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Abstract

We have studied bubble motion within a column of foam allowed to undergo free drainage. We have measured bubble motion upward with time
and as a function of their initial positions. Depending on the gas used, which sets the coarsening and drainage rates, different bubble upward motion
types have been identified (constant speed, acceleration or deceleration) and explained in relation with liquid downward flows. The proofs of the
consistency between bubble upward motion and liquid downward flow are obtained both by comparing the bubble motion curves to the liquid
drainage ones, and by comparing the time variations of the liquid fraction extracted from bubble motion to direct liquid fraction measurements
by electrical conductimetry. The agreement between bubble position tracking and electrical conductivity shows in particular that it is possible to
determine the drainage regime from such simple bubble motion measurements. This work also allowed us to demonstrate a special case of foam
coarsening and expansion, occurring when the foam gas is less soluble than the outside one, caused by diffusion of this external gas into the foam.

All these results allow us to build a picture of drainage and coarsening seen from the bubble point of view.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Aqueous foams are unstable systems: they irreversibly
evolve with time, via drainage and coarsening processes [1,2].
Due to gravity, a foam drains: the liquid initially distributed
between the bubble flows down, and the foam liquid fraction,
& = Viiquid/ Vfoam always decreases (Viquia is the volume of
liquid dispersed inside a foam of volume Viyam). The liquid
flows in a randomly oriented network of interstitial channels,
the Plateau borders (PBs), with scalloped-triangular sections
depending on the liquid fraction €. Foam drainage shares some
features with the propagation of liquid into porous media, but
with the specificity that the pore size (the PB section for foams)
is dynamically coupled to the amount of liquid, and that these
PB walls are viscoelastic gas—liquid interfaces. With time, a
foam also coarsens, the mean bubble size increases, as a re-
sult of gas diffusion from bubbles with small number of faces
(with greater Laplace pressure) to bubbles with a larger number
of faces (with smaller internal pressure) [1-3]. Finally bubble
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size can grow as thin films between adjacent bubbles rupture,
resulting in bubble coalescence.

In the recent years, much progress has been made in under-
standing foam drainage kinetics [4—15]. Different flow regimes
have been reported, corresponding to different interfacial sur-
face mobilities [10—-15]. This interfacial mobility (incorporating
the bubble size, the interfacial and bulk viscoelastic properties
and the liquid fraction) describes the coupling between flow
inside the PBs and at their surfaces. Experimentally, measure-
ments are usually made at macroscopic scales (one measures
for instance the speed or width of a drainage front, or the vol-
ume of drained liquid with time). The techniques used, even
local ones like electrical conductivity [1,2,16] or light scat-
tering [5,8], allow us to scan time evolution on large scales
(typically centimeters, when bubbles are less than millimeters).
In that sense, it is then often stated that the foam is described
at an effective-medium level, with a continuous liquid fraction
with height, not considering any fine structural detail. Such as-
sumptions, used in most models, are validated by agreement
between models and macroscopic observation. In these theoret-
ical approaches, the macroscopic behavior is directly derived
from the microscopic description of the flow inside a single PB.
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Recently, experiments focusing at this scale of a single PB also
confirm the theoretical description and agree with macroscopic
measurements (for instance, for the estimation of surface shear
viscosities) [12—14], giving support to theories at both macro-
scopic and PB length scales.

However, one can consider if different descriptions of
drainage could be given, and for instance at the intermediate
scale of the bubble size. As a foam freely drains, the liquid flows
down and accumulates at the bottom of the sample container.
At the same time, it is clear that the foam height is changing
and that the bubbles are rising. It is then interesting to know
the dynamics of the bubble motion, and how drainage is seen
from the point of view of a bubble (depending also on the initial
vertical position of that bubble). Indeed, it is also important to
test if the upward bubble motion is always consistent with the
downward liquid flow, whatever the experimental conditions,
and with the possible coupling with coarsening [8,17,18], and
if one can infer information about drainage and foam aging by
simply monitoring bubble rise. Finally, one can also note that
experimental methods usually provide measurement at a fixed
position in the cell, and assume a constant foam height and an
immobile PB skeleton: in the simple situation of free drainage,
as the bubble move upward, the measurements are not always
done on the same bubbles, and one may thus ask about the im-
pact it may have on the measurements.

In this paper, we address the issue of bubble rise in a foam
undergoing free drainage. We present a simple technique pro-
viding us with a measurement of the bubble motion during
drainage, for any initial height in the foam. Both bubble motion
results obtained for different combinations of inside/outside gas
(allowing coarsening or not, as drainage proceeds), and lig-
uid fraction variations (given by electrical conductivity mea-
surements) are reported. This allows us to demonstrate dif-
ferent types of dynamics, to show that we can recover in-
formation on the drainage by simply following the bubble
motion, and to check the consistency between upward bub-
ble motion and macroscopic downward liquid drainage fea-
tures.

