub-layer δ e D and Batchelor sub-layer δ e B are computed as [START_REF] Herlina | Experiments on gas transfer at the air-water interface induced by oscillating grid turbulence[END_REF]. The experimental apparent diffusive layer δ D is derived from measured concentration profiles (figure 3). For the DPS, Re T , Sc, δ e D and δ e B are viscosity dependent: ranges based on maximum and minimum viscosity values are reported.

δ e D = 2L ∞ Re -1/2 T Sc -1/2 and δ e B = 2L ∞ Re -3/4 T Sc -1/2 respectively
effective maximum output power is 0.6 W and the laser sheet thickness is e Ar = 250 µm. Fluoresced light intensity fields are recorded by a Lavision sCMOS camera (2560 by 2160 pixel sensor) equipped with a 105 mm focal length Macro lens. For I pH -P LIF measurements, the lens is only equipped with a long-pass filter to suppress the PIV and fluorescence excitation wavelengths from measured intensities. For I r pH -P LIF measurements, an image doubler is added in front of the lens. One "eye" of the doubler is equipped with a 515 nm bandpass filter, and the other with a 560 nm cut-off long-pass filter. The camera is used in its single frame configuration with an opening time of dt f = 10 ms, and an acquisition frequency of f acq = 4 Hz (bounded by that of SPIV, [START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF]). Calibration procedures described in [START_REF] Valiorgue | Concentration measurement in the wake of a free rising bubble using planar laser-induced fluorescence (PLIF) with a calibration taking into account fluorescence extinction variations[END_REF] and [START_REF] Lacassagne | Ratiometric, single-dye, pH-sensitive inhibited laser-induced fluorescence for the characterization of mixing and mass transfer[END_REF] are respectively applied when using intensity (I) based I pH -P LIF or ratio (R) based I r pH -P LIF . They both consist in recording sets of fluorescence images at different homogeneous pHs in the region of interest (ROI), and building either pixel by pixel I=f(pH) or unique R=f(pH) calibration curves (available in appendix Appendix A), where I is the total fluoresced light intensity and R the intensity ratio of two fluoresced light spectral bands (two colours). Dissolved gas concentration versus pH equilibria in water are solved numerically using Matlab (see [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF]). For the small amount of polymer added, it is checked experimentally that the addition of XG does not modify these equilibria. The relationship between pH and dissolved gas concentration is C = Ae -BpH with A=1.55×10 11 mg/L and B = 4.63. Using a method described in [START_REF] Lacassagne | Ratiometric, single-dye, pH-sensitive inhibited laser-induced fluorescence for the characterization of mixing and mass transfer[END_REF], the relative uncertainty on the ratio in for I r pH -P LIF is estimated to be below 1.2%. The maximum relative uncertainty on pH is close to 1%, relative uncertainties on concentration are below 10% for pH<5 and pH>6.5. As for the 1 color PLIF technique, relative uncertainties still fall below 5% in the same range, however additional errors due to reflection and darker stripes are introduced, which can multiply the uncertainty by a factor of 10.

Liquid phase velocity measurements in the vicinity of the interface are achieved by SPIV and have already been reported in [START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF], where all the experimental details can be found. The experimental set-up is sketched in figure 2. In this study, the velocity fields are revisited and analysed in combination with concentration fields. Spatial calibration of all cameras is performed by taking separate images of a LaVision standard reference pattern, and simultaneous images of a transparent test pattern placed inside the fluid prior to the experiment. Concentration and velocity fields are coupled using a binning procedure: the spatial resolution of the scalar field is reduced to that of the vector field by spatially averaging the concentration value in each SPIV interrogation window projected on the scalar field. In other words, SPIV sets the resolution limit the mass transfer study. Note that this "full average binning" [START_REF] Lacassagne | Ratiometric, single-dye, pH-sensitive inhibited laser-induced fluorescence for the characterization of mixing and mass transfer[END_REF] is sightly different from the "binning at center" method used by [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF]: "full average" binning tends to reduce the noise associated to concentration measurement by smoothing over a wider span than "binning at center", and is more consistent in terms of processing with SPIV, which is also window-based.

Experimental protocol and definition of concentration statistics and convergence

The tank is first filled with the working fluid and fluorescein sodium is added. Dissolved carbon dioxide concentration is increased up to its gas saturation limit and the first PLIF calibration image (lower pH) is recorded.

