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The lifetime of a single bubble on the surface of an alcohol-water liquid bath is
measured at intermediate humidity rates. Thanks to an automatic bubble generation device
associated with a lifetime measuring device, we carry out a statistical study of the bubble
lifetime, which extends over three decades, from 0.1 to 100 s. Up to alcohol concentrations
of 12% (g/g), the average bubble lifetime increases with the alcohol concentration. In
addition, normalized lifetime probability density functions are independent of the alcohol
concentration and relatively well described by a Weibull distribution with an exponent of
4/3. We compare our experimental data with the predictions of a recent model highlighting
the importance of Marangoni stresses induced by water contaminants to the fate of a
bubble. In our case, these Marangoni stresses are probably induced by heterogeneities in
the alcohol concentration maintained by evaporation.

DOI: 10.1103/PhysRevFluids.5.063603

I. INTRODUCTION

A bubble that bursts at the air/liquid interface typically ejects hundreds of air drops due to
the disintegration of the thin hemispherical liquid film separating the interior of the bubble from
the atmosphere. This phenomenon has important consequences in volcanology, for example. Since
the magmatic processes that govern explosive volcanic eruptions are impossible to observe directly,
indirect observations—of the average size or size distribution of the ejected droplets, for example—
provide a better understanding of the underground magmatic activity [1]. In addition, the droplets
ejected when bubbles burst at the sea surface are also a key factor in the study of air-sea interactions.
Indeed, they contribute significantly to the evaporation of seawater [2] and are among the main
sources of sea salt aerosol. By efficiently scattering solar radiation and serving as nuclei for cloud
formation, these aerosols are particularly relevant to understanding radiative forcing of the climate.
[3.4].

In this context, the lifetime of a bubble on the surface of a liquid is an important parameter:
the longer the lifetime, the more the film is drained and the finer the aerosol formed. Overall,
the life of a bubble at an interface is the sum of the characteristic times of drainage, evaporation,
hole initiation, and bursting [5-9]. It therefore subtly depends on various parameters such as the
size of the bubble, the viscosity of the liquid, and the presence of surfactant molecules [1,5,7,9—
13]. Indeed, by modifying the structure of the interface, the presence of surfactant molecules can
increase the lifetime of air bubbles by several orders of magnitude [5,9,13,14]. The lifetime of
bubbles generated from a liquid consisting of a binary solution can also be very long as observed
for saline solutions [15—17], water-alcohol mixtures [7,18,19], 0il [20,21], and molten glass [10,22].
For these binary systems, the bubble stabilization mechanism at the liquid/air interface is less well
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known. In the case of water/alcohol mixtures, the increase in stability may be due to adsorption
of the alcohol at the interface. The high concentration of —OH dipoles at the air/water interface
would induce repulsive van der Waals forces between the interfaces, leading to a disjoining pressure
able to balance capillary and gravity drainage of the film [18,19,23,24]. This positive adsorption
of alcohol has been demonstrated indirectly in experiments on adsorption isotherms and directly
in molecular dynamics simulations for methanol and ethanol [25,26]. One could also think of a
modification of the surface tension or surface rheology due to the presence of alcohol: Since regions
of high surface tension exert higher tangential stresses on the air/liquid interface than regions of low
surface tension, a surface tension gradient induces a flow of liquid away from the regions of low
surface tension. These Marangoni stresses can even partially counteract gravity or capillary stress,
thus stabilizing liquid film [22], single bubbles [27,28], or foam [29]. In this very comprehensive
framework, one question remains open: Through which mechanisms common to all these systems
are these Marangoni stresses maintained? The answer probably lies in the difference in volatility
between the two compounds of the binary system, as recently shown for multicomponent lubricating
oils [20]. The overall mechanism can be easily understood within the geometry of a single bubble on
the surface of an alcohol /water mixture. The alcohol evaporates everywhere at the same rate. At the
foot of the bubble, this evaporation is counteracted by the proximity of the reservoir that replenishes
the liquid film, thus ensuring that the temperature and alcohol concentration in the film are equal
to those in volume. However, at the top of the bubble, the liquid reservoir is not directly available,
which induces a lower alcohol concentration and possibly a lower temperature than in volume.
As the surface tension of the alcohol-water mixture decreases with the alcohol concentration or
temperature, this creates a surface tension gradient that pulls the liquid upward, partially neutralizing
the thinning effects of gravity and capillarity [7,20]. Despite this very convincing mechanism,
correlating the importance of these Marangoni flows with bubble life is a delicate task. Indeed, for
high-energy surfaces such as water/alcohol solutions, bubble life is the result of both deterministic
processes such as gravity, capillarity, and Marangoni stresses and stochastic processes such as the
presence of impurities in the air or the solution, which can trigger film rupture [7]. To test the
validity of this deterministic/stochastic coupling, it is necessary to work on large assemblies of
bubbles and measure their lifetime distribution. This has been done recently for oils [20,21], hot
or cold clean water—for which thermal rather than solutal Marangoni flows may appear—and salt
solutions [7]. However, the case of alcoholic binary solutions has been less studied [7,18,27]. In
particular, the evolution of the bubble lifetime distribution with the alcohol concentration has never
been considered.

