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. Introduction

Aqueous foams are complex systems. They have found applications ranging from fire extinction [START_REF] Sheng | Experimental Study on Effect of Foam Stabilizers on Aqueous Film-Forming Foam[END_REF] to the texturing of food [START_REF] Arboleya | From the Chef's Mind to the Dish: How Scientific Approaches Facilitate the Creative Process[END_REF], cosmetics [START_REF] Arzhavitina | Foams for pharmaceutical and cosmetic application[END_REF] and in the nuclear industry, they are used to clean contaminated facilities [START_REF] Dame | Relations between physicochemical properties and instability of decontamination foams[END_REF][START_REF] Faure | Composition, foam and process for the decontamination of surfaces[END_REF]. They consist of a dispersed phase of gas bubbles in a continuous phase of foaming liquid. The presence of amphiphilic molecules (surfactants) at the air/solution interface reduces the surface tension and stabilizes the bubbles [START_REF] Prud'homme | Foams. Theory, Measurements, and Applications[END_REF][START_REF] Hutzler | Foam coarsening under forced drainage[END_REF][START_REF] Saint-James | Foams[END_REF]. The rules governing the behavior and stability of foams were first outlined by Plateau in 1873 [START_REF] Plateau | Statique expérimentale et théorique des liquides soumis aux seules forces moléculaires[END_REF].

The bubble walls, which are surfaces with a constant radius of curvature, connect in threes at 120° angles, forming liquid channels called Plateau borders, which meet in fours at a node with an angle of 109.5° (arccos(-1/3)).

An arrangement respecting Plateau's laws was found by Kelvin in 1887 and is known as the Kelvin cell. This polyhedral cell, composed of eight hexagonal and six square faces, is inscribed in a sphere of radius √2 , where L is the edge length. The sphere and the edge are respectively the bubble and the Plateau border. The volume of a Kelvin cell, K is

8√2 * L (1) 
Bubble morphologies in an aqueous foam are governed by the proportion of liquid in the network with a threshold liquid fraction of 5%. Below this threshold, foams are considered dry and the bubbles are polyhedral, whereas above this threshold foams are considered wet and the bubbles are spherical. Transition jamming effects have been observed at a liquid fraction of 26% in monodisperse foams with face-centered cubic symmetry and at a liquid fraction of 36% in disordered monodisperse foams. At liquid fractions above 36%, the bubbles arrange randomly and the liquid-gas system is considered a gaseous liquid rather than a foam [START_REF] Andrieux | Liquid foam templating -A route to tailor-made polymer foams[END_REF].

The foam liquid fraction ε = Vliq/Vfoam is the proportion of liquid inside the foam Vliq in a defined foam volume Vfoam, or can be viewed equivalently as the proportion of liquid in the nodes and the Plateau borders out of the total cell volume, neglected the very low liquid proportion in the interbubble films. The liquid volume is assumed [START_REF] Saint-Jalmes | Physical chemistry in foam drainage and coarsening[END_REF] to be made up almost entirely by the Plateau borders (VPB) [START_REF] Koehler | A Generalized View of Foam Drainage: Experiment and Theory[END_REF] yielding and the nodes volume VN:

PB + K 0.17 + 0.16 * ( 2 
)
where r is the radius of curvature of the Plateau borders, VPB/VK = 0.17 and VN/VK = 0.16 . For liquid fraction lower or close to 10%, it is reasonable to neglect the second term of this expression.

Aqueous foams are thermodynamically unstable systems that evolve by drainage, the gravitational flow of the liquid through the foam network [START_REF] Langevin | Aqueous foams: a field of investigation at the frontier between chemistry and physics[END_REF]; by ripening, the diffusion of smaller gas bubbles into larger ones [START_REF] Neumann | Metal interfaces[END_REF]; and by coalescence, the least well understood mechanism, which can be caused by drainage of the films, concentration gradients, thermal fluctuations, variations in film thickness, and interface impurities [START_REF] Weaire | The Physics of Foams[END_REF][START_REF] Vignes-Adler | New foams: Fresh challenges and opportunities[END_REF][START_REF] Magrabi | Bubble size distribution and coarsening of aqueous foams[END_REF].

