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Abstract

Beside other transport properties of liquid foams, like the optical
or electrical ones, the acoustics of liquid foams reveals a great
complexity and non-trivial features. Here we present a review of
recent experimental and theoretical results on how a sound wave
interacts with either a macroscopic foam sample or with its
isolated building blocks (films and Plateau borders). The analysis
of the literature allows us to determine what is now well under-
stood, what could be measured in foams by acoustics, and what
are the remaining issues and perspectives in this research field.
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1. Introduction

Aqueous foams are dispersions of a gas in a liquid. In the
liquid phase, chemicals must be added to stabilize the
dispersions. Such chemicals are usually low molecular
weight surfactants, but they can also be amphiphilic
polymers [1] or even particles [2, 3]. Their main role is
to adsorb at interfaces, then providing repulsive forces
between the bubbles.

Much research has been conducted on aqueous foams in
the last two decades [4, 5, 6, 7]. Most of their properties
and of their modes of evolution have been studied and
reported in dedicated reviews: foaming processes [8],
structure [9], the links between stability and physical
chemistry [10, 11, 12], or rheology [13, 14].

From most of these studies, two important parameters
emerge to characterize a foam: the bubble radius R and
the liquid fraction ¢, Together with the chemical
formulation, these two parameters provide the physical
characterization of the foam. Their initial values are
tightly linked to the process of foaming.

With time, these quantities are modified: the gravita-
tional drainage tends to decrease ¢, while coarsening and
coalescence increase R. Moreover, there is a strong
coupling between these effects, as both of their dynamics
depends on R and ¢,. As a consequence, the macroscopic
foam properties evolve with time, and a foam indeed
rapidly looks different. To control some foam properties,
one needs to set the dynamics of drainage and coarsening,
thus implying to monitor R and ¢; within a foam as a
function of time, and of the position inside the foam.

Ideally, this has to be done #-situ and with non-intrusive
methods. In that respect, various approaches have been
proposed. A rather simple one is based on the measure-
ment of the electrical properties of aqueous foams. It has
been demonstrated that the relative electrical conduc-
tivity can be simply related to the liquid fraction [15, 16,
17, 18]. Optical methods are also available, either in the
limit of single/low scattering or in the opposite case of
multiple scattering [19, 20, 21]. In parallel, more com-
plex methods are also developed, especially to give
access to 3D structures, like MRI or X-ray tomography,
the latter requiring synchrotron facilities [22, 23].

Still in the spirit of monitoring transport properties, the
propagation of a sound wave inside a foam has been
often proposed as a possible tool to obtain information
on R or ¢. This was initially motivated by the studies on
shock waves absorption in foams [24, 25, 26, 27], which
showed that ¢; and R had a strong influence on the
acoustical properties of foams.
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2 Thin Liquid Films and Foams

Our goal here is to draw up a review of the different
studies published in the literature; this includes both
experiments on 3D foams and on isolated structural ele-
ments of foams (single channels and single films), as well
as models. We have chosen to emphasize some recent
important results, especially those allowing to reconcile
apparently inconsistent results. Moreover, the motivation
is also to report here the main messages and results arising
from the most recent experiments and modelling. We
discuss their impact both for practical issues (develop-
ment of acoustic probes) and more fundamental ones.
Lastly, we determine the remaining open questions, and
the future routes of research in this field.

2. Acoustic properties

2.1. Analysis of the experimental results in the
literature

Acoustic experiments on foams generally consist in
sending an acoustic wave into a sample of foam, and
measuring how this wave propagates. When the acoustic
wavelength is larger than the typical size of the het-
erogeneities, the wave does not resolve the details of the
foam, and it propagates like in a homogeneous medium.

Figure 1
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Velocity (top) and attenuation (bottom) as a function of the liquid fraction ¢,
of the foam for several experimental studies in the literature. Character-
istics of the foams and experimental setups used are given in Table 1.