2. Experimental conditions, setup and definitions

Experiments are performed with foams made by the turbu-
lent mixing method [5]. A high pressure jet of gas and liquid
are mixed within a small diameter tube. The mean bubble di-
ameter D is 100 pm, with low polydispersity (no bubbles with
diameters twice bigger or half smaller than the mean value, and
relative deviation of 0.2) [5]. With that technique, the initial lig-
uid fraction gp can be selected from 0.03 to 0.5 by monitoring
the gas and liquid flow rates. This method has the advantage
of producing liters of foam in a few seconds: it is then possi-
ble to fill our transparent Plexiglas measurement cell (height
he =500 mm, width w = 125 mm, thickness t = 25 mm) with
a perfectly uniform foam in 15-20 s (depending on the lig-
uid fraction). Practically, we only filled up to h¢ ~ 400 mm,
to leave space available for foam expansion. We used aque-
ous solutions of sodium dodecyl sulfate (SDS) (at concentration
¢ =6 g/L), and two different gases, nitrogen (N;) and perfluo-
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Fig. 1. Pictures of the foam, illuminated form the back, at # = 1000 s and
t = 6000 s after foam formation. Case of a foam made with C,Fg, in contact
with the same gas. The arrows indicate the motion of the markers, of the lig-
uid-foam interface and of the foam top. As the foam drains, it appears brighter
in transmission.

roethane (C,Fg). The coarsening rate depends on the solubility
and diffusivity of the gas into the liquid [17]: with C,Fg, one
obtains a coarsening rate 30 times smaller than with N> (for
given initial bubble diameter and liquid fraction [17]). With the
latter, for D < 1 mm and for foam column of at least 20 cm
high, a significant coarsening (D varies by a factor 10) during
drainage can be observed [8,17].

To investigate the way in which the bubbles in a draining
foam rearrange, a simple technique was devised where small
pieces of dark flat card (1.4 x 1.4 cm?) are inserted via small
slits cut into the side of the column. These markers, inserted at
vertical position zg, rest in flat positions, and do not come in
contact with the walls. They can however still be seen from the
outside (Fig. 1). As they are very light, they are trapped within
the structure of the foam: when the bubbles move, they also
moved along with them. In Fig. 1, two pictures of the foam,
illuminated from the back, are shown (at times ¢ after foam for-
mation: ¢+ = 1000 s on the left, and ¢+ = 6000 s on the right).
One can see the upward displacement of all the markers and of
the foam-liquid interface, as indicated by the arrows. As well,
one can see the increase of transmitted light through the foam,
showing that the foam has drained and that the liquid fraction
has decreased [8]. Note also that the markers are only located on
a small part of the foam section, and that we have not detected
any local effects due to them, when compared to the rest of the
foam. The marker vertical displacement, L(¢) = z(t) — zg, is
monitored as a function of time via a CCD camera, and a light
intensity analysis of a vertical section of the foam allows the
precise position of each marker to be monitored with an ac-
curacy of £0.5 mm. Positions of the foam-liquid interface at
the bottom and of the foam top are monitored without the help
of markers. A limit of this marker tracking technique is that
only low initial liquid fraction &g can be studied (g9 < 0.1); for
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higher ¢, the foam is not stiff enough to trap the markers be-
tween bubbles.

We have also monitored the foam free drainage features by
electrical conductivity measurements. The conductance C of a
foam increases with the liquid fraction, and a calibration curve
valid in the whole range of liquid fraction (from 0 to 100%)
has recently been proposed [16]. Measurements are made in
a cell with the same dimensions and foam composition to the
ones studied for bubble motion; details of our apparatus can
also be found in [16]. The conductivity measurement is local in
the sense that it is at a fixed height, over a typical elementary
volume V, (corresponding to a foam height typically equal to
the cell thickness, here 2.5 cm). Such V, spans over many bub-
bles, and thus the foam is considered as an effective continuous
medium, where the bubble structure and more so their motion
is not taken into account.