Stabilizing foams is challenging and can be achieved (i) by stabilizing the interbubble films by increasing their viscoelastic properties (via the Marangoni effect) or through physicochemical interactions at the interfaces [START_REF] Benichou | Formation and characterization of amphiphilic conjugates of whey protein isolate (WPI)/xanthan to improve surface activity[END_REF][START_REF] Petkova | Foaming and foam stability for mixed polymer-surfactant solutions: effects of surfactant type and polymer charge[END_REF]; (ii) by reducing ripening, either by appropriately choosing the foaming gas [START_REF] Saint-Jalmes | Time evolution of aqueous foams: drainage and coarsening[END_REF], limiting microfluidic polydispersity [START_REF] Magrabi | Bubble size distribution and coarsening of aqueous foams[END_REF], or preventing gas diffusion by adding particles [START_REF] Erasov | Stability and rheology of foams containing microbial polysaccharide and particles of silica and bentonite clay[END_REF]; and/or (iii) by reducing the drainage kinetics by adding nanoparticles/microparticles (to obstruct the Plateau borders) or viscosityincreasing polymers [START_REF] Sheng | Drainage of aqueous film-forming foam stabilized by different foam stabilizers[END_REF][START_REF] Martínez-Padilla | Effects of xanthan gum rheology on the foaming properties of whey protein concentrate[END_REF][START_REF] Guignot | Liquid and particles retention in foamed suspensions[END_REF].

The first objective of this study is to investigate and show new data on drainage kinetics of xanthan foams with an initial and constant liquid fraction of 10% and in the range . Materials and methods

Materials

The foaming agent used was the commercial surfactant Glucopon® 215 CS UP (BASF), composed of 63% biodegradable alkyl polyglucoside and 37% water. The alkyl chains are 9.2 carbon atoms long on average and the mean degree of polymerization (n) is 1.5.

Xanthan gum, a heteropolysaccharide synthesized by Xanthomonas campestris, used here as a stabilizing agent, was purchased from Sigma-Aldrich as a powder (product reference, G1253).

Its molecular mass is 1.5-51.5 × 10 6 Da and its degree of polymerization is 830-2800.

Xanthan molecules are very large (monomer length, 140 nm) [START_REF] García-Ochoa | Xanthan gum: production, recovery, and properties[END_REF] with a high viscosity, and show shear thinning when diluted in water [START_REF] Popa | in French) Complexes interpolymères à base de xanthane et gélatine[END_REF].

Preparation of the foaming solutions

Glucopon was diluted to 10 g/L in Milli-Q water under stirring. Xanthan gum was then added at concentrations of 0, 1, 2 and 3 g•L -1 (samples denoted S0, S1, S2 and S3

hereafter). The powder was added little by little to avoid agglomeration and stirring was maintained until the xanthan was fully dispersed. The samples were left for 24 h before conducting the foaming experiments at room temperature (23 °C).

Generation of the foams.

The foaming solutions were injected using a ProMinent Beta5 dosing pump at 17 L/h. into the inlet of a plastic tube (length, 20 cm; internal diameter, 2 cm) containing glass beads 2, 3 or 4 mm in diameter. This device has been used in two previous studies [START_REF] Guillermic | Shaping complex fluids-How foams stand up for themselves[END_REF][START_REF] Costa | The coupling between foam viscoelasticity and interfacial rheology[END_REF]. The foams generated at the outlet of the tube were homogeneous, with a mean initial liquid 

where liq and foam are respectively the liquid volume in the foam and the foam volume; and * liq , * foam , and * gas are respectively the flow rates of liquid, foam and gas. The air flow was adjusted to 150 L/h at a pressure of 3 bar using a mass flow controller (SLA 5800, Brooks Instruments).

Characterization of the foams: free drainage configuration.

For this study, the foams were generated as described above and then transferred directly into the Foamscan device, as shown in Fig. 1. The commercial Foamscan device (TECLIS) consists of a vertical column (height, 30 cm; internal diameter, 3.55 cm; capacity, 300 mL) equipped with a camera, prisms on the wall of the column, one pair of vertical electrodes at the bottom of the column and four pairs of electrodes at different heights on the walls of the column.