This concentration is then gradually decreased by nitrogen stripping, and calibration images are recorded for decreasing dissolved gas concentrations The instantaneous concentration fields are first averaged over the horizontal dimension x (operator [.] x ) into the quantity [C(z, t)] x (see figure 3). The expected concentration values C E (z, t) are then obtained by exponential fit- for DPS, see figure 3 c,d). The typical lifetime of a scalar event can be estimated from the integral time scale (see section 4.1.4). Here the order of magnitude of integral time scale of concentration fluctuations is 10 s and so the time intervals used are at least 100 times greater than the typical scalar eddy turnover, which is deemed sufficient for statistical convergence. for the water case, 0.25±0.02 mm (z/δ v =0.036) for DPS (table 1) (uncertainties estimated from standard deviation over the statistically stationary range). Measured values are consistent with the range predicted by scaling laws [START_REF] Herlina | Experiments on gas transfer at the air-water interface induced by oscillating grid turbulence[END_REF] reported in table 1. However, relying on such "Newtonian" scaling, one would have expected δ D to be larger in the DPS case. This is a first evidence that the non-Newtonian aspect of the fluid, even moderate, makes the DPS behaviour's depart from the expected viscous Newtonian one.

ting time series of [C(z, t)] x at all z with expressions of type C E (z, t) = k c (z)(1 -e -k t1 (z)t-k t2 (z)t 2 ). C E (z,

Spatial scalar scales

Now investigating the spatial properties of turbulent scalar structures, the correlation coefficient of concentration fluctuations between two points separated by a distance r i along spatial dimension i (i = x, y or z), at a given depth z, is defined as

R i c (z, r i ) = c (r 0 i ,z,t)c (r 0 i +r i ,z,t) c 2
x

. An example of correlation coefficients R z c plotted versus the separation length r z along partially and randomly broken by renewal events (see figure 1). At larger depths, concentration structures are stretched and deformed in an isotropic fashion by turbulence and the length scales in both dimensions tend to similar values with increasing depths, still with a preferential horizontal dimension inherited from the peeling process.

Similarities with water can be found for the integral length scales of the DPS: almost constant horizontal scale in most of the ROI, with an abrupt increase at small z, here for z/δ v < 0.2. In [START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF], an increase in the horizontal length scale of horizontal velocity fluctuations was observed in the nearinterface region for 100 ppm DPS, consistent with the behaviour observed here. The depth at which L x c begins to increase is close to the outer-diffusive sub-layer depth δ OD estimated from the mean concentration profiles. Both vertical and horizontal length scales are always higher in DPS than in water.

The value of L x c /δ v at the interface is 3.75, 5 times bigger than the one for water. A striking difference is yet that the vertical length scale is higher than the horizontal one at depths higher than z/δ v = 0.80. While it stayed quite constant with depth in water, it is here decreasing with decreasing z. This behaviour is consistent with the modification, upon polymer addition, of near-surface hydrodynamics: vertical elongation of turbulent eddies [START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF][START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF],

and modification of inter-component energy transfers, with an enhancement of down-going vertical momentum fluxes, as depicted in [START_REF] Lacassagne | Oscillating grid turbulence and its influence on gas liquid mass transfer and mixing in non-Newtonian media[END_REF].

Temporal scalar scales

The temporal concentration correlation coefficient is defined for a given location (x, z) as the correlation between concentration fluctuations at instants t and t + δt, with δt a small time increment. The correlation coefficient at a given depth z is then R t c (z, δt) = c (x,z,t)c (x,z,t+δt)

c 2 x
as defined by [START_REF] Janzen | Estimation of mass transfer velocity based on measured turbulence parameters[END_REF]. An respectively. However, profile for water shows significant scattering, possibly due to the single color method noise being amplified by high order statistical analysis, or to poor convergence of the integral time scale. The temporal resolution of scalar fields is indeed quite low: typical persistence times for concentration are of the order of a few seconds, the exponential fitting of correlation curves is thus done with a limited number of points. In order to estimate the uncertainty of integral time scale measurement, the time scale for a given fluid and a given depth is additionally computed as the numerical integral of the measured R t c curve, using a trapezoidal method and this value is compared to the one obtained by integration of the exponential fitting.