3. Theoretical background

In this section, we first recall recent observations and pre-
dictions for the free drainage case (meaning a foam, initially
uniform and homogeneous, at liquid fraction &g, simply drain-
ing at rest). As already stated, depending on the interfacial mo-
bility, describing the coupling between the bulk flow and the
interfacial one in the Plateau borders (PBs), different drainage
regimes can be found [10-15]. In a large range of experimental
conditions, this interfacial mobility is set by the dimension-
less parameter M = -, where pu is the bulk shear viscosity,
Ws the surface shear visscosity and r the radius of curvature of
the PBs [10-14]. When there is no coupling between bulk and
surface flow, the PBs surfaces are immobile, and the main hy-
drodynamic resistance to the liquid flow is within the PBs. Op-
positely, for strong coupling, the main contribution to resistance
comes from the flow in the nodes, as the viscous dissipation in-
side the PBs has vanished due the occurrence of flow within
their surfaces.

Macroscopically, different behavior are found whether the
foam mobility is high or low: for instance, during free drainage,
and without coarsening (constant bubble size), one can show
that at a given vertical position z’, £(¢), ~ %, with a = 1 for
low mobility, and a = 2 for high mobility [6,8]; such different
behaviors were observed by changing the mobility, either via
different surfactant or different bubble size [6,8]. Also, the de-
pendence of the height of liquid drained with time, /(¢), changes
with the drainage regime. One observes, in agreement with pre-
dictions, a linear dependence for /(¢):

I(t) = BVolint / ho  fort < tq = ho/ Vo, )]
with B = 1/2 in the limit of immobile interfaces and 2/3 for
mobile ones; ljy is the final height of liquid obtained at the end
of the drainage process, and h is the initial height of the foam.
The velocity Vj is defined as

2
rgD” ;

Vo =K; &, (2)

where g is the acceleration of gravity, p the solution density,
i = 1 for low surface mobility and i = 1/2 for high surface mo-
bility. The permeability values K and K/, are dimensionless

numbers, depending on the shape of the borders and nodes, but
also depending on the interfacial mobility [10-14]. At t =14,
meaning //lip; = 1/2 or 2/3 depending again on the drainage
regime, the linear part of the /(¢) curve ends, and an asymptotic
behavior is then found as / tends toward iy [5].

When coarsening is significant during drainage, meaning
that the typical coarsening time #, (which depends on the liquid
fraction, gas and thin film properties [17,18]) is smaller than the
drainage time 74, it is also known that a coupling between the
two effects occurs [8,17,18]. This provides an acceleration of
the drainage process, and drainage times which can be divided
by 10. In the limit where #. < 74, one can even get a regime
where the drainage dynamics is controlled by the coarsening
one, in which one finds for instance a quadratic behavior of /(¢)
at short times (r < 1q).

In these descriptions of free drainage, one considers that all
the liquid can eventually leak out of the foam, and that capil-
lary effects are neglected. In a real situation, capillarity effects
are also present, tending to bring liquid from wet parts of the
foam to drier ones. In fact, taking into account capillarity does
not modify the predictions given above (for £(¢) or [(¢)) as long
as one only considers the steady-state part of the drainage dy-
namics (at intermediate times) [5—7]. Capillarity, by creating
a non-zero equilibrium vertical gradient of ¢ [1,2,4], is be-
coming important at long times when this final equilibrium is
approached, and especially close to the bottom foam-liquid in-
terface. As a result of this equilibrium vertical profile of ¢, there
must be layer of high ¢ at the interface between a foam and
its drained liquid, spreading over a capillary length & (y is the
liquid surface tension, and we recall that p is the surfactant so-
lution density):

§=y/pgD. 3)

At the interface, the first bubble layer of the foam is sitting with
non-deformed shapes, so that e. = 0.36, and the liquid fraction
varies from 0.36 to 0.18 over the length & [1,2]. However, one
must note first that if the foam sample is high enough (as it is the
case in these experiments, where io = 400 mm), the amount of
liquid remaining in this wet foam layer (or capillary hold-up),
which is independent of the initial foam height, can become
much smaller than the amount of liquid drained, proportional
to the foam height. In that case, /i > &, so that the capillary
hold-up effects at the bottom can be neglected. Moreover, if one
considers bubbles located at a foam height bigger than a few
times &, the local equilibrium values of ¢ is almost zero, and
the vertical liquid fraction gradient vanishes, so that capillary
effects can also be neglected. Nevertheless, we must also point
out that an important consequence of the equilibrium profile at
the foam-liquid interface, is that no liquid can actually leak out
of the foam before the foam is sufficiently wet (reaching ¢.) at
the interface to overcome capillary pressure in the foam [5,8,
17].

