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We investigate experimentally the effect of salinity and atmospheric humidity on the
drainage and lifetime of thin liquid films motivated by conditions relevant to air—sea
exchanges. We show that the drainage is independent of humidity and that the effect of
a change in salinity is reflected only through the associated change in viscosity. On the
other hand, film lifetime displays a strong dependence on humidity, with more than a
tenfold increase between low and high humidities: from a few seconds to tens of minutes.
Mixing the air surrounding the film also has a very important effect on lifetime, modifying
its distribution and reducing the mean lifetime of the film. From estimations of the
evaporation rate, we are able to derive scaling laws that describe well the evolution of
lifetime with a change of humidity. Observations of the black film, close to the top where
the film ruptures, reveal that this region is very sensitive to local humidity conditions.
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1. Introduction

Thin films play a key role in ocean—atmosphere coupling: bubbles at the surface of the
ocean are responsible for sea-salt aerosols generation and an important fraction of the
exchanges of gas (Veron 2015; Deike 2022). When they burst, surface bubbles eject drops
of seawater in the atmospheric boundary layer, containing sea salt and any other chemical
or biological contaminant that might be present in the top layer of the ocean (Cunliffe et al.
2013). In particular, the sea-salt aerosols generated in that way go on to influence critical
climate processes such as radiative balance or cloud formation (Lewis & Schwartz 2004).
Properly understanding the behaviour of bubbles at the surface of the ocean is therefore of
paramount importance to model the coupling between the atmosphere and the ocean.
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Numerous studies have investigated the behaviour of surface bubbles, with the goal
of finding a relationship between bubble size and the size distribution of the ejected
drops (Lhuissier & Villermaux 2012; Anguelova & Huq 2017; Poulain, Villermaux &
Bourouiba 2018; Berny et al. 2021; Jiang et al. 2022, 2024; Deike, Reichl & Paulot
2022; Shaw & Deike 2024). Several pathways for drop formation have been identified,
depending on bubble size with associated distributions; however, several questions remain
for the complete modelling of the drop generation over the ocean. First, the role of salt
in the drainage or lifetime of surface bubbles is still uncertain. It is not accounted for in
the models but has a visible effect on bubble bursting, as demonstrated by several lab
experiments (Martensson et al. 2003; Park, Lim & Park 2014; May et al. 2016; Zinke et al.
2022; Dubitsky et al. 2023; Mazzatenta et al. 2024).

An additional difficulty in the study of surface bubbles is the link between drainage
and lifetime, i.e. identifying a single rupture criterion. For many of the drops ejected,
the typical size is given by the thickness of the cap at the instant of burst (Lhuissier
& Villermaux 2012; Poulain et al. 2018; Shaw & Deike 2024) such that both pieces of
information (thickness over time and time of burst) are important. However, while drainage
is deterministic and can be modelled as a function of a few parameters, the lifetime of
surface bubbles is intrinsically stochastic and exhibits wide distributions. Poulain et al.
(2018) discussed in their Introduction the difficulty of obtaining these distributions even in
laboratory settings, as seemingly without changing experimental parameters, the lifetime
can change drastically. Finding a link between drainage and lifetime fluctuations would
therefore improve our understanding of those bubbles.

Finally, the experiments described above have all been performed in a still (closed box)
or uncontrolled atmosphere. Yet the air surrounding the bubble plays a role in the drainage
through the humidity (Poulain et al. 2018; Pasquet ef al. 2022) and in the bursting process
through the air density (Jiang et al. 2022). In realistic oceanic conditions, the bubbles
move at the surface and are subjected to wind: airflow over the cap of the bubbles may
change the drainage laws or the lifetime distribution through several mechanisms. First, it
may entrain the film (Burgess et al. 1999), changing the flow structure inside of the bubble
cap and therefore altering drainage. Second, airflow can change the evaporative rate, by
forcing the convection and replacing the natural convection that takes place around surface
bubbles in quiescent environments (Dietrich et al. 2016; Boulogne & Dollet 2018).

We set out to investigate the effect of water salinity, atmospheric humidity and airflow
on thin films to identify how these parameters affect the drainage and burst. Here, we
start by considering flat soap films instead of the cap of surface bubbles as a model object
to investigate the effect of humidity and salinity. Soap films present the advantage of a
better controlled generation and geometry, allowing for a very repeatable initial condition.
They also present the benefit of a direct visualisation of the motion in the film at all times
through interferometry. The films, however, require large surfactant concentrations to be
stable for a few seconds. As a consequence of this large surfactant concentration, soap film-
s usually rupture near the top (Saulnier er al. 2014; Pasquet et al. 2024), in contrast to low-
contamination bubbles, which can burst anywhere in the cap (Champougny et al. 2016).