To fill this gap and to try to quantify the relative importance between stabilization induced by
alcoholic adsorption at the interface or by Marangoni flow, we measure the lifetime of individual
bubbles on the surface of an ethanol/water liquid bath in an atmosphere of controlled composition.
To obtain sufficient statistics, we use a device that allows us to repeat the same experiment more than
a hundred times. The average lifetime and bubble lifetime distribution are presented and analyzed
for various concentrations of ethanol in the reservoir.

II. MATERIALS AND METHODS
A. Materials

The container is filled with a binary mixture of purified water (conductivity, 18.2 M<2/cm) and
ethanol (Sigma Aldrich; 96% pure). The ethanol concentration varies from 0 to 12% (g/g). Within
this range of ethanol concentrations, the physical properties of the mixture can vary significantly.
Therefore, the density p, the surface tension y, the dynamic viscosity 1, and the diffusion coefficient
D of the alcohol-water mixture are listed in Table I.

To form a bubble, ambient air is pumped by an aquarium pump operated by an automated
electronic system, then blown through a vertical capillary tube with a diameter of 300 «m immersed
a few centimeters below the air/liquid interface (see Fig. 1). To ensure proper alignment, the
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TABLE I. Liquid density, liquid/air surface tension, dynamical viscosity, diffusion coefficient, radius of
the bubble cap, and number of bubbles for different percentages of ethanol. The liquid density, surface tension,
and viscosity are derived from [30], and the diffusion coefficient from [31].

% ethanol P Y n D R Nbubbles
(g/2) (kg/L) (mN/m) (mPa s) (m?/s) (mm)

0 0.997 71.1 0.89 1.22 x 107° — —

1 0.996 65.9 0.92 1.19 x107° 35 250

25 0.993 60.9 0.97 1.14 x 107° 33 1250
5 0.989 56.1 1.04 1.07 x 107° 3.1 1000
7 0.986 52.7 1.11 1.02 x 107° 3.0 250

10 0.986 49.1 1.21 0.94 x 107° 3.0 250

12 0.979 46.5 1.28 0.89 x 107° 2.8 500

capillary tube is placed along the axis of symmetry of the 4.5-cm-wide cylindrical vessel. Once
detached from the cylindrical vessel, the bubble rises up and stabilizes at the center of the air/liquid
interface. Indeed, the surface is slightly convex thanks to a hydrophobic Teflon ring placed at
the top of the container, which imposes a contact angle greater than 90° along the walls. Unless
otherwise specified, the experiments are performed at 24°C £ 2°C in an atmosphere with an ethanol
partial pressure and a water partial pressure of 1365 £ 45 Pa, corresponding to a humidity level of
45.5% £ 1.5% (measured with a TESTO 625 probe).

Universal counter trigger
and computer

FIG. 1. Setup used to form bubbles and to measure their lifetimes on the surface of the liquid bath. The
dashed red arrow corresponds to the reflection of the laser beam when a bubble is at the interface, while the
solid red arrow corresponds to the reflection of the laser beam when there is no bubble at the interface.
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TABLE II. Capillary length /., viscous time t, and Schmidt (Sc) and Bond (Bo) numbers calculated from
the values in Table I for different percentages of ethanol.