Regarding the bubble motion, there are boundary conditions
imposed by the setup and the free drainage process, which gives
us some natural limits for the maximum bubble displacement.
Let us consider the simple case of free drainage without coars-
ening, in a closed reservoir. Free drainage corresponds to a
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Fig. 2. Diagram summarizing different definitions. For a bubble initially located
at zg or 7' = zq/ hg, the bubble displacement is L(t) = z(t) — zq. At the final
time ¢, when no more bubble motion are detected, a bubble reaches its final
displacement L¢(z’), and the dotted line represents the prediction for this final
displacement Ly as a function of the normalized z’. Ljp, is the final position of

the foam-liquid interface. The container height % is 500 mm, and the initial
foam height A is 400 mm.

separation (or a redistribution) process of gas and liquid: as the
liquid accumulates at the closed cell bottom, a bubble initially
located at that bottom of the foam (zg = 0), can only move with
the foam/liquid interface, always floating on top of the drained
liquid. It rises up to a final position L¢(zo = 0) = Lin¢ (Which is
the same as /i), and with Liy/ho = &g (definitions and nota-
tions are summarized in Fig. 2). On the contrary, and still con-
sidering only the effect of drainage, a bubble initially located
at the top, zo = hg (or in normalized units, 7' = zg/ho = 1), is
not expected to move as no liquid is draining from above. If
the foam is initially uniform in liquid fraction, and consider-
ing both that the bubble motion solely depends on the liquid
one, and that the gas and liquid volume are conserved, it is
straightforward that, at the end of the drainage process ¢ = fr,
the maximum displacement L¢(z’) of bubbles initially located
at 7 (0 < z/ < 1) should decrease linearly with z/, from Ly
(z =0) = Lip to Lg(z' = 1) = 0, as illustrated by the dotted
line in Fig. 2. If one considers now a foam undergoing only
coarsening (at a constant liquid fraction) and assuming no gas
leaks from the foam to the outside its volume should increase as
aresult of the mean bubble size growth and decrease of the aver-
age Laplace pressure P inside the foam bubbles. Quantitatively,
for a bubble diameter rising from 100 pm to 2 mm, the change
in absolute pressure inside the bubbles remains quite small,
8§ =AP/P ~ 1%, and such coarsening can finally only pro-
vide an expansion in volume of 1% of the initial volume. But,
for a coarsening foam open to the outside, as the Laplace pres-
sure in the bubbles is always higher than the outside pressure,
the foam may also loose its gas with time, resulting in a foam
height decrease. Here again, quantitatively, as the difference of
pressure inside the bubble and outside is small compared to this
outside pressure (6 < 1), the rate and amount of gas leaking
out of the foam are small. Thus, it appears that the coarsening
process cannot provide large bubble motion, at least as large of

the ones obtained by drainage, as the possible displacement are
always proportional to § (if one does not consider film ruptur-
ing, and the extreme case at very long times, where the number
of bubbles is so small, that only a few large bubbles remain in
the cell). Nevertheless, regarding our setup (closed reservoir at
the bottom) a bubble at z’ = 0 cannot move in response to coars-
ening, and the bubbles at the top must have the maximum of
upward (or downward) motion, as all the foam volume changes
can only be in the vertical direction because of the side walls of
the vessel.

All these predictions concern only the final maximal dis-
placement of the bubbles, in relation with the experimental
setup and conditions. One can finally also try to relate the time
variation of the foam liquid fraction ¢(¢) to the bubble dynam-
ics L(t). Knowing the latter, it is straightforward to obtain the
time evolution of the mean liquid fraction above one marker,
em(t, Z'), initially located at z’. From the liquid volume conser-
vation equation, one can write:

1 <1 L(1) >~ (1 L(t) )
I—L)/ho\ L))\ L))
4)
The above approximation is valid for L(¢)/ho < 1, which is
the case in our experiment as L(¢) < Lip; < hg. Alternatively,
one can also infer the bubble motion (starting from different z’)
from the conductance C(¢) all over the foam height. A foam
sample covering N electrodes can be cut in N small V; vol-
umes, which are all initially at a liquid fraction &y (conductance
C(t = 0) = Cyp). At a given location 7z’ (corresponding to the
electrode i, with i = 1 at the foam bottom), the liquid volume
conservation again implies that

em(t,7)/e0 =

el=N

L(t)y—i ~ (N —=)Co— Y C(®). (5)