Soap film drainage and lifetime have been the focus of many theoretical (Naire, Braun
& Snow 2000; de Gennes 2001; Champougny et al. 2015) and experimental (Mysels 1964;
Langevin & Sonin 1994; Berg, Adelizzi & Troian 2005; Sett, Sinha-Ray & Yarin 2013;
Seiwert et al. 2017; Monier et al. 2024)studies. Despite these efforts, there is no general
law describing the drainage of the film, depending on the fluid properties and type of
surfactant used. Several fitting laws have, however, been used to describe the evolution of
the thickness (Berg et al. 2005; Monier et al. 2024). Film drainage and lifetime are closely
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Figure 1. (a) Set-up used to generate soap films in an environment with controlled humidity. (b) Snapshot
of the interference pattern obtained. This film is generated in the case without salt and with 70 % relative
humidity.

linked, but in a non-trivial way: Champougny et al. (2018) studied the effect of both in
the context of continuously pulled soap films, and found that while the thickness of the
film is independent of humidity, the lifetime depends on it strongly. They also propose a
mechanism of film evaporation that rationalises this observation. Pasquet et al. (2024) also
studied the effect of evaporation on lifetime in giant soap films with interfaces rigidified
by surfactants.

In this paper, we first describe qualitatively the effect of salinity on thin films. We then
investigate the drainage, varying salinity and humidity. We show that humidity does not
influence film drainage, and that the effect of salinity appears only through its effect
on fluid viscosity. We finally focus on the influence of humidity on lifetime, showing
the importance of mixing in the atmosphere around the film, and exhibit scaling laws
describing the evolution of lifetime with humidity.

2. Experimental set-up

The experiments are designed to generate soap films from a solution bath and allow them
to drain until they burst spontaneously. The films are held up by a frame made out of
three wires (nylon, diameter 100 pm), and their bottom border is connected to the bath
(the detailed set-up is shown in figure 1a). The wires are attached to a 3D-printed rigid
frame, and the films have a width of 29 mm and a height of 20 mm. The rigid frame is
attached to a linear motor, allowing for a precisely controlled and repeatable generation.
The films are pulled out of the solution with a constant velocity of 1 cm s~!, and brought
to a stop gradually (using a constant deceleration of —2.5 cms™2) at the desired height.
After generation, the films are held in place until they burst spontaneously; this event is
detected automatically by the camera, and the linear motor then lowers the frame back into
the bath. After a short delay of 5s, a new experiment can start.

The bath and film are placed in a chamber where the relative air humidity is
controlled precisely. The set-up used to achieve this control is very similar to that
described in great detail in Boulogne (2019), and is able to maintain the humidity
within 1 %. A three-way valve injects alternately humid or dry air in the chamber.
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Surfactant Salinity (g17')  Glycerol Relative ~ Convection (°C) Repetitions
(%owt) humidity (%)
Drainage Triton X-100 0, 1, 3.5, 11, 35, 0 30, 50, 70, 90 0 5-10
(3 CMCO) 72,147
0 5,10 30, 50, 70, 90 0 5-10
Triton X-100 35 0 30, 50, 70, 90 0 5-10
(1 CMCO)
CI12E9 (3 CMC) 0, 147 0 30, 50, 70 0 5-10
Lifetime Triton X-100 0 0 30, 40, 50, 60, 0,5 100-200
(3 CMCO) 70, 80, 90
0 0 80 0,3,5,7,10, 15 100

Table 1. Summary of experimental conditions. Experiments with surfactants C12E9 and Triton X-100 at
1 CMC have been done for comparison but are not shown on the graphs for clarity.

This valve is duty-cycle controlled using a humidity measurement inside the chamber
(sensor HIH-4021-003).

The thickness is recorded via colour thin film interferometry (Atkins & Elliott 2010;
Sett et al. 2013). The film is illuminated with a quasi-normal incident trichromatic
light (figure 1b). This incident light is generated by three LED strips with narrow
bandwidths (typically 15 nm) and a main wavelength in the red, green and blue,
respectively (SimpleColor™LED Strips by Waveform Lighting). A colour camera then
records the interference pattern, and by separating the three colour channels, three quasi-
monochromatic interference patterns are recovered. Using a colour camera allows us to
locate the first (white) fringe and then count the fringes on any of the three monochromatic
patterns to recover the thickness anywhere in space or time. Images of the film draining
are recorded at 25 frames per second, and the colour interference technique allows us to
track the thickness starting from a few seconds after the film has stopped being pulled out.

The solutions used to generate soap films were prepared with deionised water, adding
NaCl in amounts ranging from 1 g I"! to 147 g I"'. A non-ionic surfactant (Triton X-100)
was added, with concentration three times the critical micelle concentration (CMC) to
stabilise the film. This surfactant was chosen to minimise the interactions between the
dissolved ions and the surfactant. The static surface tension of the various solutions was
measured using a Langmuir trough, and was found to be essentially independent of the
salinity and equal to 32 mN'm~! (see Appendix A). At high concentrations, solutions of
NaCl have a viscosity up to twice that of pure water (Kestin, Khalifa & Correia 1981); to
isolate the effect of viscosity, we therefore also tested solutions of 5 % and 10 % glycerol
by weight with the same surfactant. A summary of the experimental conditions is provided
in table 1 and is separated into two parts. In the drainage part, the experiments are repeated
five to ten times, and we explore many different conditions. Note that we also performed
experiments with a different concentration of Triton X-100 (1 CMC) and with C12E9,
another non-ionic surfactant. In the lifetime section, we focus on obtaining robust statistics
in the zero salinity case, but changing the relative humidity.