The foam is then considered as an effective medium, in
which the pressure at position x and time 7 is given by
px,7) = Pexp[—ax] exp[iw(x/v — £)] with an amplitude
P, an effective velocity v and an effective attenuation «,
which depend on the structure and composition of the
foam. An important question is thus to relate v and « to
the different parameters of the foam, such as its liquid
fraction ¢, the average radius of the bubbles R, the type
of gas or the nature of the surfactants used to stabilize
the foam. Several studies reported measurements of v
and «, with different techniques, at different wave fre-
quencies, and with different types of foams. We propose
in Fig. 1 a summary of seven experimental studies,
published between 1988 and 2013, whose characteris-
tics are reported in Tab. 1. It is striking that liquid foams
are acoustically very different from the two fluids they
are composed of. Their attenuation, in particular, is
several orders of magnitude higher than in water (2 x
107" m~"at 500 Hz) or inair (3 x 10~* m ™" at 500 Hz).
For the velocity, it is very different from the naive
expectation of an intermediate value between 1500 m/s
(sound velocity in water) and 340 m/s (sound velocity in
air): values as low as 25 m/s can be found.

This low value of the speed of sound is actually well
predicted by a simple model, proposed by Wood [34]. In
this model, sound propagation is sensitive only to the
average density p and average compressibility X, and the
speed of sound is given by the usual law for monophasic
fluids: o = 1/,/px. Hence, for a foam Wood’s predic-
tion writes

1
OWood = (1)

\/[¢/P/ + (1= ¢7)pel[brxs + (1 — ¢)x,]

where p; (p,) and ¥, (X,) are the density and compressibility
of the liquid (gas) phase, respectively. The foam thus
combines the large compressibility of gas while being
relatively dense because of its liquid content, thus
explaining the low speed of sound. As the compressibilities
and densities of the liquid and gas phases do not vary much
from one formulation to the other, this theory predicts that
sound speed only depends on the liquid content of the
foam, ¢ As obvious in Fig. 1 (upper part), many experi-
mental results are in agreement with this prediction [26,
30, 33, 35, 49, 50], but several publications reported ve-
locities that are larger than Wood’s prediction [28, 29, 31,
32]. In their article, Zmashchikov and Kakutkina [29]
noted that “T%is excess can be explained by assuming that nor all
the liquid participates in the transmission of sound waves.”
Following the same idea, Kann and Kislitsyn proposed a
“film model” [36], in which only the films in the foam
participate to the acoustic movement, leading to a reduced
effective density compared to Wood’s prediction, and thus
a higher velocity. For the results with commercial shaving
foams [31, 32] (triangles in Fig. 1), Mujica and Fauve
suggested that the high interface elasticity brought by the
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Table 1

The acoustics of liquid foams Elias et al. 3

Characteristics of the foams (average bubble radius R and formulation) and experimental setups (frequency f and size of the container)

for the studies whose results are reported in Fig. 1.

R (um) f (kHz) formulation setup
. MTB88 [28] 1 500 5 air + Expandol 30 cm cubic tank
@ ZK91 [29] 1 000 0.4 air + Sulfone 15 cm diam. tube
] 0S93 [26] 70-125 0.1 air + unknown 3.5 cm square tube
O SF95 [30] 100-200 ~05 air + Sulphanole tube
v MFO02 [31] ? 5 Gillette 6 cm diam. tube
v PL13 [32] 22 0.7 Gillette 2.9 cm diam. tube
. PG13 [33] 20 ~0.5 air + CgF14 + SDS 2.9 cm diam. tube

composition of the Gillette foam could be responsible for
the deviation from Wood’s law.

For the attenuation, the situation is more complicated.
As shown in the bottom part of Fig. 1, the general trend
is that of an increasing attenuation with liquid fraction,
but the data are quite dispersed. It indicates that other
parameters play a role. In several studies, the attenua-
tion was found to increase with frequency [31, 26] and
with the mean radius of the bubbles [31, 28]. The
proposed scaling laws were sometimes compatible with
a mechanism of thermal losses [31, 37], but other
studies did not find the expected trend in the attenu-
ation when the gas of the foam was changed [25, 38].
Other dissipation mechanisms were proposed, based on
Darcy-like flow in the Plateau borders [27] or nonlinear
viscous dissipation in the films [36]. However, up to
now, there has been no general explanation for sound
attenuation in liquid foams. The last experimental re-
sults suggest [38, 39] that thermal losses are indeed
involved, but other losses need to be considered,
including losses due to friction on the wall of the
container used for the experiment.