el=i

4. Results
4.1. CyF¢ inside and outside the foam

We performed a set of experiments with foams made of C,Fg
gas, in contact with CoFg (by previously filling the cell with
that gas). Experiments were done many times for checking re-
producibility, at different liquid fractions gy < 0.1. As already
stated, the goal of using C,Fg is to reduce the coarsening rate.
With such gas and within our experimental conditions, . > 4,
the drainage is expected to proceed at constant bubble size.
In Fig. 3a, the displacement L(¢) of the markers, normalized
by Lin (final displacement of the foam-liquid interface, after
complete drainage and foam collapse), is plotted for different
initial vertical positions z' = zo/ ho (in this figure, for a foam
at g9 = 6.7%; similar results were found for other liquid frac-
tions). It is found that bubbles at the foam bottom are the ones
which are displaced the most—L¢(z’ = 0) = Lip—and as 7’ in-
creases, the final amplitude of displacement is always smaller
(L¢(z' > 0) < Liy), and decreases with z’. A bubble initially lo-
cated at the foam top is found not displaced. The curve for the
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Fig. 3. Bubble displacement measurements for a C;Fg foam in contact with
C,Fg, during free drainage, at an initial liquid fraction ey = 6.7%: (a) nor-
malized displacement vs time for different initial bubble positions z’, and (b)
normalized displacement vs position at different times (up to r = 6000 s). The
solid line represents the prediction for the final maximum displacement L(z'),
as discussed in Section 3.

foam bottom bubbles (z' = 0, thus for the foam-liquid inter-
face) appears different from the others: it first shows a delay
time before any motion is detected, and though the final Ly
equilibrium value is the highest, it is reached much later than
the equilibrium values at higher z’. One can also see there that
for all z/ > 0, a linear behavior with time is first found, up to
a kink in the curve, always corresponding to L/L¢(z") ~ 2/3.
Another way to present the data is to plot the same normal-
ized displacements as a function of the initial bubble position,
for different times (Fig. 3b). At large times, when the bubbles
have reached their final positions, a linear dependence with 7’ is
found. In Fig. 3b, one can also see that the dynamics are faster
as 7’ increases (this results in non-linear curves at intermediate
times): it takes less time to reach L/L¢(z") ~2/3 for 7’ close to
1 than for z’ close to 0. For this combination of inside/outside
gas, we also verified by visual observations that the bubbles di-
ameter remains constant everywhere in the foam. So, in the case
of a foam draining only without coarsening (C,F¢ foam in con-
tact with C>Fg), we then draw a simple bubble-scale picture for
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Fig. 4. Bubble displacement measurements for a Ny foam in contact with the
air, during free drainage, at &g = 7.0%: (a) normalized displacement vs time for
different initial bubble positions z’, and (b) normalized displacement vs position
at different times (up to + = 3000 s). The solid line represents the prediction for
the final maximum displacement L¢(z'), as discussed in Section 3.

drainage: a bubble first rises at a constant speed, then deceler-
ates, and eventually stops.

4.2. Nj inside and air outside the foam

We then present the results obtained for SDS foams made
with N», in contact with air. For these foams, the bubble size
is strongly changing during the drainage measurement time:
the mean diameter D reaches 1 mm in 10 min. In Fig. 4a
(g9 = 6.2%), the displacement L(¢) of the markers (normalized
by Lin) is plotted for different initial heights z’. As in Fig. 3a,
a bubble at the foam bottom moves the most and the final ampli-
tude of bubble displacement gets smaller with z’. Here, bubbles
at the foam top are slightly displaced. At the bottom, z’ = 0, no
delay time for motion is observed, and the equilibrium value is
reached as fast as for the other z’. All the curves show an inflec-
tion, indicating a maximum in the speed of the bubbles; we also
found that at early times, the curves turn out to have a quadratic
behavior. Other measurements, with the same gas, at liquid
fractions gy < 0.1, have given the same results. The normal-
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Fig. 5. Bubble displacement measurements for a C;Fg foam in contact with the
air during free drainage, at ¢g = 7.4%: (a) normalized displacement vs time for
different initial bubble positions z’, and (b) normalized displacement vs position
at different times (up to t = 12,000 s). The solid line represents the prediction
for the final maximum displacement L¢(z’), as discussed in Section 3.

ized displacements as a function of the initial bubble position
are shown in Fig. 4b. When bubbles are no longer moving, a
linear dependence of L¢ with 7z’ is roughly found (as shown by
the solid line), but not at the very top where a deviation is seen
(corresponding to some local foam expansion). Finally, a major
difference between the results of Figs. 3 and 4 is the timescale:
for the N, foams, equilibrium is approached in about 1000 s,
whereas for C,F¢ more than 3000 s are typically required.