In order to explore the effect of mixing the air in the chamber, we use Rayleigh—
Bénard convection. We use a heating mat at the bottom of the chamber and Peltier
plates at the top to achieve the desired temperature difference. The temperatures at
the top and bottom surfaces are measured and controlled using analog sensors (Texas
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Figure 2. (a) Map of the experimental data points in the relative humidity and salinity space. The sizes of the
dots are proportional to mean lifetime across repetitions. The grey vertical line at 35 g I"! is the salinity of
seawater; the one at 360 g 1! is the solubility of NaCl. The three coloured areas are the regions where each of
the features is visible: rising patches in the film in blue, small falling particles in green, and Rayleigh—Taylor-
like instability at the top of the film in yellow. (b) Illustration of the top instability (brown patches falling in
the white fringe) and of the small patches falling down in the centre of the film. (c¢) Illustration of the rising
patches at high salinity. Each image is separated by 0.2 s. In both of these illustrations, salinity is 147 g I"!, and
relative humidity is 50 %.

Instruments LM35DZ/LLFT4), and the temperature at the level of the soap film is also
measured to ensure that it remains between 21 °C and 22 °C. The heating mat and Peltier
plates are duty-cycle controlled such that the wall temperature is constant. The Rayleigh
number controlling the instability is Ra = p, 8, AT Bg/pao, = O107), with £ = 60 cm
the height of the chamber, § the thermal expansion coefficient, p, the density of air, p,
the viscosity of air, o, the thermal diffusivity of air, and a temperature difference AT.
At this Rayleigh number, the flow in the chamber is turbulent (Drazin 2002, chapter 6),
and the air surrounding the film is therefore homogeneous in space as any slow or local
variations of the experimental conditions are suppressed. The instability sets the air in the
chamber into motion, and the typical root mean square velocity is 5 mm s~ (measured
using particle image velocimetry, PIV). In the case where mixing is not activated, the air
in the chamber can still have some motion, but it is much slower: the air inlets are placed
at the bottom of the chamber, and a diffuser restricts the air inlet flow velocity. A small
(<5 %) but stable vertical humidity gradient forms in the chamber, these effects resulting
in a velocity too small to measure with our PIV setup (<1 mm s~!'). We detail the effect of
mixing the air in the chamber in § 5; in the drainage section (§ 4) there is no mixing, but
we show in figure 5 that convection does not alter the drainage significantly.

3. Qualitative observations

Using our video recordings of the films draining with variations over two orders of
magnitude of salinity, we compare qualitatively the film drainage to its equivalent without
salt. The features visible in the draining films are unchanged up to salinities close to
seawater concentrations. For these lower concentrations, the images of the film look
identical to the case without salt, presented in figure 1(b). At higher concentrations,
qualitatively different features start to appear. They are summed up in figure 2 and
placed in the parameter space of relative humidity/salinity. The coloured area corresponds
to parameters where a given feature occurs in at least 50 % of the repetitions of the
experiment. We briefly describe below those features and the cases where they appear.
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From moderate salinities and at any humidity, an instability is occurring near the top of
the film. There, thick patches are formed at the interface between the coloured film and the
black film (brown plumes at the top of figure 2(b), and yellow area in figure 2(a)). These
patches are thicker than the ones surrounding them, and therefore fall down in the film
because of buoyancy until they reach the level that matches their thickness. This instability
is reminiscent of a Rayleigh—Taylor instability, or the one observed by Shabalina et al.
(2019). This instability occurs in many of the cases studied, with other surfactants and in
cases where glycerol was used instead of salt. It is therefore not specific to salted films,
and is most likely simply a feature of long-lasting films, studied previously in different
contexts (Seimiya & Seimiya 2021).

From salinities about twice that of seawater, very small patches (smaller than 100 pm)
can be seen throughout the upper region of the films (dots in figure 2(b), and green
area in figure 2(a)). These patches seem to be generated in the bulk of the film, and are
heavier than their surroundings as they can be seen falling down in the film. In contrast
to the previous observation, this feature cannot be seen with glycerol alone. We also
could not observe the same phenomenon in the few cases with the surfactant C12E9
that we performed. These patches may be salt crystals generated near the top because
of the evaporation occurring preferentially near the top of the film and therefore locally
increasing the salt concentration past its solubility. Similar features are believed to have
been spotted in surface bubbles (Poulain er al. 2018). The fact that we could not observe
it with another surfactant may also point towards a particle that is formed only in the
presence of salt and Triton X-100: some ionic surfactants are, for instance, known to form
solid phases in the presence of NaCl (Kharlamova et al. 2024).

For extremely high salinities (four times seawater), thin patches can be seen rising from
the middle of the film upwards (figure 2(c), and blue area in figure 2(a)). These patches
are generated preferentially at the beginning of the film lifetime when it is still thick.
They are not visible with glycerol alone, and can also be found with other surfactants. By
exchanging fluid between the middle of the film and its top, these patches may alter the
drainage dynamics of the film.

4. Drainage

Using the videos of the film draining and the interferometry technique described in § 2, we
are able to measure the thickness of any given point, over time. A typical drainage curve
for all the cases that we explore is shown in figure 3(a): the thickness is a few microns,
and it drains over a time scale ranging from a few tens of seconds to minutes. We can
also recover vertical thickness profiles by interpolating between consecutive interference
fringes, at a given instant. This technique works from a few seconds after the film has
stopped being pulled out (¢ =2 s) and outside the regions where marginal regeneration
patches are present (z < 15 mm). This allows us to investigate how the vertical profile
of thickness evolves over time (illustrated in figure 3b). The thickness increases almost
linearly when moving towards the bottom of the film, with a slope d4/dz that decreases in
time.