% ethanol I T Bo Sc
(g/2) (mm) (107%s)

0 2.70 33.8 1.68 735
1 2.60 36.3 1.82 779
2.5 2.50 39.7 1.79 850
5 2.40 44.7 1.65 982
7 2.33 49.1 1.65 1102
10 2.25 55.6 1.76 1306
12 2.20 60.5 1.62 1459

B. Automatic bubble generation and lifetime measurement

Bubble lifetime on the surface of the liquid bath is measured by means of a laser beam inclined
approximately 45° and directed towards the center of the cylindrical container. If the liquid/air
interface is flat and undistorted, the laser beam is reflected by the liquid interface and its intensity
is recorded using a photodiode (see Fig. 1). If the liquid/air interface is distorted by the presence
of a bubble, then the laser reflection is deflected and the photodiode does not record any light
intensity. Once the bubble has burst, the liquid/air interface returns to its equilibrium position and
the laser beam is reflected back to the photodiode, which stops recording the time. Thus, the lifetime
of a bubble corresponds to the time interval during which there is no signal at the output of the
photodiode. It is measured using a universal counter triggered by the photodiode signal switch.
Five seconds after the bubble burst, the universal counter triggers the formation of a new bubble and
the process is repeated. Measured in this way, the typical lifetime of a bubble ¢ is determined with
an accuracy of +0.2 s, corresponding to the damping of the oscillations induced by the bursting of
the bubble. It typically varies from a few milliseconds to 100 s.

The radius at the apex of the bubbles obtained with this setup varies from 2.8 to 3.5 mm. As
the shape of the bubble results from an equilibrium between gravity and capillary forces [32], we
introduce the capillary length /. = /¥ /(pg), which varies from 2.6 to 2.2 mm. The dimensionless
parameter R/l ~ 1.31 & 0.04 as reported in Table II. This corresponds to a Bond number Bo =
R?/12 = pgR?/y ~ 1.6 of the order of unity as reported in Tables I and II. It is reproducible within
5% tolerance due to slight variations in the ethanol concentration induced by evaporation.

This device can therefore generate a large number of data as long as the external experimental
conditions (such as the liquid bath level, ambient atmosphere, and temperature or humidity level)
do not change. The number of bubbles generated for each alcohol concentration, listed in Table I,
varies from 250 to 1250.

III. RESULTS AND DISCUSSION

Figure 2 presents typical raw data on the bubble life in a 12% (g/g) ethanol-water bath. For this
assembly of 340 bubbles, the lifetime varies over three decades, from 0.1 to 100 s. To quantify these
data, we successively consider the average bubble lifetime, #,, as well as the probability density
function (PDF) of observing a bubble with a given lifetime.

A. Average lifetime

First, we check that the average lifetime of the bubble #, does not change over time. To do this,
we average over dozens of bubbles rather than over the entire range: plotted against the number of
bubbles, the values obtained do not show any significant variation. Then we calculate #, over the
entire range. For the data presented in Fig. 2, #, = 29.2 +4.9s.
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FIG. 2. Bubble lifetime, ¢, as a function of the bubble number for 12% (g/g) alcohol in water.

The average life of the bubbles, plotted as a function of the ethanol concentration in Fig. 3,
increases with the concentration of ethanol and is well described by a linear (empirical) adjustment
passing through 0. This is not surprising: at 0% ethanol, the film of pure water at the top of the bubble
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% eth in water (g/g)

FIG. 3. Average bubble lifetime, #,, as a function of the percentage (g/g) ethanol in water. The error bar
corresponds to the standard deviation. The linear fit is a guide for the eyes.
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being in no way stabilized, the bubble explodes in a few milliseconds, which is much too short a
duration for our experimental automatic device and negligible compared to the average lifetime
measured at higher ethanol concentrations. We were unable to work at an ethanol concentration
greater than 12%: above this value, the contact angle of the binary mixture on the vertical wall
is smaller, thus reducing the amplitude of the meniscus and its ability to stabilize the bubble in
the center of the tank. We also carry out the same experiment but in the presence of a vapor
saturated with ethanol and water. In the absence of evaporation, the bursting is quasi-immediate
and the response time in our setup (of the order of 0.2 s) is too large to quantitatively probe
this effect. All these results are consistent with a stabilization mechanism of bubbles induced by
Marangoni effects and by the evaporation of ethanol as presented in Sec. I. Indeed, if the vapor is not
saturated with ethanol, evaporation generates concentration heterogeneities at the bubble scale. As
the surface tension of water/ethanol mixtures decreases with increasing ethanol concentration, these
concentration heterogeneities generate surface tension gradients that can drag the liquid upwards.
These Marangoni stresses can even counteract the gravitational and capillary thinning of the film,
making it less likely to explode. However, if the vapor is saturated with ethanol, the ethanol cannot
evaporate and the bubble bursts rapidly.

