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Introduction

Aqueous foams are dispersions of gas bubbles in aqueous liquids. They are metastable systems and evolve with time via different processes:

-gravity-driven drainage of liquid between bubbles -coalescence, which is the rupture of liquid films between bubbles -coarsening, which is the gas transfer between bubbles due to different internal pressures.

Coalescence and coarsening lead both to an increase of the bubble radius with time and are not easy to distinguish. Drainage, which removes liquid from the foam, influences both coarsening and coalescence. In order to disentangle the different effects, we aim to perform experiments in microgravity and suppress drainage. In this way, we could obtain foams containing a substantial amount of liquid and study the role of liquid fraction.

A particularly interesting transition in wet foams should be observed beyond the point where the bubbles are closely packed, but still spherical. For disordered foams this jamming transition is expected to occur at a liquid fraction ≈ 36% (figure 1). At smaller , the bubbles are distorted into polyhedra and the foams behave like a soft solid. By contrast, at larger  the foams behave like a viscous liquid since the bubbles can move independently (bubbly liquid). Similar jamming transitions are encountered in other assemblies of randomly packed objects, such as sand, clays, emulsions, etc., which are presently the object of much interest. There are many applications that require an understanding of wet foams. Such foams, which contain a high percentage of liquid, play a crucial role in many foaming processes. A better understanding of wet foam properties will help to improve foam control or process design in industry, which still today remain essentially empirical.

The project called "Hydrodynamics of Wet Foams" started with the ESA MAP program announcement of opportunity of 1999. The focus at that time was on foam drainage and rheology of aqueous foams. The cell design had unfortunately to be abandoned in 2007, and a new design with a carrousel of small cells was then adopted. A new module was constructed and was installed in the FSL of the ISS in July 2018. It includes diagnostics based on multiple scattering of coherent light (DWS and a variant, TRC) (figure 2). The design was appealing for other scientific communities, working on emulsions and on granular media. A joined MAP project called "Soft Matter Dynamics" started in 2014. Cells suitable for granular systems have been designed and the experiments started during the summer 2018. The first carrousel with foam cells will be sent at the end of 2018. The foam project (called FOAM-C) focuses on foam coarsening studies, which will be performed in the ISS. Coarsening gives rise to bubble rearrangements which dynamics should change drastically at the jamming transition. It is planned to investigate their evolution when the transition is approached. Similar rearrangements occur if the foam is sheared and the study will be therefore helpful for a better understanding of the rheology of wet foams. An adaptation of a foam cell has been designed by R.Höhler, partner of the FOAM-C project, and should allow performing a simple approach of foam rheological behavior. The feasibility study of the corresponding project, called REFOAM, has been successfully completed in 2017.

Theoretical background on coarsening

Coarsening involves the transport of gas between bubbles of different pressures, leading on Earth to the growth of the average bubble radius R with time t. In dry foams, R ~ t 1/2 [START_REF] Weaire | The Physics of Foams[END_REF][START_REF] Cantat | Foams -Structure and Dynamics[END_REF]. In bubbly liquids, where bubbles are independent and spherical, the process is rather called bubble disproportionation. Its origin is similar to the phenomenon of Ostwald ripening in dilute dispersions, where the gas diffuses through the continuous phase between bubbles due to differences in Laplace pressure. In the latter situation however, as with bubbly liquids, R ~ t 1/3 . The law R ~ t 1/2 arises from the fact that in dry foams, the gas mainly diffuses through the thin films between bubbles for which the diffusion path is the smallest. The comparison of experiments on very wet foams and on drier ones with similar diagnostics is an opportunity to see the transition between these two regimes.

Ostwald ripening

Ostwald ripening has been extensively studied in emulsions [START_REF] Taylor | Ostwald ripening in emulsions[END_REF]. The pressure in emulsion drops is increased by the Laplace pressure which is larger in smaller drops, hence the liquid diffuses from the small drops to the large ones; this results in an increase of the average drop radius with time. Lifshitz and Slyozov showed that when the drop (or bubble) volume fraction is very small, and when the scaling state is reached, the drop radius increases as the cubic root of time t: R ~ t 1/3 , with a rate  = dR 3 /dt given by:

 = RT V S D m m 9 8  (1)
Although equation 1 accounts well for the influence of the oil-water solubility S in emulsions, the measured rate is usually higher than predicted by this equation. This could of course occur from the fact that equation 1 is valid only for very dilute systems, and corrections for drop volume fraction have been proposed [START_REF] Baldan | Progress in Ostwald ripening theories and their applications to nickel-base superalloys -Part I: Ostwald ripening theories[END_REF]. However, these corrections cannot account for the rate differences observed with different surfactants [START_REF] Georgieva | On the Possible Role of Surface Elasticity in Emulsion Stability[END_REF].