Within the parameter range tested, film drainage is remarkably similar: without any
rescaling, the drainage curves almost collapse onto a single curve (figure 3c¢). In particular,
the fact that the drainage curves for different humidities are the same (different markers)
shows that in the regime of interest with films lasting at most a few hundred seconds,
evaporation has a negligible role in the thinning. This property (which was noted
previously in the case of continuously drawn films; Champougny et al. 2018) holds true
regardless of salinity, despite the known effect of salt (or glycerol) to alter evaporation
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Figure 3. (a) Typical evolution of the thickness over time at a fixed vertical location in the film (5 mm below
the top wire). (b) Vertical profiles of thickness at several instants throughout the lifetime of the film. The data
shown in (@) and (b) correspond to a film with salinity 72 g I"! and relative humidity (R g) 70 %. (c) Thickness
over time for all solutions and humidities measured. Markers show the relative humidity, and the colour bar
shows the salinity of the solution. In addition, two experiments with glycerol but no NaCl are also displayed
(orange and pink markers with 5 % and 10 % glycerol by weight, respectively). Each marker corresponds to an
average of between 5 and 10 repetitions.

rates (El-Dessouky et al. 2002; Roux, Duchesne & Baudoin 2022). The effect of salinity
(different colours) is to slightly shift the curves without altering the initial thickness of
the film. The rate at which the film drains is therefore altered by salinity, but this change
remains moderate in the conditions tested. Similarly, increasing the viscosity (orange and
pink markers) slightly shifts the curves and slows down drainage. At very long times,
the curves corresponding to glycerol and NaCl solutions start to deviate from each other.
We interpret this result as being due to the qualitatively different features visible in the
films. The collapse of the drainage is robust to a change of surfactant and/or surfactant
concentration in the cases that we explored (not shown in figure 3).

At long times (after approximately 10s), the drainage curve exhibits a power-law
behaviour in time with an exponent close to —1 (i.e. A oc1/¢). Monier et al. (2024)
recently proposed a general form for the evolution of thickness at a given height z*
in the film: A(z*, t) o< (k/(t — t9))™, with k, fo and m constants that can vary slightly
depending on the experiment. Using data from the literature as well as a series of
experiments with various viscosities and frame geometries, they found an exponent m
between 1 and 2, with an average value of 1.41. By fitting the same law onto our present
experiment, we find an exponent m = 1.3 & 0.2. As discussed in their work, we also find
a small negative value for #y corresponding to the initial finite thickness of the films.
The exponent found here is coherent with previous experiments on soap films where
evaporation does not play a major role and where the main draining mechanism is the
exchange of patches of fluid with the Plateau borders at the sides of the film (Berg et al.
2005). These films are said to be mobile (Mysels 1964) in opposition to rigid films where
the interface is contaminated to the point where it applies a no-slip boundary condition
to the interstitial fluid. In that case, the equation describing the thinning of the film is
(Mysels 1959) 9h /9t = —pg/(4p) x h*dh/dz, with i and p the viscosity and density of
the liquid, respectively. A downward Poiseuille flow develops inside the film, leading to
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Figure 4. (@) Dimensionless thickness as a function of z/H, where colour indicates time. (b) Thickness
as a function of the rescaled parameter following (4.1). The data shown in (@) and (b) correspond to a
film with salinity 72 ¢ 17! and relative humidity 70 %. The black line is a linear fit with slope 2.0.
(c) Thickness as a function of the rescaled parameter, for all salinities and relative humidities tested. Colours
and markers are identical to those in figure 3: markers indicate relative humidity, and colours indicate salinity
or glycerol concentration. Each marker corresponds to an average of between 5 and 10 repetitions. The inset
shows the measured proportionality constant as a function of the salinity (see (4.1)). Error bars represent the
dispersion between repetitions.

a thickness varying like h ~ /z/t, clearly not compatible with the present experiments.
The surfactant gradient stabilising the film can instead be taken into account by introducing
a finite stress at the interface. This stress a priori depends on the surfactant used and
on the surfactant concentration, and should be computed by introducing the equation of
state for the surface excess of surfactant (Champougny et al. 2015). Under the simplifying
assumption of a constant slip length (or stress) at the interface, previous authors have
numerically recovered a thinning law close to r~! (Berg et al. 2005), with an exponent
that depends on the choice of boundary condition. The variations of the drainage exponent
m visible in the experiment can therefore be interpreted as a change of boundary condition
for different cases.

When plotted as a function of z/¢, the thickness of the film follows a linear trend (i.e.
h(z,t) xz/t; see figure 4b). From a few seconds after the film generation and for vertical
positions above the one influenced by marginal regeneration, the thickness obeys a linear
relationship with z/¢ with no fitting parameters. This strikingly simple result is robust to
changes of surfactant and salinity (or viscosity) within our parameter range (figure 4c).