This stabilizing effect observed over a range of ethanol concentrations from 0 to 12% (g/g) is
also observed in [29]. However, while we observe increasing stability with ethanol concentration
up to 12% (g/g), Tuinier et al. observe maximum foamability for a concentration of 5%—7% (g/g)
ethanol in water. However, comparison between the two experimental works cannot be made easily.
In Tuinier and coworkers’ experiment, the most fragile bubbles, located at the top of a foam column,
are far away from the ethanol tank. Moreover, as the system is closed, unlike here, it is possible that
the vapor quickly saturates with ethanol, thus reducing evaporation. The two main ingredients of the
stabilization mechanism we describe in this paper, namely, evaporation and ethanol concentration
gradients, are therefore probably limited in the geometry of the Tuinier et al. experiment.

B. Probability density function (PDF) of the bubble lifetime

In Fig. 4, the PDFs for the minimum and maximum ethanol concentrations are plotted on a lin-lin
scale. The PDF of a random positive variable x is often described using a Weibull distribution,
px) = B/xo(x/x0)P " exp(—(x/x0)?), where B > 0 is the shape parameter and xy > 0 is the scale
parameter. In the case where x is a value to failure, the failure rate and B are related: 8 =1
corresponds to a constant failure rate for which the distribution is a monotonously decreasing
exponential function, while § = 2 corresponds to an increasing failure rate for which the distribution
is a Rayleigh distribution, also often used to describe statistics of a positive random variable based
on diffusion, p(t) = mw /2(¢ /tg) exp(—m /4(t /tb)z). In the problem considered here, the bursting of
the bubbles is triggered by the appearance of thinner areas of the film. By carefully monitoring the
rate of film thinning and assuming that the PDF of the bubble lifetime is related to the frequency of
appearance of these independent fragile parts, Lhuissier showed that the distribution of the lifetime
of unpurified water bubbles is well described by a Weibull distribution with § = 4/3, given by

4 (113 £\
q(t) = 3 (F) exp <— (5) ), (D

where 1, is proportional to #,, tg = #,/T'(1 4+ 3/4) ~ 1,/0.92, with I" the gamma function [33]. And,
indeed, we observe a reasonable agreement between Eq. (1) and the two sets of data in Fig 4.

In Fig. 5, the normalized PDFs obtained for all ethanol concentrations are plotted on a lin/log
scale as a function of /1, using for #, the previously determined average lifetime. We observe a
collapse of the experimental PDFs. Yet for 7/, > 3, the data are very scattered. However, for this
normalized time range, the number of data is low. To qualify the importance of the least statistically
significant data, two types of symbols of the same color are used for each alcohol concentration.
Filled symbols are data for which more than 10 events are counted and open symbols are those
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FIG. 4. Probability density function (PDF) of experimental bubble lifetimes for 2.5% (red diamonds; over
1251 bubbles) and 12% (blue circles; over 312 bubbles) alcohol in water (g/g). Dotted lines are Weibull
distributions [5,33], Eq. (1). Inset: Same data plotted on log-lin axis.

for which fewer than 10 events are counted. For all ethanol concentrations, we lack statistics as
soon as t/t, > 3. These normalized experimental PDFs are now compared with the Weibull PDFs
described previously. First, the exponential function (i.e., the Weibull distribution with 8 = 1) which
corresponds to random external events causing a break and constant over time does not allow us to
capture the increase in probability at low lifetimes. We also compare in Fig. 5 normalized PDFs
along with Rayleigh distributions as done in [20] and [34]. A Rayleigh distribution (i.e., Weibull
distribution with 8 = 2) also fits our data correctly for 7/#, < 2 but seems to fail to catch the tail
of the distribution. Finally, a good agreement with Weibull’s law with 8 = 4/3 [see Eq. (1)] is
observed without any other adjustable parameter. This fit is particularly good up to /1, <3, which
is precisely the range of data for which we have a sufficient statistic. In addition, since PDFs seem
to be independent of the alcohol concentration, we merge all the data in the same graph (see inset
in Fig. 5). This increases the statistics for the tail of the distribution and confirms that the long-
term distribution is better described by a Weibull function than by a Rayleigh function. Our results
therefore suggest that the function’s distribution of the bubble lifetime is more stretched than the
Rayleigh function based solely on diffusive processes and narrower than the exponential function
based solely on the time-independent failure rate.