4.3. CyF¢ inside and air outside the foam

In Fig. 5a, bubble motion measurements are now plotted, as
in Fig. 3a, for a SDS foam (g9 = 7.4%) made with the CyFg
gas, but now in contact with the air. When compared to the
previous results, strong differences are found. First, the top of
the foam sample undergoes a very large displacement, at the
highest motion rate of all the markers (unfortunately L (¢) is no
longer measurable properly after the marker has reached the top
of the cell size). Inside the foam, one can see that the markers
have a new behavior: after virtually stopping, they again begin

to rise (at a higher rate than the initial one, and close to the one
of the foam top). This new rise is quite clear for the bubble ini-
tially at 7/ = 0.77 (for t > 6000 s), but appears to occur also for
the bubbles at 7’ = 0.57, at a later time (¢ > 8000 s). These data
show that the foam volume is finally strongly increasing with
time, and that this volume expansion occurs first at the foam
top, and further down into the foam with time. At the bottom,
as in Fig. 3a, there is a large time where no bubble motion is de-
tected, and one can also note that the typical timescales for these
foams are equal to the ones of Fig. 3a. As previously, we report
in Fig. 5b the normalized displacement as a function of z’. One
can see here also the large displacement of the bubble located
in the top part of the foam: this displacement can even become
bigger than Ly, and measurements are found well above the
theoretical limit shown by the solid line. Complementary foam
and bubble size observations show that within the bulk foam
there is no coarsening as expected, but in contrast the top of the
sample actually expands, just like a “soufflé.” There are finally
very large bubbles at the top, inducing a large and sharp verti-
cal bubble size gradient in the foam, and with time this gradient
moves downward into the foam.

Before the discussion and interpretation of these data in
the following section, we can point out that by monitoring the
bubble motion during foam aging, we have identified different
behaviors depending on the inside/outside gases combination.
Initially, a bubble can either rise at constant speed or acceler-
ate; later, it can finally slow down and stop. However, in the
case described in Section 4.3, it can resume its rising motion
after even longer times.

5. Discussion
5.1. Same gas inside and outside the foam

In the following, we consider that air and nitrogen are iden-
tical, as the water solubility and diffusion constant of oxygen
and nitrogen are not different enough to induce a significant
change in the results: the results shown in Fig. 4 can thus be
considered as those for the same gas (N») inside and outside,
and can then be compared to those of Fig. 3 where also one gas
(CyFp) is involved. Though the results shown in these figures
share many general common features, it is clear that the nature
of the gas, via its effect on the coarsening dynamics, plays a role
in the bubble displacement curves. Changing the gas provides
differences in the times needed for bubbles to reach their final
position L¢, in the shape of the L(¢) curve (linear or quadratic
at early times), at the foam top and bottom. As said previously,
it is known that the presence or absence of coarsening during
drainage modifies this drainage dynamics; here we show that
accordingly it modifies the bubble motion dynamics.

So, one can now analyze in detail if these bubble upward
motion observations are consistent with downward liquid flow;
in other words, knowing how the liquid drains and accumulates
downward (I(¢)), in the presence or absence of simultaneous
coarsening, can explain how a bubbles move upward (L(t)).
First, the fact that for N, the timescale to reach final values
of bubble positions is shorter than for CoFg can simply be
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explained by this coupling between drainage and coarsening,
which strongly increases the liquid drainage rate [5,8,17,18].
As well, the bigger bubble diameter (1 mm in less than 10 min)
obtained with N implies that the liquid capillary hold-up at the
bottom is smaller than for C;Fg (Eq. (3)), that the liquid veloc-
ity is faster (Eq. (2)), and thus that the condition for leakage
(ec = 36%) is obtained faster. This explains why a delay time
is not observed at the foam bottom for N,, while for C,Fg the
slow drainage velocity makes the time to reach ¢, = 36% long
enough to be macroscopically evidenced. These effects are not
seen within the foam (z’ > 0) since only at a foam-liquid inter-
face the condition for liquid drainage (e, = 36%) is required.
Regarding the shape of the L(¢) curves, the linear and quadratic
behaviors are also in agreement with liquid flow properties: at
a given 7/, the bubbles move upward on the same way as the
liquid accumulates below this position. For instance, for the N>
foams, due to strong coarsening [8,17] the height of drained
liquid /() has an initial quadratic dependence with time [8,17],
and this is what is also found for the bubble motion L(¢). Con-
cerning the observation that the time to reach the end of the
linear or quadratic part of the L(¢) curves (experimentally cor-
responding to L/L¢(z') ~ 2/3) decreases with 7/, it is also in
agreement with liquid drainage and Eq. (1), stating that #4 scales
with the foam height. As 7’ increases, the foam height above the
marker and thus the drainage timescale ¢4 decrease. Note that a
value of L/L¢(z") ~2/3 is a signature of a strong coupling be-
tween bulk and surface flow (Section 3). With C,Fg, the final
positions of the markers— L/ Lin(z')—agree with the theoret-
ical curve (solid line in Fig. 3b, to be compared to the dotted
line in Fig. 2), confirming that the total motion of the bubbles
is due to liquid drainage. For N, the agreement with the theo-
retical curve is also good, though a small expansion is seen at
the top. As discussed in Section 3, coarsening cannot provide
bubble motion over centimeters, but could slightly expand the
foam volume, due to the decrease of the average Laplace pres-
sure (in the case where the gas leaks towards the outside are still
small). This could explain our observations: in our setup, only
a small foam volume and number of bubbles are in contact with
the outside, so that gas losses are probably small.