"The situation became even more complicated when Ben
Salem ez a/. [40] reported evidence of resonance effects
in the propagation of ultrasound in foams. When trans-
mission of ultrasound at 40 kHz through a coarsening
foam was measured, the amplitude of the signal was first
decreasing with time (in agreement with the “o in-
creases with R” law found previously [31, 28]), but then
it increased again, indicating a decrease of the attenu-
ation. At the same time, the phase of the transmission
was also evolving, showing that the velocity was also
strongly, and non-monotonically, affected by the change
of the bubbles radius in the foam.

The phenomenon was also observed over a broader
range of frequencies, by Pierre ez a/. [41]. Some results of
their article are reproduced in Fig. 2. The velocity and
attenuation were measured as a function of frequency, in
a foam with ¢, = 11% whose bubbles were slowly
growing with time (see inset). For the fresh foam (red
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Velocity and attenuation as functions of frequency for a liquid foam with
¢=11 % made from a SDS solution (at concentration 10 g/L) and air
saturated with CgF44 for the gaseous phase (raw data from [41]). Colors
indicate the median bubble size, which increases with time (see inset in
the top figure).
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4 Thin Liquid Films and Foams

symbols in Fig. 2), the velocity was found to be fre-
quency independent, and in agreement with Wood’s law
(Eq. 1). But as the size of the bubbles was increasing,
the velocity became frequency dependent, exhibiting a
peak followed by a plateau at a value of about 200 m/s
(see blue symbols). At the same time, the attenuation
was found to be first increasing with frequency for small
bubbles, and then decreasing for larger bubbles. These
experimental results suggested that an acoustic reso-
nance was at play in the foam, with a frequency that
depends on the bubble size.

2.2. Modeling

In order to model acoustic propagation in foams and
rationalize the nontrivial features reported in Sec. 2.1,

Figure 3

Pierre et al. [41] have retained very few items within the
foam microstructure. Instead of a full assembly of gas
pockets, bounded by thin liquid films attached to thick
liquid channels with curvy triangular cross-section (the
so-called Plateau borders in the liquid foam jargon, see
Fig. 3a), they focused on a single flexible, circular film
(surface tension o, thickness ¢, radius ¢) attached to an
idealized, circular, undeformable Plateau border (mass
M, radius 4, see Fig. 3b). They modelled its response to a
pressure difference AP oscillating in time with angular
frequency w, in particular the channel displacement U
and the film displacement profile #(r), where 7 is the
distance from the center of the film, with #(¢) = U at
the junction between the film and the channel. The
acceleration of the liquid channel, — MwZU, is caused in

£ x (%)W (kHz)

Current Opinion in Colloid & Interface Science

(a) Photograph of a low-density liquid foam (less than 1% liquid fraction). Each straight line is located at the junction between three adjacent films and is
called a Plateau border, it is actually a water channel with curvy triangular cross-section. Each film is polygonal and bounded by several such water
channels. (b) Sketch of the “building blocks” of the model of Pierre et al. [41]: a single liquid film is considered. It is assumed cicular rather polygonal in
shape, for simplicity. Thus, the system has a cylindrical symmetry around the dashed axis. The film is tethered to a circular water channel with triangular
cross-section (the channel is drawn attached to two other films for clarity). From a mechanical point of view, the film is represented by a flexible membrane
(here drawn with exaggerated upward deflection) of radius a and thickness e. The annular liquid channel (outer radius b) is assumed rigid, with mass M,
and the effect of the other two films is ignored. The force exerted by the membrane on the annulus is sketched by the red arrow; its value per unit length of
the annular channel is g¢. The two bubbles located above and below the membrane are not fully sketched, for simplicity; they have a pressure difference
AP associated to sound propagation, which exerts a surface force on the membrane and on the annulus, sketched by the green arrows. (c) Rescaled data
of Fig. 2, superimposed with the model of Pierre et al. [41] using 7 = 10 us and e = 70 nm as fitting parameters.
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part by the pressure difference applied directly to the
channel (with a relevant surface area of order 7'((/)2 — az)
in the notations of Fig. 3b) and in part by the relevant
component of the tension e exerted by the film along
its perimeter 27« (slope of order du/dr with respect to
the circular channel, evaluated at the junction between
the film and the channel):