The slope of this linear relationship A is defined using

ty Z
h(z, 1)/ hyet = A——, 4.1
(Z )/ ref H1 ( )
where hpr =7 wm is the thickness at generation, and ¢, is the viscous drainage time. This
typical time scale can be obtained by considering the thin film equation (Mysels 1959),

giving
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For the solutions considered here, this typical viscous time is 40-50s, depending on the
salinity. Using the drainage scaling in combination with the viscous time scale, we can see
that the thickness data for all solutions reasonably collapse onto a straight line (figure 4c¢).
The slope A of this linear relationship is a non-dimensional constant of the order O(1),
which can be evaluated and is independent on the salinity or on the viscosity (A~ 0.3;
see inset of figure 4¢). Using glycerol or NaCl, the effect of the viscosity is therefore fully
accounted for through the viscous time scale ¢,,.

There is a small visible offset between different solutions that may be attributed to the
drainage at a fixed height following a power law close to but not exactly minus one or the
shape vertical profile not being always perfectly linear. Using the fitted exponent m and
the more general expression proposed by Monier et al. (2024) to rescale the data yields a
result very similar to that plotted in figure 4(c), but our approach presents the advantage
of allowing us to measure the slope .4 without any fitting parameters, and this single
parameter is an order 1 constant.

The drainage scaling presented here is robust for all conditions tested of salinity and
relative humidity, but also to a change of surfactant concentration or surfactant (Triton
X-100 at 1 CMC or C12E9 at 3 CMC). This law is valid only from a few seconds after
the start of the drainage (figure 3c¢), and applies only in the bulk of the film, away from
edge effects: marginal regeneration at the bottom or sides of the film and the boundary
between the coloured and black film at the top. As noted above, if the film was rigid
instead of mobile (following the distinction from Mysels 1964), then the thickness should
follow h o< 4/7/t, and this drainage scaling would break down. For solutions with moderate
salinities (up to seawater concentration), this study of film drainage therefore allows us to
conclude that (i) the only effect of NaCl on thin film drainage is through viscosity, and
(ii) relative humidity (and therefore evaporation) does not play a significant role in the
drainage, regardless of salinity.

This last remark should be contrasted with the very strong effect that relative humidity
has on film lifetime. For a given solution, the lifetime can range from only a few seconds
at 30 % humidity to tens of minutes in an almost saturated atmosphere at 90 % humidity.
In the following, we therefore focus on the effect of relative humidity on the lifetime of
the films, and obtain a scaling law explaining this dependence.

5. Film lifetime

In this section, we discuss the film lifetime and the effect of convective evaporation on
the lifetime statistics and mean values. We rationalise the observations using scaling
arguments as well as measurements of the rupture location in the black film and its
evolution.

5.1. Mean lifetime and convective evaporation

To investigate film lifetime, we repeat the drainage experiment at least a hundred times
to obtain robust statistics. In the cases with large lifetime fluctuations (relative humidity
R > 70%), the experiment is repeated two hundred times. Given the limited influence of
the solution on drainage, we use solutions of Triton X-100 without any salt or glycerol
added to focus on the effect of the air around the film through humidity or flow. In
particular, we investigate the dependence of lifetime on humidity because of the stark
contrast between its lack of effect on drainage and the key role that it plays in determining
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Figure 5. (a) Example of a time series of lifetime measurements without the convection activated in the
chamber. After approximately an hour, the lifetime changes drastically, while the parameters (temperature
and humidity) remain constant. The topplot shows relative humidity (blue) and temperature (orange) close
to the film. The bottom plot shows lifetime of the films over the course of the experiment. (b) Drainage with
a quiescent (full symbols) or mixed (empty symbols)atmosphere at a fixed location in the film. Colours show
relative humidity.

the lifetime of soap films. When the experiment is repeated, a difficulty arises: sometimes,
the lifetime of the film for a given set of conditions varies drastically throughout repetitions
(see figure 5(a), where the mean lifetime changes by a factor 5 with no variation of
the control parameters). This difficulty, which was noted previously by Poulain et al.
(2018) in the case of surface bubbles, is particularly striking at humidities close to
saturation. The distribution of lifetimes appears to change drastically and irreversibly
towards extremely long times (tens of minutes) even though the experimental conditions do
not vary (the temperature and relative humidity are continuously recorded in the chamber;
see figure S5a).

These modulations in the distributions of lifetimes are a major source of uncertainty
and difficulties in drawing conclusions in studies about surface bubbles. We interpret
these fluctuations in our case as being due to slow modulations of the evaporation of
the surface from which the film is drawn. As the surface evaporates, the air right above
it gets charged in water vapour, locally increasing the humidity. The humidity close to
the film is therefore closer to saturation than what would be expected from the far-field
humidity measurement that controls the humidity in the chamber. Exactly how or why this
local humidity increase is modulated remains uncertain for now, one possibility being the
formation or destabilisation of a plume of humid air: as it is lighter than dry air, a plume
of high humidity air forms over the centre of the bath (Dollet & Boulogne 2017; Boulogne
& Dollet 2018). This plume has not been characterised experimentally; however, plumes
around evaporating droplets are common (Dehaeck, Rednikov & Colinet 2014; Dietrich
et al. 2016), and the mass transfer problem is in this case completely analogous to the
heat transfer problem of a heated disk (Lienhard and Lienhard 2024), where plumes of
warm air have been widely studied (Torrance, Orloff & Rockett 1969; Lopez & Marques
2013; Kwak, Noh & Yook 2018; Khrapunov & Chumakov 2020). When we introduce
airflow in the chamber, this localised increase in humidity is washed away by the turbulent
mixing in the chamber, making the humidity field homogeneous. Using the Rayleigh—
Bénard instability (figure 1b), the airflow is weak enough such that it does not disturb the
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drainage studied in the previous section but strong enough to continuously mix and renew
the air in contact with the film. We show a comparison of the drainage curves with and
without airflow in figure 5(b), and demonstrate that the drainage is not modified.