Lastly, we can compare the electrical conductivity and bub-
ble motion measurements, within the framework of Egs. (4)
and (5). For the following comparisons, we will focus on
the simplest case: CoFg inside and outside the foam, mean-
ing drainage without coarsening. The results of the conduc-
tance measurements, at four fixed heights in the foam (corre-
sponding to z’ spanning between 0.25 and 0.75) are shown in
Fig. 6a, where the normalized liquid fraction &(¢)/gg is plot-
ted (¢9p = 0.06). At long times a typical power law variation
is observed, with an exponent close to —2, indicating a strong
coupling between surface and bulk flow (Section 3), as already
seen for such small bubbles [8,11]. Note that it is also in agree-
ment with the value L/L¢(z") ~ 2/3 discussed previously. For
comparison, we have plotted in Fig. 6b the time variation of
em(t)/gg at different 7/ (from 0.18 to 0.8) extracted from the
bubble motion (Eq. (4)). A power law behavior is also found
at large times with an exponent equal to —2. We have thus re-
covered the same drainage features either by following how the

e/eo

=1 'L/Lf

€n/€g

200 400 600 1000 4000 6000

time (s)

2000

Fig. 6. (a) Normalized liquid fraction measurements as a function of time,
at four different fixed positions 7’ (equally spaced between z’ = 0.25 and
7/ = 0.75), for a CoF¢ foam in contact with CoFg (g9 = 6%). (b) Time evo-
lution of the mean liquid fraction ey /gq, following Eq. (4), for four initial
positions z’ (from z/ = 0.2 to 0.8), deduced from bubble displacement data.
The arrows indicate the direction of increase of z’. The thick solid lines, with
the —2 label, represent the =2 behavior discussed in Section 3.

liquid drains locally (electrical conductivity measurements) or
by this method measuring how bubbles rise upwards. The good
agreement, even quantitatively as it can be seen in Fig. 6, be-
tween the two methods again confirms that bubble motion is
primarily driven by liquid flow downwards.

With this bubble motion tracking method, note that one can-
not obtain exactly the same quantity as with the conductivity
measurements (the local liquid fraction coming from a single
elementary volume V. around a position z); however, one gets
the mean value of the liquid fractions coming from all the V.
above 7'. As for all these V., the same power law exponent is
found (—2 is found at any heights, Fig. 6a) the time dependence
of their mean value &, or of a single one are identical. More-
over, at the time where the scaling behavior occurs at a given 7/,
it appears in fact that only a small number of V, above z’ still
contain some liquid (for any z” > 7/, L(¢) has already reached
its final value L¢(z")). So even if £, (Z'), as plotted in Fig. 6b,
corresponds to the average liquid fraction above 7/, it is indeed
probably very close to the liquid fraction in a small volume just
around 7/, precisely as what is measured by the conductivity.
Here we have demonstrated that optical measurements of bub-
ble motion turned out to be a simple method for measuring the
drainage rates, and determining the drainage regime type.

In Fig. 7, we show the time dependence of bubble positions
calculated using Eq. (5) and the conductivity data; curves are
calculated for seven values of 7’ (meaning seven reference elec-
trodes) corresponding to 0.15 < z’ < 0.95 and are normalized
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Fig. 7. Bubble displacement curves, reconstructed from the conductivity mea-
surements (g9 = 6%), as a function of time for different initial heights (cor-
responding to 0.15 < 7’ < 0.95), following Eq. (5). The arrow indicates the
direction of increase of z’. The solid line shows the linear behavior found at
short times.

by the value L obtained at equilibrium time # for z/ = 0.15.
Here again the consistency of our different methods of mea-
surements is verified, as we recovered a graph quite similar to
the one in Fig. 3a (with an initial linear behavior, shown by the
solid line). Note that this procedure does not take into account
electrodes for z/ < 0.15, close to the bottom, where the capil-
lary hold-up is not negligible, and so it does not reproduce the
delay time seen in Fig. 3a at the foam bottom.