The maximum differences found are of about 1 s for the DPS measurement, and 3 s for water.

Velocity / concentration correlations

Coupled measurements of concentration and velocity fields bring an interesting added value to the concentration field by showing some of the flow structures at the origin of the scalar patches' shapes, and allow to compute local mass fluxes [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF]. 

Conditional analysis of turbulent mass fluxes

Further insight on the mass transfer mechanisms is brought by performing conditional analysis of the coupled velocity and mass fluxes [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF]. It consists in sorting local flow events according to the sign of their fluctuation, and performing a conditional analysis of turbulent mass or momentum fluxes based on this sorting [START_REF] Wallace | The wall region in turbulent shear flow[END_REF][START_REF] Vinçont | Passive scalar dispersion in a turbulent boundary layer from a line source at the wall and downstream of an obstacle[END_REF][START_REF] Simoëns | The flow across a street canyon of variable width -part 2: Scalar dispersion from a street level line source[END_REF][START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF][START_REF] Wallace | Quadrant Analysis in Turbulence Research: History and Evolution[END_REF]. A turbulent event is defined using u z and c instantaneous fluctuations. The joint probability density function (PDF or covariance) P (u z , c ) represents the occurring probability of a turbulent Q1: Up-going patch of fluid carrying higher dissolved gas concentration. The concentration fluctuation is positive, meaning that the local concentration at the point of interest is higher than the mean concentration at this depth. This higher concentration patch is moved upwards where it merges into an area of higher (equivalent) mean concentration.

Q1 events are thus expected to reduce diffusion efficiency.

Q2: Up-going patch of fluid carrying lower dissolved gas concentration.

If this low concentration patch enters high mean concentration boundary layer close to the interface, the event can be qualified as a surface renewal event [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF].

Q3: Down-going patch of fluid carrying lower dissolved gas concentration. The concentration fluctuation is negative, meaning that the local 

Probability of events

Sub-figures 8 a) show joint PDFs of P(u z , c ) for water and DPS in the ranges [-8 8] mm/s for u z and [- 25 25] mg/L for c . The same representation is adopted for the covariance integrand in sub-figures 8 b). Close to the surface, a higher probability of negative c events (Q2,Q3, renewal) is visible.

A balancing towards c = 0 with increasing depth is evidenced for water but not so much for DPS. Water PDF figures compare qualitatively well to the results of [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF]: a high probability peak at moderate negative c and a long tail of low probability events at low u z and positive c , reducing with depth.

Covariance integrand, are also quite similar (keeping in mind that u z > 0 here corresponds to u z < 0 in [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF]). The major difference with [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF] experiments that can be observed in both PDF and covariance integrand plots is that sufficient depths to observe an even balance between quadrants is not attained here.

In DPS, a persistence of large amplitude negative c events with increasing depth is visualized. From the covariance integrand plot of figure 8 b), it appears that injection events are also significant. As in water, the tail of low u z and positive c events reduces with increasing depth.

Covariance integrand plots show that even if the quadrants are quite balanced at larger depths, Q4 events are more probable than Q1 and Q2 than Q3. We thus here evidence the existence of surface renewal (Q2) and injection (Q4) mechanisms in DPS. In order to get access to the high c injection events, covariance integrand plots are plotted this time expanding to c ∈ [-25 125] mg/L (sub-figures 8 c). This new representation confirms what was visible of injection events: the tail at large positive c values progressively disappears with increasing z for both water [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF] and DPS. The existence of two covariance integrand peaks at high positive c , characteristic of strong injection events in the Q4 case is observed.

The peak at c value close to 100 mg/L is explained by the limitations of the PLIF measurements, which saturates concentration fields at this value due to reduced pH sensitivity at pHs lower than 4. We infer that a similar feature would have been present in the results of [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF] if a broader concentration fluctuation range had been considered for result display (as in figure 8 sub-plots c). With a sufficient measurement accuracy at lower pHs, the peak would likely spread over a wider range of high c values. On this new representation of the covariance integrand, Q2 and Q3 events completely disappear from the water balance at high depths, for which a combination of high and low c , Q1 and Q4 events dominate. In DPS, Q2 and Q3 events still persist at high depths. The balance between Q1 and Q4 events, which was at equilibrium at small z, is shifted towards Q4 for increasing concentration.