Liquid fractions were deduced from conductance calibration measurements [START_REF] Miles | Foam Drainage[END_REF]. The local liquid fraction, -", at different heights in the heart of the foam was measured using the four pairs of wall electrodes, E1, E2, E3 and E4 located respectively to 8, 13, 18 and 23 cm from the bottom of the column. The measurement accuracy of the local liquid fractions was estimated to be ± 0.01 %. For each experiment, the column was filled with 250 ± 5 mL of foam (measured using the camera and the light placed behind the column, the 5 mL uncertainty in volume corresponding to a 0.5 cm uncertainty in the foam height in the column), covering the highest pair of electrodes (E4), with 20 ± 5 mL of foam.

The conductance of the drained liquid volume under free drainage conditions was measured using the two vertical electrodes immersed in the foam. The volume of the drained liquid was deduced using a conductance calibration curve measured for a known liquid volume of foam solution. The accuracy of the measured volumes of drained liquid was estimated to be ± 0.01 mL. The normalized liquid fraction [START_REF] Hajimohammadi | Enhancing the strength of pre-made foams for foam concrete applications[END_REF] 

where 012 /" is the liquid volume of the foam deduced from the difference between the initial liquid volume of the foam (which is also the total volume of drained liquid at the end of the experiment) and the volume of drained liquid at time t.

The times t0 and td are defined, t0 as the moment when the column is totally filled by the foam (it took 3-4 s to fill the column) and td as the moment when drainage starts (when the derivative of the volume of drained liquid , i.e. the drainage flow rate in mL/min, becomes positive). The time between t0 and td is therefore the drainage delay.

Characterization of the foam bubbles.

The total foam volume was measured every 10 s using the camera (Fig. 1).

Photographs taken with a second camera of images projected onto the planar part of the column by the glass prisms located between each pair of wall electrodes were analyzed using the software ImageJ provided with the device, to determine the number of bubbles and their surface area and diameter. Photographs of a black ball 2.499 mm in radius seated at the prisms wall were used to calibrate the bubble dimension measurements (measurement accuracy of ± 1 µm) before analyzing the foams. During the experiments, the black ball was removed, making the bubbles appear white, with black Plateau borders. Each photograph covered an area of between 20 and 40 mm 2 and contained 20 to 600 bubbles. Since the ImageJ software can only characterize bubbles larger than 19 µm in diameter, the mean diameter calculations do not take into account bubbles smaller than this threshold. However, the number of bubbles less than 19 µm in diameter was determined and the proportion of these small bubbles was estimated from the overall distribution of bubble diameters.

In this study, we mainly analyzed photographs of the bubbles taken between E3 and E4 and at 5 cm under the surface of the foams between t0 and td to characterize the evolution of the bubbles and Plateau border dimensions before drainage initiation, during Ostwald ripening.

Surface tension measurements

The equilibrium surface tension of the foams was measured with a Krüss K100C tensiometer using the du Noüy ring method. A platinum-iridium ring with a diameter of 1 cm was inserted into the foams and withdrawn without tearing the lamella. The surface tension (7, mN•m -1 ) was calculated using Eq. ( 5):

7 8 * cos :" ( 5 
)
where 8 is the force produced when the lamella is lifted by the withdrawal of the ring, is the sum of the internal and external circumferences of the ring and : is the wetting angle (generally 0° for this alloy). All measurements were performed at 23 ± 0.2 °C with a precision of 0.01 mN•m -1 .

Rheology of the foaming solution

A shear rate controlled rheometer (Discovery Hybrid Rheometer, TA Instruments) with a Peltier cylinder was used to measure the yield stress of the foaming solutions. The shear rate frequency was set to the lowest possible value (6.75 × 10 -3 •s -1 ) and the temperature was adjusted to 25°C. 

. Results and discussion

Drainage study

Effect of the xanthan concentration

Regardless of the initial bubble sizes (i.e. the size of the glass beads used to generate the foams), the foams without xanthan gum (S0) begin to drain immediately with a significant flow rate increase (Fig. 2a). On the contrary, the foams containing xanthan (S1-S3, Fig. 2b-d) have similar drainage profiles, with an initial drainage delay of several minutes during which the foams do not drain. There are thus two clearly defined periods: a drainage delay followed by drainage until all the liquid has flowed out of the foam.