Meinders and van Vliet addressed the issue with numerical simulations. They took into account the compression elastic modulus E for the layer of surface active species covering the oil-water interfaces. They showed that Ostwald ripening in emulsions can be slowed down by increasing the elastic modulus [START_REF] Meinders | The role of interfacial rheological properties on Ostwald ripening in emulsions[END_REF].

When the modulus E reaches the value E = /2, their simulations show that Ostwald ripening stops as predicted earlier by Gibbs and as observed with emulsions and foams stabilised by particles.

Coarsening of foams

In dry foams, the gas mainly diffuses through the thin films. The problem is quite difficult to tackle, but an order of magnitude of the coarsening rate  f =dR 2 /dtin the scaling state can be estimated, R being the equivalent average bubble radius (radius of the sphere having the same volume as the bubbles).

The growth rate of an individual bubble of volume V in foams depends both on the shape of the bubble and on the physico-chemical properties of the liquid, gas and surfactant . A good approximation is to consider that the growth rate depends on the number of faces of the bubbles rather than on their size: bubbles with small numbers of faces shrink, bubbles with large number of faces grow, bubbles with 12 faces remaining roughly stationary [START_REF] Lambert | Experimental growth law for bubbles in a moderately "Wet" 3D liquid foam[END_REF]. By averaging over suitable distributions of bubble geometry [START_REF] Hilgenfeldt | Dynamics of Coarsening Foams: Accelerated and Self-Limiting Drainage[END_REF], it was established that [START_REF] Cantat | Foams -Structure and Dynamics[END_REF] where  A ,  V and  are geometrical factors and the Henry constant He is expressed in mole m -3 Pa -1 . For the 14-faced Kelvin cell,  V ~11.3 and  A ~26.8; ~10 for dry foams. The function f() is the fraction of the area of the bubble covered by thin films; f() is close to one for very dry foams and decreases when  increases such as

: f( ≈(1-1.52  1/2 ) 2 [9].
Equation 2 is the analog of equation 1 for diffusion through films between bubbles.

The quantity D m He/h is the permeability K 0 of the water film when He is expressed as the gas volume fraction in water. In some cases, the surfactant monolayers at the film surface also slow down gas transfer. The permeability is then written:

(3) where K s is the gas permeability across a surfactant monolayer. For pure water films in air, H e =0.018 and D m =2 10 -9 m 2 /s, hence for a film 10nm thick: K 0 ~ 3.6 mm/s, comparable but somewhat higher to the permeabilities measured for such thin films K ~1mm/s [START_REF] Farajzadeh | Foam film permeability: Theory and experiment[END_REF].

Bubble rearrangements

Besides the growth of the average bubble radius, the intermittent dynamics of the structural evolution in coarsening foams are of fundamental interest. As larger bubbles grow at the expense of smaller bubbles, the packing is slowly deformed. This intermittently leads to unstable configurations where the packing undergoes topological rearrangements. These events, occurring in the bulk of opaque foam samples, can be evidenced and resolved in time by multiple scattering of coherent light. The experimental techniques developed for this purpose have been discussed in a recent review [START_REF] Hohler | Multiple light scattering as a probe of foams and emulsions[END_REF]. Previous work has shown that in the scaling state, the rate of bubble rearrangements varies with foam age following a power law whose origin is not yet well understood [START_REF] Isert | Coarsening dynamics of three-dimensional levitated foams: From wet to dry[END_REF]. Recent investigations have evidenced a close analogy, linking the mechanism of bubble rearrangements in wet foams to grain rearrangements in granular suspensions [START_REF] Merrer | Bubble Rearrangement Duration in Foams near the Jamming Point[END_REF]. However, in contrast to immersed grains, the hydrodynamic boundary conditions at the interfaces of bubbles can be tuned to display rigid or mobile behavior, depending on the constitution of the foaming solution [START_REF] Merrer | Duration of bubble rearrangements in a coarsening foam probed by time-resolved diffusing-wave spectroscopy: Impact of interfacial rigidity[END_REF].