Joint PDF and covariance integrand plots thus bring several information on vertical turbulent concentration events:

The most probable events are those at moderate negative c , for water and DPS. Positive c events are displayed over a wider range of c values.

At small depths for water and DPS, joint PDF and covariance plots are symmetric with respect to the u z = 0 axis. With increasing depths, the dominance of Q2 over Q3 and Q4 over Q1 begins to emerge, especially in DPS. Injection (Q4) and renewal (Q2) events are thus confirmed to contribute to mass transfer in both water and DPS.

From covariance integrand plots, one clearly sees that even if they are less probable than renewal events, injection events are associated to stronger fluctuations.

The probability of each type of events is plotted as a function of depth in figure 9. To do so, the probability of each quadrant type P Qi is evaluated at each point of the ROI by counting the number of occurrence N Qi of each type of event at this location and dividing by the total number of instantaneous fields N tot such that P Qi =N Qi /N tot . [P Qi ] x is then simply the width-averaged profile of P Qi . Q2 and Q3 probabilities are higher that Q1 and Q4 ones close to the z=0 interface in both water and DPS. This corresponds to the shift of c PDF's towards negative fluctuations observed in 8 a). In DPS, quadrants with c < 0 are more probable than those associated to c > 0 at all depths, which is another evidence of the preserved dominance of concentration renewal with increasing depth. For water Q1 and Q4 quadrants show higher probability at depths z/δ v > 1.40. The main difference between water and DPS is found in the evolution of probabilities with depth. In water, the probability of Q2 and Q3 events increases with decreasing z, and the probability of Q1 and Q4 events decreases. For water, the probability of injection (Q4) and renewal (Q2) events are equivalent at moderate depths, leading to symmetrical c PDFs. When approaching the interface however, the probability of injection events (Q4) decreases versus that of renewal events (Q2), leading to a shift in concentration PDFs towards negative values. In DPS, renewal events (Q2) are always more probable that injection ones. Yet, the probability of these renewal events decreases when approaching the interface, while that of injection events increases. This probability only indicates the likeliness of each type of events to occur, but not the strength of the related mass transfer. 

Modelling of turbulent mass fluxes

A first approach modelling of turbulent mass flux at the interface is typically achieved by first order eddy-diffusivity or gradient models. The eddy diffusivity can be derived from the turbulent mass flux and expected concen- tration profile by using a gradient diffusion analogy [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF][START_REF] Vinçont | Passive scalar dispersion in a turbulent boundary layer from a line source at the wall and downstream of an obstacle[END_REF][START_REF] Simoëns | The flow across a street canyon of variable width -part 2: Scalar dispersion from a street level line source[END_REF]:

u z c -D T × ∂C ∂z (2) 
Profiles for D T for water and DPS are shown in figure 11 a). D T increases with depth, as previously observed in water for z > δ v by [START_REF] Variano | Turbulent transport of a high-Schmidtnumber scalar near an air-water interface[END_REF]. The value of D T reported in the latter study for water at z = δ v (star symbol in figure 11 a)) is in good agreement with the present data. In DPS, the increasing trend is much more pronounced and D T values, which were close to that of water for z δ v , increase by an order of magnitude when z/δ v → 1. Non constant values broadly suggest that the Eddy-diffusivity model is not the best suited to describe near surface mass transfer from a modelling perspective conversely to case of classical boundary layers. A more elaborate mean gradient models described in [START_REF] Vinçont | Passive scalar dispersion in a turbulent boundary layer from a line source at the wall and downstream of an obstacle[END_REF][START_REF] Simoëns | The flow across a street canyon of variable width -part 2: Scalar dispersion from a street level line source[END_REF] is thus applied, in which the vertical turbulent mass flux is written as 