These results confirm the "blocking effect" of xanthan on liquid flow, as has been used previously to preform geopolymer foams with similar drainage delays [START_REF] Hajimohammadi | Enhancing the strength of pre-made foams for foam concrete applications[END_REF]. Very slow drainage kinetics have been reported previously with 2 g•L -1 xanthan by Pu et al. [START_REF] Pu | Experimental investigation of viscoelastic polymers for stabilizing foam[END_REF] but with a much higher liquid fraction (21%), while complete blockage was obtained by Martinez et al. [START_REF] Martinez | Effect of limited hydrolysis of sunflower protein on the interactions with polysaccharides in foams[END_REF] with a higher xanthan concentration (5 g•L -1 ). The origin of this blocking effect remains unclear however.

The drainage delay is longer in the foams with higher xanthan concentrations (for example, 5, 20 and 60 min in foams S1, S2 and S3 generated with 2 mm glass beads respectively). It contributes to increase the stability of the foams.

Rheological studies of the foaming solution

Some authors attribute the increase in foam yield stress induced by the presence of nanoparticles or macromolecules to a "confinement" mechanism at the Plateau borders.

Laponite clay particles (30 nm) have been shown to induce drainage arrest [START_REF] Guillermic | Surfactant foams doped with laponite: unusual behaviors induced by aging and confinement[END_REF] by blocking the liquid flow and the yield stress of a foam increases from about 10 -2 to 10 Pa. Moreover, in foams stabilized with whey protein as surfactant and 3-6 g•L -1 xanthan macromolecules, Laporte and al. [START_REF] Laporte | Rheological properties of food foams produced by SMX static mixers[END_REF] estimated yield stresses of |~12-15 Pa at 0.1 s -1 using the Hershel-Buckley model. These values are greater than those measured in a liquid with a three times higher concentration (20 g• L -1 ) of xanthan gum [START_REF] Benbelkacem-Benmouffok | Viscoélasticité et écoulements de fluides structurés[END_REF], which confirms the presence of a "confinement effect" in the foam.

Xanthan is therefore known to be a yield stress fluid in solution at high enough concentrations. In the foaming solutions considered here however, the yield stresses are very low, and the value was only measurable in the solution with the highest concentration of xanthan (S3, 3 g•L -1 ; yield stress, 0.032 Pa at shear rate of 6.75 × 10 -3 s -1 ; Fig, 3). Importantly though, this bulk value is different from the local yield stress of the (xanthan) fluid confined in Plateau borders, which is a poorly studied topic in the literature. It is this local yield stress and its influence on the drainage kinetics that is discussed in the rest of the article. 

Surface tension

The variations of the surface tension during drainage in the four foaming solutions are shown in Fig. 4. The values level off after about 300 s at 28.20, 28.25, 28.00 and 28.15 mN•m -1 for foams S0-S3, respectively. These data show that the presence of xanthan does not increase the surface tension of the foams, and therefore that there is no adsorption of xanthan at the bubble surfaces. These results are in keeping with those of Dame and al. [START_REF] Dame | Relations between physicochemical properties and instability of decontamination foams[END_REF] obtained on the same Glucopon-xanthan system but with a much lower xanthan concentration (0.2 g•L -1 ). The following results outline how the drainage delay seems to be controlled by a confinement mechanism in the foams and less by the stability of the liquid/gas interfaces. xanthan gum.

Drainage time

Fig. 5a plots the drainage delay of foams generated with different glass bead diameters as a function of their xanthan content and Fig. 5b shows the corresponding half-lives (the time at which the liquid fraction is 50% of the initial value) of the foams. There are clear positive relationships between the xanthan concentration of the foams on the one hand and the drainage delay and foam half-life on the other (i.e. the foams with higher xanthan contents drain more slowly). For example, the half-lives of the foams produced with 2 mm beads containing 0, 1, 2, and 3 g•L -1 xanthan are respectively 5, 50, 140, and 275 min (Fig. 5b).