du

dr

r=a

_MwZU = 7T(b2 —ﬂZ)AP'i_Zﬂ'ﬂUeff (2)

The factor g.g is assumed to be of the form oo =
(1 —iwT), which includes not only the film surface
tension ¢ but also a phenomenological time 7 that re-
flects out of phase viscous dissipative forces within the
channel deformed by changes in the film slope.

Similarly, considering an annular portion of film
extending between 7 and » + dr (with surface area 277
dr, thickness ¢ and liquid specific mass py), its
acceleration — w’«(r) results both from the applied
pressure difference AP and from the change in film
tension slope and perimeter between the inner and
outer edges of the annulus:

—2mpserdro?u(r) = 27rrdrAP—|—27mdri <r%> (3)
dr\ dr

At low frequency, this coupled system follows the forc-
ing in a quasisteady manner, the film and the channel
vibrating at the same amplitude: #(r) = U. However,
because of the large difference of inertia between the
thin film and the thick channel, their response is
different as the frequency increases. In particular, in the
limit of very large frequencies, the large inertia of the
liquid channel prevents it from oscillating, while the
film oscillates as if tethered to a fixed frame. An inter-
esting behavior emerges when expanding (%) (defined as
the average of # for » < &) at frequencies much lower
than the fundamental frequency of the film, which is of
order (o/p/e)l/z/a [see Eq. (6) in section 3 for ¢y ~ 1/a
> pg/(pp)]. In this regime, the ratio of the film accel-
eration to its driving force quickly decreases and be-
comes negative as @ increases. Moreover, the amplitude
of the film quickly dominates that of the liquid channel;
hence, the ratio of the system acceleration to the driving
force, — w? [x(u) + (1 — x)U]/WbZAP (where x = aIH s
the surface fraction covered by the film) also decreases
and become negative as w increases: the coupled system
of the film and liquid channels displays an effective
negative mass.

The next step of the model of Pierre et al. [41] was to
couple the dynamics of this system to that of the sur-
rounding bubbles, accounting for the gas density and

The acoustics of liquid foams Elias et al. 5

compressibility in the limit of large sound wavelength
compared to the bubble size: #R <« 1. The final outcome
of this model is a Erediction of the sound wavenumber £
such that: £ = w’[(1 — )X + XA ($epy + ¢'p)), with
an effective liquid fraction ¢’ = ¢'(P;, a, b, W) given by
Eq. (2) in [41] accounting for the coupled dynamics of
films and liquid channels. The effective liquid fraction
diverges at a resonance frequency wg defined as:

a)g _ 12N¢7(1Z 3)(ja/) )

Prd/x°R
where NV is the average number of films per bubble in the
direction of propagation of the wound wave. Above this
frequency, for a significant range of frequency, the foam
displays an effective negative mass and tends to block
sound propagation.

This recent model compared favorably with the data
(Fig. 3c¢), and was compatible with all the trends re-
ported in Sec. 2.1. In particular, in the relevant asymp-
totic limits, it reduces to two models proposed
previously. In the limit of low frequency, it gives Wood’s
model (see Sec. 2.1). This is due to the aforementioned
fact that in such a limit # = U, showing that all liquid
clements vibrate at the same amplitude, which justifies
the mixture law for the density used by Wood without
further justification. In the limit of large frequency, the
momentum of the liquid channels can be neglected
compared to that of the films and the speed of sound
writes

1
VHF = (5)

\/[zf{xﬁ/ + (1 - ¢/)Pzz] [qﬁ/X/ + (1= @)x]

where ¢ is the thickness of the films. The regime of the film
model proposed by Kann [36] is thus recovered; the main
argument of Kann’s model is that within a foam, sound
propagates as in the gas constituting the bubbles, apart
from the additional mass provided by the thin liquid films
separating bubbles. This indeed corresponds to the high-
frequency limit of the model of Pierre et al. [41].