The resulting data for the lifetime 7y are shown in figure 6 as functions of relative
humidity, both for a quiescent atmosphere (AT = 0°C, figure 6a) and with the mixing
activated (AT =5 °C, figure 6b). For each condition, the experiment was repeated at
least 100 times to ensure robust statistics (each dot is a single experiment), and for cases
with the largest deviations, 200 experiments were performed. In both cases, a very clear
trend of increasing lifetime with relative humidity can be observed (note the logarithmic
vertical scale), with lifetimes ranging from a few seconds at 30 % Ry up to more than
10 minutes for the longest-lasting film at 90 % R g in a quiescent atmosphere. The effect
of forcing the mixing in the chamber is twofold. First, it suppresses the anomalous,
extremely long-lasting films occurring at high humidity in the quiescent case. As a result,
the standard deviation o of the lifetime over repeated experiments is reduced: o (t7)/(tr)
is approximately 0.3 throughout the range of humidities when convection is activated, but
reaches as high as 0.7 without it. Second, mixing shifts the whole distribution towards
shorter lifetimes, especially at high humidities. The films are therefore sensitive not only
to the humidity in the chamber, but also to how well the atmosphere is mixed within the
chamber, and the lifetime can be varied by a factor 3 simply by changing the airflow.

We additionally investigated the dependence of lifetime on the intensity of convection
(at 80 % Ry and up to AT =15 °C; see Appendix B), but found no significant trend. If
no mixing is imposed in the chamber, then the lifetime of the object studied is a priori
sensitive to all the experimental apparatus used: size of bath from which the film is
drawn, position and flow rate of the humid and dry air inlets, and so on. With any of
the temperature differences tested, it appears that enough mixing occurs to remove these
unwanted dependencies and improve the repeatability of the experiment. As long as this
mixing is not strong enough to alter the drainage of the film or directly make it burst, the
intensity of the convection appears to play only a weak role in setting the lifetime.

5.2. Evaporative flux as a function of relative humidity

We can now synthesise the scaling of the lifetime with the relative humidity. Figure 6
shows the lifetime 74 as a function of 1 —Rpy, and we can observe that in both the
mixed and unmixed cases, the lifetime seems to follow a power law. In the case where
the atmosphere is mixed, this power law has a slope close to —1(dashed line), and in the
quiescent case, it has slope approximately —1.5 (dotted line). From observations of the
film bursting taken with a high-speed camera, the film always seems to burst at its top,
in the black film, a common behaviour for heavily contaminated bubbles and soap films
(Champougny et al. 2016; Pasquet et al. 2024); see figure 7(a). The black film (visible at
the top of figure 1b) is a region too thin to measure with our visible light technique, which
may be much thinner than the rest of the film, and heavily dependent on the surfactant used
(Langevin 2020). Still, within our experiment, this region of black film always appears
only a few seconds after the film has started thinning. Under the hypothesis that its initial
thickness hgr is always similar, and that evaporation is the only mechanism responsible
for the removal of fluid from this region, we can obtain a typical lifetime

F
ty~—, (5.1)
! Je

where j, is the evaporative flux, which can be expressed as j,=k.(cs — Coo) =
k.cs(1 — Rpg), with k., the mass transfer coefficient, ¢y the saturation mass concentration
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Figure 6. Lifetime distribution and average quantities as functions of relative humidities in the case with
(a) a quiescent atmosphere (AT = 0 °C) and (b) the convection turned on (AT =5 °C). Each dot is a realisation
of the experiment (100-200 per condition). Boxplots show averaged quantities: green line for median, orange
dashed line for mean, box width for interquartile range, whiskers for furthest data point within 1.5 times
interquartile range from the box. (¢) Evolution of the lifetime with 1 — R i : black with a quiescent atmosphere,
and orange with the convection turned on. The orange dashed line shows a fit with a power law of exponent
—1; the black dotted line shows a fit with a power law of exponent —1.5.

of water in air at a given temperature, and coc = R ¢ the mass concentration in the far
field imposed by the experiment. Finding the evaporative flux therefore requires expressing
the mass transfer coefficient as a function of the parameters of the evaporation problem
(far-field relative humidity, geometry of the set-up, background motion in the air of the
chamber, etc.).

In the case with a quiescent atmosphere, the mass transfer coefficient k, needs to be
computed taking into account the evaporation of the bath and the whole film, through
diffusion and humidity-induced convection. The number measuring the importance of this
phenomenon is the Grashof number (Dollet & Boulogne 2017), comparing buoyancy with
viscous dissipation :

gL?