This increase of the drainage period is explained by the greater viscosity of the foams containing more xanthan [START_REF] Bureiko | Bulk and surface rheology of Aculyn TM 22 and Aculyn TM 33 polymeric solutions and kinetics of foam drainage[END_REF][START_REF] Sheng | Effect of Xanthan Gum on the Performance of Aqueous Film-Forming Foam[END_REF]. Increasing the xanthan gum content therefore improves the overall stability of the foams by increasing the drainage delay and the total drainage time.

Effect of the glass bead size in the foam generation device

The data in Fig. 5 also highlight the effects of the size of the glass beads used to generate the foams on the size of the bubbles at t0. Fig. 5a shows in particular that the drainage delay is directly affected by the initial size of the bubbles. For all xanthan gum concentrations, the foams generated with 2 (4) mm beads are the most (least) stable. Using larger beads (meaning larger initial bubbles) shortens the half-lives of the foams and reduces the drainage delay, which disappears in the S1 foam produced with 4 mm beads (Fig. 2b and Fig. 5a). 

Local liquid fraction profiles and liquid flow in the foam

Figure 6 shows how the local liquid fraction varies over time at different heights in the four foams containing 0, 1, 2 and 3 g•L -1 xanthan (S0-S3) generated with 2 mm beads. These data show first that all the foams are initially homogeneous, with liquid fractions of 10 ± 1% measured at t0 by all the electrodes, except for the highest pair in foams S2 and S3. The high viscosity of the latter solutions make them less foamable and a wetter foam was produced, as reported previously [START_REF] Dabestani | Effect of Persian gum and Xanthan gum on foaming properties and stability of pasteurized fresh egg white foam[END_REF][START_REF] Chen | Bulk foam stability and rheological behavior of aqueous foams prepared by clay particles and alpha olefin sulfonate[END_REF]. In the foam without xanthan (Fig. 6a), the immediate decrease of the local liquid fraction measured at the highest electrode confirms that drainage begins immediately. The curves for the foams containing xanthan (Fig. 6b-d) are all similar but those with higher concentrations have slower drainage kinetics. One noticeable feature is the initial plateauing of the liquid fractions at ~10%, the duration of this plateau being inversely related to the Regarding the slight increase in the local liquid fractions during the drainage delay (especially in the foams with 2 and 3 g•L -1 xanthan; Fig. 6c,d), a possible explanation is that the electrical signal in these foams increases due to a "bubble size effect" (through tortuosity) as bubbles get larger with time. This was previously observed by Karapantsios and Papara [START_REF] Karapantsios | On the design of electrical conductance probes for foam drainage applications: Assessment of ring electrodes performance and bubble size effects on measurements[END_REF] for wet foams >0.2) and Datye and Lemlich [START_REF] Datye | Liquid distribution and electrical conductivity in foam[END_REF] for dry foams (ε<0.06). According to Eq. ( 2) during the drainage delay, at a constant liquid fraction, an increase in the size of the bubbles leads to an increase of the Plateau border dimensions.

In foams S2 and S3 indeed, the liquid fraction measured by the highest electrode pair is about 1.5-3% higher initially than the values measured lower down, but the latter subsequently increase as the liquid flows down.

Bubble morphologies

Figure 7 shows photographs of bubbles projected onto the walls of the columns (5 cm beneath the top of the foam) for foams generated with 2 mm glass bead at t0 and td, (the photograph at td is missing for S0 because there was no drainage delay in this foam).

Comparing the photographs obtained at t0 and at td shows how the bubbles grow by Ostwald ripening between foam generation and drainage initiation [START_REF] Cantat | Les Mousses : structure et dynamique[END_REF]. Figs. 8a and 9 respectively compare the mean bubble diameters and the distributions of bubble sizes at t0 in the different foams. The size of the bubbles clearly depends on the size of the beads used to generate the foams, but also of the xanthan concentration (i.e. the viscosity) of the foaming solutions. The average initial bubble size is larger in the foams generated using larger beads for all xanthan contents (Fig. 8a). This is likely because the air pockets between the larger glass beads are also larger. The distributions are broader in the foams generated with 3 or 4 mm beads than in those generated with 2 mm beads, with

mm glass beads

a) b) c) d) e) f) g)
maximum ranges of 0-179 µm for the latter and 0-319 µm for the former. The polydispersity and the mean bubble size of the foams generated with 2 mm glass beads vary little with the xanthan concentration, with 91, 94, 92 and 92% of the bubbles less than 100 µm in diameter in foams S0-S3, respectively.