C. Discussion

During the life of a bubble, liquid film thins inexorably until bursting. This thinning dynamics
can be controlled either by the evaporation rate of the liquid (water being the main component of
these films) or by the drainage of the liquid due to various mechanical stresses (such as gravity or
capillary stresses).

It is presumably the composition of the liquid constituting the films and of the atmosphere as well
as the bubble size that favor one or the other of the scenarios. For example, films of water bubbles at
temperatures from 15°C to 77°C in unsaturated atmospheres—and thus subject to evaporation—are
always thicker than those of bubbles in saturated atmospheres. This counterintuitive observation
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FIG. 5. Probability density function (PDF) of bubble lifetimes normalized by average lifetimes for five
concentrations of ethanol in water, varying from 2.5% to 12% (g/g) (see legend). Two types of symbols of the
same color are used for each concentration. Filled symbols are data for which more than 10 events are counted
and open symbols are those for which fewer than 10 events are counted. The solid line represents the Weibull
function [5,33], and the dashed line the Rayleigh function. Inset: PDF for all normalized lifetimes—t /t,—
whatever the ethanol concentration.

shows that for this system the mass loss induced by evaporation is negligible on the time scale of
the bubble life [7]. On the contrary, films of bubbles stabilized by amphiphilic molecules adsorbed
at the film interface are barely subject to drainage since, in this case, Marangoni stresses balance the
gravitational or capillary stresses. This induces much longer lifetimes, for which mass loss induced
by evaporation is no longer negligible [8,9]. Using the framework developed in [8] and [9], assuming
that this is the liquid evaporation that limits the maximum lifetime accessible to very stable bubbles
[i.e., evaporation of a film of critical thickness for which both film thinning phenomena induced by
capillary drainage (lower and lower over time) and evaporation are of the same order (constant over
time)], one can estimate the bubble lifetime 7, ¥ ~ R((§)3()’Z—i)2)l/ 3, where J is the liquid mass
evaporation rate. '

Taking pure liquid ethanol evaporation rate values for ranges of intermediate humidity [35], as
well as the bubble size R, surface tension y, viscosity 7, and liquid density p as listed in Table I, we
find 7,"*" at a maximum of 10 s of the same order of magnitude as our observations. Yet, this value
decreases 20% as the ethanol concentration increases from 1% to 12% (g/g). Film thinning induced
only by evaporation is therefore in disagreement with our data.

Thus, for the bubbles we are considering, film thinning is likely to be controlled by liquid
drainage. In this case, the addition of ethanol to the aqueous solution constituting the film can
modify this drainage dynamic. Indeed, ethanol can adsorb at the interface and modify various
surface parameters such as the surface viscosity, which would slow down the drainage of the film
[36]. It can also induce solutal or thermal Marangoni stresses that would cause the liquid in the bath
to rise up, thus slowing down the thinning rate due to capillary or gravity stresses [7]. To stabilize
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the bubble for a long enough time, these stresses must be sustained either by evaporation or by a
temperature difference between the atmosphere and the bulk.

Stabilization induced by adsorption of surface active agents should not be sensitive to the
composition of the vapor phase. However, when the experiment is carried out in an atmosphere
saturated with alcohol—which should allow a maximum concentration of molecules adsorbed on
the surface—the stabilizing effect disappears and all the bubbles burst in less than a second. This
mechanism is therefore probably not dominant here, and in the rest of this paper, we assume that
the thinning dynamics of films is governed by the generalized drainage model proposed in [5] and
[7].

To go one step further and understand what governs the death of the bubbles, we now recall
the different pictures proposed in the literature. A classic deterministic scenario suggests that films
thin out until they are thin enough for van der Waals forces or temperature fluctuations to break
down. However, at the time of rupture, experimental measurements of film thicknesses are found
to be highly dispersed, ranging from a few nanometers to a micrometer, suggesting a stochastic
scenario. Recently, a very comprehensive framework has been proposed to understand what governs
the death of a bubble [5,7,9]. Stochastic local perturbations arising from intrinsic perturbations such
as impurities from the solution or extrinsic ones such as impacts by mist droplets are responsible
for the bubble’s death. The authors show that the ability of these perturbations to kill the bubble are
not all equivalent: they are highly efficient bubble killers upon reaching the interface at the bubble
foot and when coupled with contaminants inducing Marangoni stresses large enough to trigger
self-sustained lethal thinning.