Ps = Poo )| 8~
2
va

Poo

Gr= 5.2

with p; and p the air density close to the film (and therefore saturated with humidity)
and in the far field, respectively. The length scale £ is in our case of the order of the size
of the bath or the film height (both approximately 1 cm). The Grashof number for this
problem is typically O(10*—10°). Previous studies have focused on the mass transfer due
to evaporation of the bath alone (Dollet & Boulogne 2017) and the film alone (Boulogne
& Dollet 2018). In the case of the film alone, it is possible theoretically to find a scaling:
ke o Grl/4,

The Grashof number depends on the relative difference in densities between the
saturated air and the far field. The air density in incompressible conditions depends on
humidity following Tsilingiris (2008):

(R)—POM |y (12 Mo} B (5.3)
PUNH) = ppMd " M, )P )° '
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with Py the atmospheric pressure, P the saturated partial pressure of water vapour, R the
ideal gas constant, T the temperature, and M,, and M, the molar masses of water vapour
and dry air, respectively. The relative difference of densities therefore reads

— Ry=0 M P
Ps /Ooozp( H ) (1__w)_s(1_,RH). (5.4)
Poo Poo Ma) Py

The relative difference of densities is very small (less than 1 % between dry and saturated
air), so the Grashof number can be written as

My\ P g3
)—g£ (5.5)

=(1- 1 —2) e
Gr(Ru)=( RH)><< My ) Py 2

Gro

Finally, the dependence of the mass transfer coefficient with relative humidity can be put
forward: k, o< (1 — Rg)'/* in the case of a film without a bath, giving 15 o (1 — Ru) /4.

In the case of our problem, because of the geometry combining the evaporation of
the bath and the film, we do not know the relation between k, and Gr. We make the
hypothesis that a scaling similar to the one that we found for a film without a bath
exists, but with an exponent « that may be different (i.e. k, ox Gr*). We therefore expect
troc(l— Ry)~ 1+ and find empirically that @ = 0.5 is a good fit for our data (black
dotted line of figure 6). This scaling is the result of the non-trivial flow generated by the
combined evaporation of the bath and the film at the same time.

In the case where mixing is activated, finding the mass transfer coefficient is simpler
as the convection is forced. In that case, we make the hypothesis that the mass transfer
coefficient k., is independent of the relative humidity and controlled by the turbulent
flow, depending only on the velocity resulting from the Rayleigh—-Bénard convection
ugg (i.e. the evaporation flux associated with natural convection is assumed to be
negligible compared to that associated with forced convection), i.e. k, = f(Re, Sc), with
Re = paurg W/, the Reynolds number associated with the flow over the film, and
Sc =v,/D the Schmidt number comparing kinematic viscosity with the mass diffusivity
of water vapour D (Lienhard and Lienhard 2024). As a result, we obtain the
scaling

troc(1—Rm)~ 1, (5.6)

which matches well with the experiments (dashed orange line in figure 6). Additionally,
the effect of changing the mixing intensity is reflected through the Reynolds number
dependence of the mass transfer coefficient. From the classical analogy between heat and
mass transfer (Lienhard and Lienhard 2024), the mass transfer coefficient scales for flows
over a flat surface vary with the Reynolds number with a power smaller than unity. The
range of velocities accessible with our Rayleigh-Bénard set-up (3 mm s~! for AT =3 °C,
and 6 mm s~! for AT = 10°C, measured using PIV; see Appendix B) is therefore most
likely too small to be noticeable with the still important lifetime fluctuations of the
films.

We have therefore demonstrated that the film lifetime is better defined when the air
around the film is mixed. As the evaporation rate controls the bursting time, the lifetime of
the film is very sensitive to local fluctuations of humidity. Adding a background air flow
ensures that the humidity is the same everywhere, improving the statistics of film lifetime,
and reduces the overall film lifetime.
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Figure 7. (a) Chronophotography of a film bursting. The film is illuminated by a laser; the frames are spaced
by 150 ps. (b) Vertical extent of the black film zgr over time. Colours indicate relative humidity. Dashed grey
lines are fits with a power law (5.7), fitted onto the region where zzr > 1 mm. The data presented correspond to
a case with AT =5 °C. Panels (c) and (d) show the prefactor B (5.7) as a function of 1 — Ry, in a quiescent
atmosphere (c¢) and with convection turned on (d). Coloured markers are individual experiments, and black
markers are averages over repetitions. Dashed lines indicate a linear fit B=0.635 x (I — Rp).

5.3. Evolution of the black film extent

From high-speed observations of the film bursting (figure 7a), we can notice that the burst
location is always at the top, where the film is the thinnest and where the black film is
located (Saulnier et al. 2014; Pasquet et al. 2024). To link our observations on lifetime
and drainage, we therefore investigate the time evolution of this region of the film, which
usually is small enough to not alter the drainage but appears to play an important role
for the lifetime. In particular, we aim to put forward its dependence on humidity and the
mixing of the atmosphere in the chamber. Because the thickness of this region is not
accessible with our visible light visualisation method, we can only probe its spatial extent
within the frame. As the film ages, the black film grows and takes up more and more space.
For extremely long-lasting films (with a quiescent atmosphere), it may fill almost half the
frame. In figure 7(b), we show examples of the evolution of the vertical extent of the black
film zgr for each relative humidity condition and with convection in the atmosphere. We
measure the vertical extent of the film in the middle where it is the largest. The black film
grows continuously throughout the lifetime of the films at a rate that increases with time. In
contrast to the drainage, the extent of the black film depends on relative humidity: it grows
much faster in a dry atmosphere, and does so from the very beginning of the lifetime of
the films. At long times, we find empirically that the evolution of the black film follows
closely a power law with exponent 2:

zae/H =B x (1/1,)%, (5.7)

with B a dimensionless constant that a priori depends on humidity, convection and
the solution used (grey dashed lines). This fit describes well the evolution of zgr after
a transition period that typically lasts until zgg > 1 mm (or zzg/H > 0.05). At low
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humidities, the films do not last long enough for this regime to be visible. At high
humidities, the growth of the black film slows down for very long times (top right, when
t/1o 2 10) when its extent reaches a significant portion of the total frame.