In the foams generated with 3 and 4 mm beads on the contrary, the bubble sizes are more widely distributed in those with higher xanthan concentrations. With 3 mm beads, the proportions of bubbles less than 100 µm in diameter are 71, 73, 72 and 89% in foams S0-S3, respectively, and the corresponding proportions in the foams generated with 4 mm beads are 47, 73, 70 and 87%. Moreover, the part of few extremely larger bubble (> 200µm) corresponds to less than 8 % for the foam without xanthan and less than 3% for the xanthan foams. This is a lower part compared to the 20~25% of the 100-199 µm distributions which is the major contribution to increase the mean bubble size.

The bubbles in the foams with 3 g•L -1 xanthan are noticeably smaller than in the equivalent foams with lower xanthan concentrations; this is in keeping with their higher viscosity, which hinders foaming as has been noted before [START_REF] Martínez-Padilla | Effects of xanthan gum rheology on the foaming properties of whey protein concentrate[END_REF]. There is therefore an interaction between the effects of larger air pockets (which lead to larger bubbles) and higher liquid viscosity (which leads to smaller bubbles). For a given xanthan content, the drainage delay is longer (Fig. 5a) in the foams with narrower bubble size distributions and smaller mean bubble sizes at t0 (Fig. 8a and Fig. 9).

Furthermore, the larger the bubbles are at t0, the faster the drainage kinetics of the foams are (red curves in Fig. 2). This observation is in agreement with results reported elsewhere in the literature [START_REF] Rand | Drainage of Aqueous Foams: Generation-Pressure and Cell-Size Effects[END_REF]. Fig. 8b shows that the mean bubble diameter at td is constant at a given xanthan concentration, regardless of the initial size of the bubbles (Fig. 8a). In other words, there seems to be a bubble size threshold above which drainage begins. This threshold diameter increases with the xanthan concentration, the mean bubble diameter at td being 79, 95 and 110 µm respectively in the foams with 1, 2 and 3 g•L -1 xanthan. This means that foams in which the average initial bubble size is above this threshold (which depends on the xanthan concentration) should begin to drain immediately. This was indeed observed for foam S1 generated with 4 mm beads (Figs. 2c and5a) where the average initial bubble diameter (80 µm) was close to the threshold value. Conversely, the greater the difference is between the average initial bubble diameter and the threshold diameter, the longer the drainage delay is.

Fig. 10 shows that this positive relationship between the drainage delay and the difference between the threshold diameter (Fig. 8b) and the initial bubble diameter (Fig. 8a) is independent of the xanthan concentration. The distributions of bubble diameter for the S3 foams (Fig. 11c) seem to be bimodal with a major peak (20-25% of the bubbles) in the 20-39 µm interval and a second peak (5-10%) could be attributed to the 140-199 µm range. This is explained by the longer drainage delay of these foams, with a correspondingly longer ripening process. The medium and small bubbles diffuse into the large ones increasing the relative proportion of the smallest bubbles.

This explains why the proportion of bubbles in the 0-19 µm interval is smaller in the distributions shown in Fig. 9d (at t0) than its is in those shown in Fig. 11c (td).

Critical Plateau border dimensions.

Since the local liquid fraction can be expressed as the ratio of the Plateau border radius and the diameter of the surrounding bubbles (Eq. ( 2)), the growth of the bubbles at a constant liquid fraction implies that the Plateau borders also grow, and conversely, that there is a critical Plateau border size below which flow is impossible. The volume of a Kelvin cell and the length of the Plateau borders are defined by Eq. ( 1) and the length and radius of curvature of the plateau borders can be calculated from the liquid fraction of the foams using Eq. ( 2), yielding values of 15-28 µm and 20-38 µm, respectively.

We propose to define a local yield stress τy (Pa) due to gravity in the Plateau borders with

> ? @ A PB BC A PB (6) 
with m the mass of liquid in a Plateau border (kg), g the gravitational constant (m•s -2 ), W the static weight (N or kg•m•s -2 ), SPB the cross-section of a Plateau border (m 2 ). Fig. 12 shows that the yield stress in the Plateau borders increases linearly with the xanthan concentration.