Thus, by coupling a deterministic generalized bubble cap drainage model accounting for both
curvature-pressure-induced drainage and Marangoni flows and the time scales involved in the side-
to-side diffusion with the time of residence of the stochastic contaminant on the bubble, the authors
of [5] and [7] show (i) that the adequacy between the measured PDF and a Weibull distribution is
theoretically justified and (ii) that the bubble lifetime reads as

R\ /2
t;,:arSc(l—) , 2)

where © = & is the viscocapillary time and Sc the Schmidt number, Sc = piD, with D the diffusion
coefficient of the impurities in the aqueous solution. In the following we assume that this diffusion
coefficient is equal to the mutual diffusion of the ethanol-water mixture (cf. Table I) because in
the present case a local variation of the ethanol concentration would affect the surface tension of
ethanol-water, similarly to impurities at the surface of the water. Typical values of t and Sc are listed
in Table I. The prefactor « is a numerical coefficient accounting for the efficiency of Marangoni
stresses to counteract gravitocapillary drainage, which reads

1

~ 13— kBo’ ®

o
where k is a numerical coefficient accounting for the reduction in the thinning rate of the films due
to Marangoni stresses. For a hot film in cold air, k£ has been found to be of the order of its maximal
value, k ~ 0.05 < 1/3Bo, whatever the value of the temperature difference [7] for Bo ~ 4.

To determine whether water/ethanol thin film stability can be described using this picture, we
plot #, as a function of TSc(R/I,)"/? in Fig. 6. Although Bo and p do not vary significantly, y, n, D,
and thus t and Sc (whose values are listed in Tables I and II) all vary significantly with the ethanol
contents in the probed range. The data in Fig. 6 are reasonably well described by a linear variation
with a slope « of the order of 350. Note that a plot of #, versus T shows a strong nonlinear variation;
instead, #, o 3. The difference between the linear law observed between 7, and TSc(R / )Y 2 and
a power law between #, and T with an exponent greater than 3 may seem surprising. However, we
recall that D o 1/7, thus Sc o 52 and tSc(R/l.)"? « n ~ ", with n ~ 3. Using Eqgs. (2) and (3)
as well as the values of Bo in Table II yields a constant value of kBo ~ 0.3305 &~ <1/3, which is
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FIG. 6. Average bubble lifetime as a function of rSc(f)l/ %,

consistent with the maximal value predicted in [7] and k = 0.2. Our work thus reaffirms that even
if eventually undergoing stochastic rupture, the lifetime of bubbles stabilized by upward Marangoni
stresses (solutal due to the evaporation of ethanol in this case) rather than by surfactants can be
modeled by an equilibrium between the diffusion time and the residence time of the contaminant
at the foot of the bubble. The film at the foot of the bubble is very thin and subject to violent
evaporation of ethanol in the present case. This very particular geometric configuration (confined
film and evaporation) could be responsible for the stochastic appearance of large local concentration
gradients.

The normalized PDF shown in the inset in Fig. 5 also agrees very well with the prediction from
[5] and [7]. Indeed, when the bubble lifetime is normalized by the mean bubble lifetime, all the data
are observed to collapse on a master curve perfectly fitted by Eq. (4). A small deviation occurs for
the data with the longest lifetime (¢ /t;, > 4), which are a bit overrepresented. This deviation remains
unexplained.

IV. CONCLUSION

A statistical study of thousands of bubbles shows that the average lifetime of bubbles on the
surface of an ethanol-water bath increases considerably with the concentration of ethanol. Our data
are consistent with the framework in [5] and [7]: This increase can be understood by considering
the ethanol concentration heterogeneities induced by evaporation, which in turn create upward
Marangoni stresses. In order to validate this picture, several hypotheses remain to be validated,
notably that significant ethanol concentration gradients may appear on the bottom of the bubble
and that the stochastic appearance of these gradients are due to the evaporation of the very thin
film of liquid. In addition, several questions remain unanswered, in particular, those concerning the

063603-10



LIFETIME OF A SINGLE BUBBLE ON THE SURFACE OF ...

thickening of the film on top of the bubble due to the evaporation of the surface-active species as
observed on vertical films [10,20,37] and on the surface of the bubbles [7].
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