2.3. Sound attenuation

While the models discussed above provide a consistent
picture for the speed of sound, the dissipation remains
elusive. Kann and Kislitsyn [36] proposed a “sound
pumping” mechanism whereby water flow between the
films and Plateau borders could be driven by acoustic
pressure gradients. Pierre et al. [41] introduced an ad
hoc dissipation related to the relative motion of films
and liquid channels, through the aforementioned
phenomonelogical parameter 7, introduced via the term
o in Eq. (2). However, no clear local transport mech-
anisms support these ideas, and at this stage of research,
dissipation comes mostly as a fitting parameter of the

www.sciencedirect.com
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6 Thin Liquid Films and Foams

models whose dominant underlying mechanism remains
unclear. In this Section, we discuss the possible sources
of dissipation.

Fig. 2 shows that acoustic attenuation strongly depends
on bubble size and frequency. The toy-model previously
exposed catches well the experimental data using a
purely ad-hoc dissipation parameter (viscous time T)
which theoretically accounts for the viscous friction
between the thin films and the heavy liquid network.
However, the way this parameter is introduced is
questionable. In particular, it is not obvious that the
dissipation remains identical for all frequencies.

Around and beyond the resonance (W = wyg), experi-
mental speed of sound and attenuation both strongly
change with frequency, and the physical mechanism
leading to the dissipation is not easy to identify. How-
ever, at low frequency, below the resonance (W < wy),
the velocity is almost constant while, in contrast, the
attenuation is widely dispersed with the bubble size and
the frequency. Let us focus on this acoustic regime,
where the velocity is non dispersive.

Although the nature of the dissipation mechanism is still
controversial [25—27, 31, 36, 37, 42, 72], a recent
experimental study [38], conducted for various foams
made with different gases and with various bubble sizes,
using tubes of different diameters, allowed to identify
three sources of dissipation, as illustrated in Fig. 4: two
intrinsic ones, related to the sound attenuation in the
bulk of the foam, and an extrinsic one, related to the
boundary conditions (i.e. when the foam is close to a
wall).

Figure 4

Current Opinion in Colloid & Interface Science

(a) Sketch of the different dissipation sources which are highlighted by
dashed area. The red one indicates the thermal losses. The green zone
highlights the viscous losses that may occur in the gas, close to the thin
films. The blue zone indicates the viscous friction of the liquid foam on the
wall.

The effect of boundary conditions was revealed by the
dependence of the attenuation on the diameter of the
tube containing the foam. It is explained by the exis-
tence of a junction zone between the center of the tube,
where the acoustic wave makes the foam move, and its
perimeter, where the wall imposes a zero displacement.
This zone, over which the foam is sheared, is a source of
dissipation. The larger the tube, the smaller this dissi-
pation: this could explain the very low attenuation
measured by Zamashchikov & Kakutkina, who used a 15
cm-diameter tube (see ZK91 in Fig. 1) [29]. Note that
the existence of this sheared zone was directly observed
by optical methods (in the mulitple scattering regime)
in liquid foams [43, 44, 45].

Removing the contribution of this extrinsic dissipation
source, thermal losses are a natural candidate to explain
sound attenuation. Their dependence on the gas ther-
mal diffusivity depends on whether the bubble oscilla-
tions are isothermal or adiabatic [42], which can
complicate data interpretation. However, a recent
experimental study [38] reports that thermal losses
were not sufficient to explain the level of attenuation,
which suggests that a second intrinsic source of loss
must be considered. It is found to increase with the
square of the bubble size, slightly increase with the
liquid fraction and, interestingly, to decrease with the
square root of the gas density. It is not compatible with
the mechanism of Darcy flow proposed by Goldfarb ez @/.
[51, 27]. At this stage, the physical mechanism behind
this source of loss remains unclear, it may occur in the
gaseous phase close to the thin soap films (Sec. 3).