u z c τ u z 2 × ∂C ∂z (3 

Conclusion

In this work, turbulent dissolution and mass transfer of carbon dioxide into water and a moderately shear-thinning liquid phase was studied experimentally coupling SPIV and I Local measurement of turbulent mass fluxes such as those reported here are highly desirable in the context of mass transfer modelling, for which first order gradient model appear insufficient. Extensive effort has been and is still being made to relate mass transfer velocity k L to local turbulence properties [START_REF] Higbie | The rate of absorption of a pure gas into still liquid during short periods of exposure[END_REF][START_REF] Turney | Air-water gas transfer and near-surface motions[END_REF] and our experimental contribution can be used to power this modelling effort, that is now facing the challenge of complex fluid rheology encountered in many industrial applications [START_REF] Petříček | Volumetric mass transfer coefficient in the fermenter agitated by Rushton turbines of various diameters in viscous batch[END_REF]. Three-component information brought by SPIV, or other more elaborate three-dimensional methods such as PTV [START_REF] Lacassagne | PTV measurements of oscillating grid turbulence in water and polymer solutions[END_REF] applied near-surface, could be useful in the context of surface divergence modelling [START_REF] Mckenna | The role of free-surface turbulence and surfactants in air-water gas transfer[END_REF][START_REF] Turney | Air-water gas transfer and near-surface motions[END_REF]. As for experiments, a natural next step further would be to investigate more shear-thinning fluids (higher polymer concentration) [START_REF] Lacassagne | Oscillating grid turbulence in shear-thinning polymer solutions[END_REF][START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF] for which the hydrodynamic behaviour in the viscous sub-layer significantly differs from the Newtonian one. Classical boundary layer modelling tested here seems to fail, and this failure is even more remarkable with DPS, raising questions on the hypothesis at the origin of those models and the choice of the relevant length scales. Further study on the effect of the largest scales which are at the origin of the turbulence generation seems to be needed, both in water and DPS. 

Figure 1 :

 1 Figure 1: Principles of turbulent mass transfer at a flat interface. Left: contraction effect of the apparent diffusive boundary layer in presence of turbulence. Right: illustration of surface renewal and peeling/injection events and of the typical scalar sub-layers, from PLIF measurements presented hereinafter.

Figure 2 :

 2 Figure 2: Sketch of the experiment set-up for coupled measurements.

(

  higher pH) until the fluid is cleared from any dissolved carbon dioxide. The corresponding initial pH and dissolved gas concentration are measured, as the initial condition of the experiment. Grid oscillations are started, followed by PIV and PLIF recording once the oscillating grid turbulence is established and stationary, and the volume of gas above the interface is instantly replaced by pure carbon dioxide (injection time <10 s). Rheological measurements are performed on the DPS before and after the experiments to check that no polymer degradation occurs. Concentration fields are inherently transient: at a given point in the flow, concentration varies with time due to both diffusion acting on C and turbulence causing c , where C denotes the mean concentration field (statistical average) and c the turbulent fluctuations. Statistical analysis of concentration fields would in principle require performing many trial in similar conditions, which is impracticable given the time and resource cost of each mass transfer experiment. The estimation of mean and fluctuating concentrations from such transient measurements is thus rather done as in [2].

Figure 3 :

 3 Figure 3: Time series of mean concentration (a,b) and of concentration fluctuations (c,d) for water (a,c) and DPS (b,c) respectively, at two different depths. e) Average concentration profiles at t=1000 s, dotted lines representing measured data and full lines the expected concentration fittings C E .

Figure 4 :

 4 Figure 4: Spatial and temporal concentration integral scales, estimated from the integration of two-points and two-times correlation coefficients of concentration fluctuations, respectively. Spatial: integral length scales for water and DPS (a) and example of corresponding two point concentration correlation coefficient for DPS (b). Full markers are scales along the horizontal dimension, empty markers are scales along the vertical dimension. Full lines in the sub-figure are computed correlation coefficients, dashed lines are exponential fittings. Temporal: integral time scale for water and DPS (c) and example of the corresponding two times correlation coefficient for DPS (d). Time is made non dimensional multiplying by the oscillating grid frequency. Markers in c) are computed scales, dashed lines are sliding average of the computed scales over a 2 mm span ( 40% of δ v ).

DPS thus generally tends

  to increase the size of concentration patches in all dimensions: DPS has an increased viscosity compared to water, hence increased Kolmogorov and Batchelor scales. However, horizontal scalar patches that can be found in the boundary layer are statistically more horizontally elongated in DPS than in water: they are less likely to be broken by renewal events. Renewal rather takes the form of a contraction of the scalar boundary layer with partial replacement of the saturated fluid from the bottom of the boundary layer. Strong sweeping events locally replacing saturated fluid up to z=0, and leading to a split of the boundary layer are seemingly less frequent in DPS than in water. Outside of the scalar boundary layer, the presence of polymer promotes vertical elongation of concentration structures.