Understanding dynamics of bubble or grain rearrangements is not only important in the context of coarsening, closely related relaxation processes governs the viscous dissipation in flowing foams or granular suspensions [START_REF] Merrer | Bubble Rearrangement Duration in Foams near the Jamming Point[END_REF][START_REF] Merrer | Duration of bubble rearrangements in a coarsening foam probed by time-resolved diffusing-wave spectroscopy: Impact of interfacial rigidity[END_REF][START_REF] Cohen-Addad | Flow in Foams and Flowing Foams[END_REF]. The dissipation of flowing wet foams is so far poorly understood, and it plays a key role in applications ranging from tunnel boring to oil recovery. At packing fractions approaching the jamming transition, the rearrangement duration is expected to diverge following a scaling law that was recently evidenced experimentally in moderately wet foams [START_REF] Merrer | Bubble Rearrangement Duration in Foams near the Jamming Point[END_REF]. Measuring the critical exponent of this power law up to the jamming transition remains a challenge that can only be resolved in microgravity conditions.

Preparatory studies of foams in microgravity.

Foamability studies were performed within a program called FOAM-S, which involved several parabolic flights and ISS experiments. The work in the ISS was done within the frame of ESA educational programs in 2009 and 2012 [START_REF] Caps | Does water foam exist in microgravity? Europhys[END_REF][START_REF] Caps | Langevin How foams unstable on Earth behave in microgravity?[END_REF]. Wet foams were prepared with liquids giving rise to stable dry foams on Earth. The wet foams in the ISS have been found to have longer lifetimes than foams prepared on Earth. The difference can be explained considering the liquid fraction in these wet foams which exceeds 30 percent; the thickness of the films between bubbles is larger than in Earth based foams, makes the films less likely to rupture.

We also studied other foams which are very unstable on Earth. We found that even pure water foams are stable in microgravity up to the jamming limit (> *), i.e. when the bubbles are still spherical (bubbly liquid). However, water foams with polyhedral bubbles cannot be generated even in microgravity: the films between bubbles thin rapidly (in fractions of a second) due to capillary-driven drainage, followed by film rupture, as on Earth. Foams made with liquids containing little or no surfactants are unstable on Earth (no foam is even obtained with water-ethanol mixtures). These liquids were found to foam in microgravity, although capillary drainage limits the amount of foam produced. On Earth, capillary drainage is supplemented by gravity drainage and the amount of foam produced is much smaller or even non-existent. The observations were rationalized in terms of surface tension gradients that are able to slow down film drainage. In the case of unstable foams, these gradients are too small to stabilize thin films against drainage on Earth, but can slow down drainage to some extent when only the capillary drainage is present.

We also found that antifoam agents were ineffective with bubbly liquids in microgravity. Antifoam agents are hydrophobic particles that break the films when their thickness is comparable to the particle size. Since no films are formed in bubbly liquids, the antifoam agents can no longer function, as observed. We will show in section 4.4 that the performance of these agents with foams is also lowered in microgravity.

Generally speaking, we have found that the amount of foam created in microgravity is equal or larger than on Earth, and the foam stability is always better. This is due to the limited drainage, which allows the existence of very wet foams in which coalescence events are very unlikely to happen.

Recent work

The foam work is now focused on foam coarsening,. One of the aims of the project is to observe the change in regime between R ~ t 1/2 and R ~ t 1/3 when the jamming transition is approached.

Coarsening of surfactant stabilized foams

We have described the state of the art of the theoretical modelling and compared the models to existing experiments and new ones performed in the laboratory with various types of dry foams [START_REF] Briceno-Ahumada | On the influence of surfactant on the coarsening of aqueous foams[END_REF]. Large discrepancies between measured and predicted rates were identified (see an example on table 1). The differences in coarsening rates observed with different surfactants could however be attributed to differences in permeability of the thin liquid films to gases. This difference is due to the presence of surfactant monolayers covering the film surfaces as described by equation 3. Note that the presence of the monolayer can also have an influence on the coarsening process due to its mechanical properties, but this type of action has been observed only in foams stabilised by particles. , theoretical value of D eff calculated using equation 2 and the phydsicochemical parameters indicated in ref [START_REF] Briceno-Ahumada | On the influence of surfactant on the coarsening of aqueous foams[END_REF] . The different values of D eff for a single gas correspond to experiments by different authors.

A special device aiming to study thin horizontal layers of foam (not affected by drainage) has been elaborated and coupled with a DWS probe. So far, however, the results were inconclusive, as it was impossible to completely suppress gravity drainage [START_REF] Saulnier | In-situ measurement of the permeability of foam films using quasi-twodimensional foams[END_REF].