Finally, it is important to note that all these dissipation
mechanisms do not depend on the localized bubble
rearrangements continuously occuring within a the
liquid foam (such local bubble rearrangements being
often named “T'l-and T2-events” and due to gas
diffusion between adjacent bubbles [4, 5, 6, 7]). In that
respect, acoustics is fast enough to probe a “static” foam.

While this discussion concerns low frequencies, below
the resonance, attenuation at higher frequency remains
a completely open question.

3. Vibration at the scale of the elementary
building blocks

Soap films and Plateau borders are the subject of
deformation waves when exposed to mechanical vibra-
tion. Experimentally, they can be studied separately by
placing them on a rigid frame. Such an approach makes
it possible to describe piece by piece the local elastic,
inertial and dissipative forces at play during vibration at
the scale of the bubble. Although the full description to
move from the bubble scale to the foam scale is not yet
complete at this time, we describe in this section the
first steps already taken in the literature to understand

Current Opinion in Colloid & Interface Science 2020, 50:101391
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the vibration of the liquid skeleton of the foam at the
local scale.

Measuring the vibration wave characteristics, namely
the wavelength and amplitude, as a function of the
excitation frequency and amplitude is a way of deter-
mining the force exerted locally on the vibrating
element, via the complex wave dispersion relation.
Hence, the dispersion relation of capillary waves at the
surface of water covered with a surfactant monolayer is a
standardized way of measuring the visco-elastic inter-
facial complex modulus of the monolayer [62, 63, 64].
The monolayer visco-elasticity causes a non-zero

Figure 5
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(a) Vibrating soap film, freely suspended on a horizontal circular frame.
The frame diameter is 16 mm and the forcing frequency f = 1500 Hz. The
white bar represents 2 mm. Bottom: notations. Real part (b) and imaginary
part (c) of the dispersion relation of the antisymmetric wave on the soap
film. The solid lines are fits of the experimental data using equations 6 and
7 respectively. (b) and (c) are from ref. [59].

The acoustics of liquid foams Elias et al. 7

tangential stress in the plane of the interface, which is
balanced by a viscous stress that develops in the liquid
within a boundary layer of thickness ~+/7n,/p;0. The
dissipation in the boundary layer represents the main
cause for the capillary wave damping.

In a vibrating soap film, however, the soap film thickness
(~ 1 um) is much smaller than the boundary layer in a
liquid bulk (~ 10 um). Hence, viscous dissipation in
the film is negligible, and no tangential stress builds up
within the film. Investigations of an individual, freely
suspended, horizontal soap film (figure 5) have shown,
both experimentally and theoretically, that the attenu-
ation of the transverse antisymmetric capillary wave on
the soap film originates from the viscous dissipation in
the gas phase surrounding the liquid film [59]. A typical
image of a horizontal soap film freely suspended on a
circular frame and vibrated transversaly is shown on
Fig. 5a. For a transverse antisymmetric capillary wave
propagating in the x direction on a horizontal soap film,
the local vertical film displacement writes {(x, 7) =
oexpli(grx — wr)] = Loexpli(gpx — wr)] x e~ where
¢'rand z]}’ are respectively the real part and the imaginary
part of the complex wave number ¢r. Hence, ¢y = 2m/As
corresponds to the wavelength Az and qj’/ represents the
wave damping, that is the capillary wave attenuation.
The complex dispersion relation, that takes into account
inertial forces as well as bulk and interfacial viscous and
elastic forces, is given by [46, 59]:

2
% pse + Zp—f’ =20 + O(g}e)zs’ (6)
7 %

and

7 =4

¢ Pre+2p, /4, 2
L C) R <Zl—f 7g/ f) O(q}e) ¢
3+q}€p1‘/pg a p/€+3pg/q}

(7)

where 0, = /1,/(2p, ®), (9((/}6)2 is a term of second

orderin ¢/ and € = ¢ 47" is the complex interfacial visco-
elastic modulus. Since ¢z is typically of the order of 1073,
the term in (’)(g}e)zs is negligible unless |¢| is larger than 1
N.m~!. The left hand side of Eq. (6) shows that, as soon as
q'e < podpsr ~ 1073, which is the case for Ar 2 1 mm, the gas
inertia plays a major role in the response of the soap film to
an oscillating forcing. Eq. 7 shows that the capillary wave
damping (1’/ is mainly due to the viscous dissipation in the
air.