  figure 4 c) are estimated as the maximum, among all curves, of the difference between numerical integration of R t c at a given depth and analytic integration of its exponential fitting. Uncertainties are typically of ±3 s for water and ±1 s for the DPS case (purple and pink error bars). They are shown at a single depth for each curve for clarity reasons. Integral time scales globally increase with decreasing z, which is consistent with the establishment of a scalar boundary layer close to the interface where turbulent stretching of scalar patches is less intense and diffusion has time to occur. The concentration time scales are quite close for water and DPS: about 3.5 s and 4.1 s at z/δ v = 1.50 and 5.7 s and 6.8 s at z/δ v = 0.20

  Figure 5 shows examples of coupled instantaneous (a,b) and fluctuating (c,d) fields for water and DPS. While injection events seem obvious from instantaneous fields (e.g in figure 5 b)), fluctuating fields allow to better visualize surface renewal occurring, for example at z/δ v < 0.35,x/δ v < 0 on sub-figured1)). The 3D views bring additional evidence of the out-of-plane motion. With instantaneous information about velocity and concentration fluctuations, it is possible to compute the ensemble average of velocity-concentration correlations u i c and the ensemble rms u i c rms , and plot their width averaged profiles along depth u i c x and [ u i c rms ] x (see figure6). A ±15% uncertainty is expected, derived from the ±10% and ±5% uncertainties on concentration and velocity measurements respectively[START_REF] Lacassagne | Ratiometric, single-dye, pH-sensitive inhibited laser-induced fluorescence for the characterization of mixing and mass transfer[END_REF][START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF]. Vertical mass fluxes u z c are found to be always positive: turbulence tends to enhance mass transfer. Horizontal turbulent mass fluxes are also significant. They contribute to horizontal turbulent mixing of the dissolved gas, and do not tend to zero here given the narrow ROI considered. Horizontal mass fluxes do not appear isotropic in the x and y direction from figure6a), especially for the DPS case. Anisotropy increases for decreasing z in water and stays approximately constant with z in DPS. However, 6 b) shows that in terms of rms, horizontal mass fluxes along x and y are equivalent.

Figure 5 :

 5 Figure 5: Example of coupled instantaneous (a,b) and fluctuating (c,d) velocity and dissolved gas concentration fields in water (a,c, t=123.5 s) and DPS (b,d, t=1075.25 s). (1) sub-figures are projected 2D views of the (2) plots.

Figure 6 :

 6 Figure 6: Width averaged profiles of u i c correlations (a) and their rms (b) for water and DPS.

Figure 7 :

 7 Figure 7: Principle of quadrant analysis

Figure 8 :

 8 Figure 8: Joint PDF (a) and covariance integrand (b,c) of u z and c for c ∈[-25 25] mg/L (a,b) and c ∈[-25 125] mg/L (c), for water (abc, odds) and DPS (abc, evens). Results are shown at three sample depths: z/δ v = [0.15, 0.35, 1.10] for water, z/δ v = [0.15, 0.41, 0.92] for DPS (sub-plots 1 and 2, 3 and 4, 5 and 6 respectively). The variable space is divided in 101 bins in both dimensions. Contour plots of are shown at values regularly distributed along a log scale indicated by the color bars.

Figure 9 :

 9 Figure 9: Width averaged probability profile of each quadrant in water (a) and DPS (b). The horizontal line marks the viscous sub-layer depth z=δ v .

4. 3 . 2 .

 32 Quadrant analysis of vertical mass fluxes To tell which events are the most relevant in terms of turbulent mass fluxes, quadrant averaged vertical mass fluxes u z c Qi are computed for each point of the ROI, and the absolute value of their width averaged profile are plotted as a function of depth on figure 10 a) and b) for water and DPS. The ±15% uncertainty error bars are shown for only one curve per sub-plot for clarity. For water, Q1 and Q4 quadrant corresponding to positive concentration fluctuations yield higher turbulent mass fluxes than quadrants Q2 and Q3, especially at z< δ v . Turbulent mass fluxes of all quadrants increase with decreasing z, but Q1 and Q4 increase faster than Q2 and Q3, thus increasing their share in the total turbulent mass flux when approaching the interface. Values of Q1 and Q4 and Q2 and Q3 are respectively close, but at all depths though, u z c Q4 > u z c Q1 and u z c Q2 ≥ u z c Q3 , thus confirming that both renewal and injection events tend to create positive turbulent mass fluxes and enhance mass transfer. Injection events are the

Figure 10 :

 10 Figure 10: Quadrant sorted vertical turbulent mass fluxes u z c as a function of depth, in water (a) and DPS (b). The horizontal dashed-dotted line marks the viscous sub-layer depth z=δ v . ±15% error bars are shown for only one curve per sub-plot for clarity. Inset in a) provides a close up for Q2 and Q3 events in water.