At drainage initiation, the calculated values are 0.27, 0.32 and 0.37 Pa for the Plateau borders in foams S1, S2 and S3, respectively. These values are more than 11 times larger than those measured in the bulk of the foam (Fig. 3) and confirm that the yield stress of the pseudoplastic liquid of the foams increases when it is confined in the Plateau borders. Drainage begins when the local yield stress exceeds this "critical" value at drainage initiation for a given foam composition. In other words, once the bubble and the Plateau border dimensions reach and exceed the critical dimensions during Ostwald ripening (during the drainage delay), the liquid ceases to be retained and begins to drain through the Plateau borders. Note finally that since wall drainage [START_REF] Papara | Container effects on the free drainage of wet foams[END_REF], which accelerates the drainage kinetics, was not considered in this analysis, the apparent critical bubble dimensions and the ripening times/drainage delays reported here may underestimate the true values. 
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 1 3 g/L xanthan concentration to complete the literature. These data revealed drainage delays in the range of 5 minutes up to one hour. The second objective deals with the physic of the drainage delay trying to contribute to a better understanding of the mechanisms governing drainage delay. It is shown that under certain conditions, xanthan is able to block drainage for several minutes: the increase of local yield stress of the Plateau borders containing xanthan induces the drainage delay caused by confinement of xanthan molecules in the Plateau borders. Finally there is a critical bubble size beyond which the drainage begins.
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 2 Fig. 2 shows how the normalized mean liquid fractions / / (%) of foams with different xanthan contents vary over time. The drainage kinetics are affected by the xanthan
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 2 Fig. 2. Time evolution of the normalized mean liquid fraction of foams containing (a) 0, (b) 1, (c) 2, or (d) 3 g•L -1 xanthan, and the variation of initial bubble sizes induced by the use of
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 3 Fig. 3. Stress as a function of step time at a low shear rate (6.75 × 10 -3 s -1 ) in the foaming solution with 3 g•L -1 xanthan.
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 4 Figure 4. Time evolution of the surface tension of the foams containing 0, 1, 2, or 3 g•L -1
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 5 Fig. 5. (a) Drainage delay and (b) and half-life of foams generated with 2 (blue), 3 (yellow)
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 6 Fig. 6. Time evolution of the local liquid fraction measured at different heights in the body of foams containing (a) 0, (b) 1, (c) 2, or (d) 3 g•L -1 xanthan and produced using 2 mm glass
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 5 min td = 20 min td = 60 min height of the corresponding electrodes in the column. When the foam begins to drain, the entire volume of foam liquid begins to flow downward under the effect of gravity. The liquid in the lowest part of the column accumulates under the foam pulp. The liquid fraction is maintained for the longest in the lowest part of the foam because this is the region that dries last. These profiles are indicative of the foam drying from the top to the bottom, with a 10% liquid fraction front passing through the foam in piston-type flow. The local liquid fraction profiles measured near the top of the foams (at E4, 2 cm below the top of the foam), are similar to those measured by the two vertical electrodes (Fig. 2), in particular in terms of the lengths of the drainage delay.
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 7 Fig. 7. Photographs of bubbles projected onto the wall of the column taken (a-d) at t0, straight

Fig. 8 .

 8 Fig. 8. Bar charts of the average initial bubble sizes (µm) (a) at t0 and (b) at td in the foams containing 0, 1, 2, or 3 g•L -1 xanthan. The red, yellow and blue bars correspond respectively
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 9 Fig. 9. Distributions of bubble diameters in the foams containing (a) 0, (b) 1, (c) 2, or (d) 3 g•L -1 xanthan gum immediately after generation (t0). The red, yellow and blue lines
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 10 Fig. 10. Difference between the average bubble sizes at t0 and td (µm) in foams containing 1, 2 or 3 g• L -1 xanthan gum plotted (respectively in yellow, green and blue) as a function of the
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Figure 11 showsFig. 11 .

 1111 Figure 11 shows the distributions of bubble dimensions in the different foams at td. In
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 12 Fig. 12. Yield stress of the fluid in the Plateau borders as a function of the xanthan content of
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