On the other hand, the interfacial visco-elasticity, as
well as the viscosity of the liquid phase, play a marginal
role in the vibration wavelength A = 27/¢s and atten-
uation q/’}. Fig. 5b and 5c¢ show that the experimental
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measurements are well described by Egs. 6 and 7,
neglecting second-order terms in ¢'z. All those results
make the capillary wave propagation on a soap film
somewhat different from the propagation of capillary
waves on a monolayer.

The modelling of acoustic wave propagation in a foam,
however, is based on the coupling between the different
sub-structures of the foam, namely the films and the
Plateau borders (see Sec. 2.2). Plateau borders are at the
line junction between three soap films. Hence they
vibrate like the edge of a soap film, loaded with the
linear mass of the Plateau border, and submitted to an
elastic restoring force due to the capillary traction
exerted by the three meeting soap films on the
deformed Plateau border [67, 60, 61, 52]. The disper-
sion relation of vibrating waves on such a Plateau border
freely suspended on a prismatic frame has been
measured and computed [60]. Its real part results from
the interplay between surface tension forces and inertial
forces. Three identified inertial contributions add up,
coming (i) from the surrounding air, (ii) from the liquid
contained in the soap film, and (iii) from the liquid
contained in the Plateau border. Since each contribution
scales with the frequency as a power law with a different
exponent, two asymptotic regimes emerge from the
dispersion relation. At low frequency, ¢ « w?3: the
wavelength is not different from that of a freely
suspended soap film given by Eq. (6), meaning that the
Plateau border vibrates like the passive edge of a liquid
membrane. At high frequency, the inertia of the Plateau
border comes into play, giving ¢/ o w*. The transition
frequency @, between the two asymptotic regimes de-
pends on the liquid and gas densities, on the surface
tension and on the radius 7 of the Plateau border: w, o
732 A similar approach, coupling the Plateau border
and soap film dynamics, has been used by Seiwert ¢z @/ to
successfully describe the oscillations of a circular
Plateau border at the junction between a circular hori-
zontal soap film and two other catenary films [61]. The
resonant frequency was measured and computed as a
function of the liquid and gas densities, the surface
tension and on the system geometry, namely the Plateau
border cross-section and the soap film dimensions. This
work is a first step towards the understanding of the
resonant frequency of a foam given by Eq. 4. Further
steps require to consider the finite amount of gas
enclosed in the bubbles bounded by the coupled system
of Plateau border and soap films, as well as bubble-
bubble interactions and how these mechanisms change
with the bubble size. Indeed, for experimental reasons,
the acoustic experiments on isolated soap films and
Plateau borders often correspond to large millimetric
bubbles, while in most of the acoustic studies on
macroscopic foam, bubbles are sub-millimetric.

Understanding the dissipation in such a coupled system
remains tricky, both experimentally and theoretically.

On the theoretical aspects, attempts have been made to
describe the attenuation of the wave amplitude by
considering the bulk or interfacial viscous friction at the
transition region between the film and the Plateau
border [61, 48]; however, Seiwert ez.a/ reported that the
dissipation does not depend on the viscosity of the
liquid phase, which suggests that neither bulk nor
interfacial viscous friction are the main contributions to
dissipation.