Figure 11 :

 11 Figure 11: Profiles of D T (a) and τ as a function of z/δ v for water and DPS. The star in a) is the value reported in [2] for z δ v .

  ) with τ a model parameter homogeneous to a diffusion time. Profiles of τ are shown in figure11 b). The value of τ also increases with depth, in a more pronounced fashion for DPS as compared to water. Indeed, in DPS, the expected concentration profiles quickly tend to asymptotic values and zero gradients when moving outwards the viscous sub-layer (figure 3 e), while strong injection events and thus non negligible turbulent mass fluxes are still observed (figure10), thus leading to larger τ values. This last figure illustrate the need to account for strong intermittent injection events in the modelling of mass transfer in DPS. Moreover, the way turbulence approaches the surface has to be questioned in regards to the different hypothesis necessary to obtain equation 3 from complete scalar transport equations. In particular, the nature of large eddies responsible for large instantaneous mass fluxes events may be significantly different here as compared to a classical boundary layer. In the case of classical boundary layers for which a mean flow, parallel to the surface exists, large scale events are intrinsically aligned in the flow direction, along the surface. In the present case, large structures are related to bulk turbulence properties and possibly grid oscillation making them more likely vertically oriented (perpendicular to the interface) in the bulk, and only constrained in their orientation and shape in the surface influenced layer, in which the dynamics is known to be affected by the presence of polymers[START_REF] Lacassagne | Oscillating grid generating turbulence near gas-liquid interfaces in shear-thinning dilute polymer solutions[END_REF]. In case of water the last modelling (equation 3, figure11b) could be acceptable if defining two distinct zones, inside δ v and outside δ v . For DPS however, the difference between such zones doesn't exists questioning the very use of δ v , such as defined here, as a relevant boundary layer for modelling near-surface mass transfer. Future experiments performed on a larger ROI could allow to investigate deeper asymptotic behaviours and possibly define a more suitable characteristic depth for turbulent mass fluxes in non-Newtonian media.

  pH -P LIF . In both water and low concentration DPS, scalar fields in the sub-surface ROI consist in a complex combination of injection and renewal events. In the first 1 or 2 mm underneath the interface, a statistical concentration boundary layer establishes and takes the form of a long horizontal saturated patch, randomly broken or made thinner by renewal events. Below this scalar boundary layer, injection-type structures prevail. At the highest depths of the ROI, these patches are eventually broken and mixed. The presence of polymer promotes horizontal or vertical elongation of scalar structures, inside or outside the viscous sub-layer respec-tively. Conditional analysis confirms that all four types of events relevant to vertical turbulent mass transfer (as defined by the quadrant decomposition) have non negligible probability of occurrence at all depths. Events in favour of downward mass fluxes (Q2 and Q4) are yet always respectively stronger, and mass transfer is effectively enhanced.The physical mechanisms behind turbulent mass transfer are thus broadly similar in water and DPS: negative concentration fluctuation events have moderate c amplitude but high probability, while positive concentration fluctuation occur at a larger range of c but with lower probability. Renewal events are the most probable but only weakly contributing to mass transfer, while injection events are less probable but associated to higher concentration fluctuations and thus the major contributors to vertical turbulent mass transfer. The major difference between water and DPS, lays in the signature of those mechanisms, i.e the distribution of mass transfer events along depth. In water, most of the mass transfer events are concentrated inside the hydrodynamic viscous sub-layer, whereas in DPS, strong turbulent mass fluxes are observed at depth higher than δ v , and a minimum value is found inside the viscous sub-layer.

Figure A. 13 :

 13 Figure A.13: Processing step of the I (r) pH -P LIF method from the two color intensities (a,b) in gray level (gl) to Ratio (c), pH (d) and concentration fields in linear scale (e) and log scale (f).
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