It is thus very difficult to study coarsening on Earth, even with moderately wet foams. A problem possibly at the origin of the observed discrepancies, is the occurrence of coalescence events that will accelerate bubble growth. Microgravity will be an ideal tool, not only to suppress drainage, but also to limit coalescence: in wet foams the films are thick (or absent), hence coalescence events are much less frequent than on Earth. This should allow the measurement of coarsening rates for a wide range of liquid fractions and making a link between Ostwald ripening and coarsening regimes. Meanwhile, experiments were conducted on Earth to evaluate the influence of the competition between coarsening and coalescence.

Competing coarsening-coalescence

It is not trivial to decide if coalescence is present in 3D foams. Thus studies are being performed in 2D foams, in which a direct visualization is possible. For this purpose a 2D cell in which the liquid fraction can be controlled was constructed, inspired by ref [START_REF] Roth | Bubble statistics and coarsening dynamics for quasi-twodimensional foams with increasing liquid content[END_REF]. The influence of various parameters (bubble size, liquid fraction and capillary pressure) on coalescence was analysed. These parameters are related to each other, and in existing experiments they were not varied separately. We are currently looking for ways to overcome this difficulty.

The 2D foam experiment also allowed the measurement of film permeability [START_REF] Saulnier | In-situ measurement of the permeability of foam films using quasi-twodimensional foams[END_REF]. We proposed a particularly simple approach in which we follow the evolution of the number of bubbles of an initially monodisperse foam. In this case, a large number of bubbles disappear simultaneously, leading to a "catastrophic" event, which can be identified easily and accurately related to the film permeability.

Foams containing oil

Many foams in industry (food, cosmetics, petroleum) contain oil in the form of small emulsion droplets The characterization of foamed emulsions (figure 3) requires several measurement methods to distinguish the fractions of water, air and oil. For this purpose, we have used electrical conductivity to measure the water liquid fraction, and imaging of surface bubbles to measure the total liquid fraction. The last determination is possible thanks to the relationship between the liquid fraction on the surface of the foam and the volume fraction in the foam established recently [START_REF] Forel | The surface tells it all: relationship between volume and surface fraction of liquid dispersions[END_REF]. We have then evidenced an arrest of foam drainage due to the local increase of oil volume fraction and subsequent gelation of the liquid in the foam [START_REF] Schneider | Foamed emulsion drainage: flow and trapping of drops[END_REF]. Fig. 3. Foamed emulsion. Bar: 50 m. The bubbles are white and the emulsion between bubbles is dark; the oil drops appear to locate preferentially near the bubble surfaces.

The behavior of oil drops in foams has close similarities to that of the solid particles. In order to explore the local behavior in more depth, we have optimized DWS studies of foams containing particles or oil drops [START_REF] Mikhailovskaya | Following nanoparticles in complex turbid media[END_REF].

Antifoam behaviour in microgravity

The work on antifoam particles has been completed in a parabolic flight. We found that in microgravity, antifoams lose their efficiency, not only in bubbly liquids as seen earlier in the ISS but also in foams (figure 4). The antifoam particles could stay in the interstices between bubbles called Plateau borders (PB) if buoyancy does not bring the particles into the films where they could break them [25].

Conclusions

The principal objective of the project is the preparation of the ISS flights planned in 2019 and in the following years, as well as the analysis of the data that will be obtained. Experiments are planned with foams made with different surfactants and eventually containing solid particles or oil drops (foamed emulsions) susceptible to affect coarsening. The preparatory experiments described in this paper aided to gain knowledge and better apprehend the behavior of foams in microgravity. However the transition in coarsening regimes near the jamming transition remains to be located as experiments on levitated foams, on quasi 2D foams and numerical simulations still disagree in this respect. Coalescence of bubbles is still a more mysterious process, but luckily it should affect much less wet foams than dry ones.
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 1 Fig. 1. Scheme of the evolution of foam structure with liquid fraction 
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 2 Fig. 2. Instrument design for the Soft Matter Dynamics Experiment by Airbus. The instrument will be installed as an EC inside the FSL onboard the ISS. The carousel allows rotating different sample cells into the diagnostics region.

  diffusion coefficient D eff =   /[2 A f()]for coarsening of foams made with the same surfactant but different gases (fluorinated ethane, nitogen and carbon dioxide) and D eff th
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 4 Fig.4. Foam behaviour on Earth and I microgravity (parabolic flight) with or without antifoam added. The foam is generated during the first 10s with an oscillating piston after which it is left to decay. The efficiency of the antifoam in microgravity is almost totally suppressed.
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