From all these tests, it appears clearly that for these C,Fg or
N, foams, the upward bubble motion and the downward liquid
drainage can be deduced one from the other (despite the fact
that there is or no some simultaneous coarsening).

5.2. A different gas inside and outside the foam

In Fig. 5, for the case of a C,Fg foam in contact with the
air, a volume expansion has been observed: in comparison with
N, foams, it is clear that it cannot be simply explained by the
internal foam coarsening. The only possible origin of this effect
is that the more soluble air sitting above the foam penetrates
and propagates downward into the foam, resulting in a curious
foam and bubble growth. This is definitively confirmed by the
fact that this expansion disappears when the foam is kept in
contact with C,Fg gas (Fig. 3).

Theoretical aspects of the coarsening of foams made of mix-
ture of gas of different solubilities in water has been discussed
in [19], showing for instance that only tiny volume fraction x
of a non-diffusing gas (the rest, (1 — x) corresponding to the
fraction of the diffusing gas) could be already effective to dras-
tically reducing coarsening. To get these findings, it is needed
to consider both the total pressure inside the bubbles and the
partial pressures of each gas, as usual when dealing with gas
mixtures [19,20]. For our experiments, we have a different sit-
uation: at the time of the foam formation 7y, there is no gas
mixture, and only C,Fg in the bubbles (the CoFg volume frac-
tion is x = 1) in contact with a reservoir of air (x = 0). This
means that the partial air pressure inside the foam at 7 is 0, as

well as the partial CoFg pressure outside. Despite the fact that
the total pressure Pi, is higher inside the foam bubbles than on
the outside at P, (however, note that § = (Piy, — Po)/Po < 1%),
the air will diffuse into the foam since its partial pressure is
lower inside. During the process, the partial pressure of the air
in a foam bubble is Pi;ir = (1 — x) Pyp; an equilibrium value will
be obtained when x =1 — P,/ Py,. As P,/ Py, remains always
close to 1, the equilibrium value of x is such that x ~ 102« 1.
This means that the air should enter into the foam quite widely,
up to the point when CyF¢ is completely diluted in the bub-
bles, with only traces of this gas remaining. This difference of
partial pressure explains well the strong effect seen in the ex-
periments. Though it is not surprising, we want to point out
that it appears as a paradoxical result, since naively one could
think that with a gas like CoFg coarsening is reduced every-
where in the foam. But the point is that, due to the contact with
the air, the opposite is found at the foam periphery where the
bubble coarsens even faster than with N,. However, the diffu-
sion is slow enough, so that, for typical experimental timescales
encountered in drainage or rheology experiments, it usually
affects only the foam edges. Quantitatively, from the bubble po-
sition tracking, one can determine at which times the diffusing
air is detected at a given position z’. From these estimations,
we have deduced D, the air diffusion coefficient into the foam,
D. = 0.015 £ 0.005 cm?s~!. This is of the same order as the
gas diffusion coefficient in solid foams (with open walls), and
a few orders of magnitude bigger than the coefficient in water.
We are now investigating in more detail this gas diffusion, espe-
cially regarding the effect on the foam topology, distribution of
bubble sizes and one can expect to use it to determine foam
parameters like a mean thin film thickness [3,17,18]. Lastly,
one must note that, apart from the air diffusion into the foam,
the rest of the results of Fig. 5 are identical to those of Fig. 3,
as long as the air has not reached the measurements positions;
one recovers for instance the same delay effect due to capillary
holdup at the bottom.

6. Conclusions

We have shown that it is possible to measure bubble mo-
tion inside a draining and coarsening foam by using floating
markers. With these simple measurements, we have identified
different upward bubble motion features which can all be ex-
plained by simple ideas based on mass conservation and on
the knowledge of how the liquid flows down. In that sense, it
turns out that it is possible to obtain, via the bubble motion,
similar information on foam drainage as obtained with more
complex setup (like an electrical conductimetry one). In most
of the cases, the bubble motion is solely driven by the liquid
flow. However, we have found here an unexpected situation: if
the foam is made of a gas less soluble than the outside one,
an extra coarsening can occur, making the foam expand like a
“soufflé,” as a response to a gradient of partial pressure of the
outside gas.

Beside the usual microscopic (at the Plateau border scale)
and macroscopic descriptions (considering the foam as a effec-
tive medium), we have here developed a different and comple-
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mentary picture, at the bubble scale, of foam aging. The results
found here also emphasize the specificity and importance of the
behaviors not only at the liquid/foam interface (with the effects
of the capillary holdup) but also at the foam/outside interface
(with collapse or gas exchanges).
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