The dependence of the prefactor B with relative humidity is shown in figure 7 for both a
quiescent atmosphere (¢) and one where the convection is turned on (d). In both cases, B
grows with 1 — Ry, i.e. the black film grows faster when the humidity is low. Comparing
the cases where the convection is activated or not, we can notice that the dispersion of the
data is much smaller when the air is mixed, and in that case, B is simply proportional to
1 — Ry (figure 7d). This result indicates that the growth rate of the black film is a good
indicator of the local humidity conditions close to the top of the film.

When there is no convection (figure 7¢), the dispersion is important, but the rate at which
the film grows is systematically smaller than in the well mixed case. The local humidity
conditions close to the black film are different than those set in the far field by our control
system: for instance, the markers at 60 % humidity (1 — Ry =40 %) most likely were
recorded with a humidity close to the film on average equal to 70 %. The evaporation of
the bath increases the humidity close to the film, slowing down the growth of the black
film, and extending the lifetime of the whole film.

6. Conclusion

We studied the effect of salt and humidity on the drainage and lifetime of mobile soap
films. By measuring the thickness of the films over time, we were able to show that (i)
the drainage of the film is independent of the humidity of the atmosphere, (ii) up to twice
the salt concentration of seawater, the only effect of NaCl on the drainage of thin films
is through viscosity, and (iii) the thickness of the film takes the form A (z, t) o< z/t for all
the conditions tested, from a few seconds after the start of the experiment and outside
the marginal regeneration zone. This last formula lacks a theoretical derivation for now; a
major source of uncertainty is the role played by the marginal regeneration at the bottom
and along the side edges of the film.

Relative humidity dictates the life of the film: the local humidity near the film alters
the evaporation flux and the evolution of the black film, which leads to the bursting of
the film. By mixing the air, the long-term variability of the local conditions is eliminated,
and the humidity field becomes homogeneous. As a result, the fluctuations of the lifetime
and its mean value are reduced; this is especially true at high humidities where large,
long-term lifetime fluctuations are present if there is no imposed flow. If left uncontrolled,
the local conditions are sensitive to the experimental set-up (size of the bath, positioning
of the air inlet, etc.) instead of being dictated by the far-field imposed humidity value.
In a very still atmosphere, it is possible to produce an extremely long-lived film that is
instantly burst by the slightest breeze. It is still unclear what about the local increase
of the humidity field causes important fluctuations in lifetime, especially those visible
in figure 5(a). A possible culprit might be a transition in the convective regime near
the film; visualisations of the humidity field similar to the ones in Dehaeck er al.
(2014) or Dietrich et al. (2016) might shed light on this puzzling phenomenon in the
future.

A very natural perspective of this work is the extension to the case of surface bubbles.
We are currently exploring whether the presence of airflow over the surface influences the
drainage and/or lifetime of bubbles.

Funding. This work was supported by NSF grant 2242512, NSF CAREER 1844932 and the Cooperative
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Figure 8. Surface tension as a function of through area for Triton X-100 at 3 CMC with different NaCl
concentrations.

Declaration of interests. The authors report no conflict of interest.

Appendix A. Langmuir through measurements

Every solution used in this study was tested in a Langmuir trough (KSV NIMA, model KN
1003) using the Wilhelmy plate method to record its surface tension isotherm. We record
the dynamic properties of the surface by setting aside a small amount of solution and
placing it in the trough, letting it rest until the surface tension does not evolve significantly.
The surface tension is measured with a platinum Wilhelmy plate. After that, two Teflon
barriers compress the surface at rate 270 mm min~!, allowing us to obtain the surface
tension y as a function of the through area.

All the curves used for the soap films ([Triton X-100] = 3 CMC and various salinities
in shades of blue to yellow, see figure 8) show typical behaviour for a solution with
a surfactant at a concentration above the CMC: a constant low value (here equal to
32 mN m~!). The NaCl concentration has only a very minor effect on surface tension;
the effect is impossible to discern for the static surface tension, and at high compression,
higher salt concentration slightly reduces surface tension.

Appendix B. Lifetime dependence on mixing intensity

We additionally investigated the dependence of lifetime with the intensity of the
convection in the chamber, measured through the temperature difference between the top
and bottom, AT. The results are shown in figure 9 for a relative humidity of 80 %. First,
the anomalously long lifetimes of several hundred seconds are visible only in the quiescent
case. The smallest temperature difference (3 °C), corresponding to velocity approximately
4 mm s~!, is enough to suppress the large lifetime fluctuations, and the standard deviation
of the lifetime is greatly reduced. Finally, there is no clear dependence of mean lifetime on
the intensity of the convection. This might mean that the atmosphere is sufficiently mixed
from the smallest temperature difference, and that the influence of the flow rate over the
film is weak in this range of velocities.
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Figure 9. Film lifetime as a function of the imposed AT with a relative humidity of 80 %. The inset shows
the root mean square velocity of the air over the surface as a function of AT'.
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