Experimentally, the relaxation time of a transverse wave
on the Plateau border [68, 61] has been measured: at
low frequency the relaxation time was observed to follow
a scaling law compatible with the predicted wave
attenuation by viscous friction in the air given by Eq.
(7). However, the measured order of magnitude was 5
times larger than the predicted one when considering
only the viscous dissipation in the air, which suggests
there’s still one ingredient missing to understand
bubble-scale dissipation. No unified vision exists yet to
describe the dissipation at the local scale as a function of
the relevant control parameters, namely the geometry of
the Plateau borders and the adjacent soap films, the
forcing frequency and the forcing amplitude.

In conclusion, we emphasize two main results on the
linear vibrating regime of an isolated soap film or an
isolated Plateau border: firstly, the major role played by
the air viscosity and density, and secondly, the negligible
effect of the interfacial viscoelasticity on transverse vi-
bration waves. Those results may directly be exported to
the modeling of macroscopic foam acoustic properties.
More complex degrees of freedom and couplings, how-
ever, remain to be investigated to complete the whole
picture, taking into account (i) the dynamics of the
vertices at the junction between four Plateau borders
[53], and (ii) the compressibility of the air in the bub-
bles, using an approach similar to the one used to model
the vibration of a cubic air bubble in water [55].

At larger amplitude, non-linear effects occur, involving
inhomogeneous flow of liquid and air due to the vibra-
tion. Although such effects are not at play to describe
the interaction between a foam and an acoustic wave of
small amplitude presented in section 2, they could be
relevant in the propagation of waves of large amplitude
in a foam. Several non-linear effects have been identi-
fied in vibrated soap films. (i) A self-adaptation effect of
the soap film thickness has been reported by Boudaoud
et al. 147, 69]: due to centrifugal forces, balanced by
Marangoni forces, the liquid flows towards the vibration
antinodes, which become thicker [47, 69]. (ii) The air,
set into net motion by the film vibration via an acoustic
streaming effect, induces tangential flow of the liquid
inside the films, leading to vortex structures in the plane
of the film [46, 65, 69, 70]. (iii) When the soap film is in
contact with a reservoir of liquid, the liquid flow within
the film may result in the soap film thickening,
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increasing the film lifetime [69, 56]. This effect, which
also depends on the wave frequency and on the soap film
diameter as depicted in reference [56], may in some
cases originate from a resonance of the capillary undu-
lation wave on the soap film. (iv) Eventually, a large
amplitude may lead to the soap film destabilization and
bursting [66, 69].

Performing experiments on a Plateau border isolated on
a prismatic vibrated frame, Cohen ez #/. [54] evidenced
non-linear inhomogeneities on the Plateau border
thickness for large forcing vibration amplitude: the
liquid channel splits into two well-separated regions: a
thick one and a thin one, whose relative length depends
on the vibrating amplitude.

4. Key points and outlooks

4.1. Control parameters

A first point to address is to check whether all the pa-
rameters that affect the acoustic properties of a foam are
identified. For macroscopic foam samples, a major result
of the recent years was to demonstrate that the fre-
quency and the bubble radius are crucial parameters,
together with the liquid fraction (Sec.2). Moreover,
these dependencies are understood and have been
rationalized within a theoretical framework (Sec.2.2),
consistent with the data.

Only in the limit of the lowest frequencies and/or
smallest bubble radii does the sound velocity become a
function of the liquid fraction only. By contrast, as shown
in Fig. 2, it is also in this limit that the attenuation
strongly varies with the bubble radii and the frequency.

For frequencies higher than the resonance range
(Fig. 3), other structural parameters come into play: it
turns out that the sound velocity depends on the film
thickness ¢ and on the fraction x of films on the surface
of a bubble (Eq.5), which is directly related to the liquid
fraction of the foam [4, 5, 6, 7]. Note that this quantity x
also needs to be taken into account in the prediction of
the resonance frequency.

Meanwhile, different experimental results have shown
that the gas properties are also important ingredients.
Firstly, in the two extreme cases separated by the
resonance, the velocity in foams depends on the gas
properties (Eq.1, Eq.5). However, note also that, as soon
as the liquid fraction is above a few percent, the impact
of the gas density vanishes in the low frequency limit.
Secondly, as pointed out in Sec.3, the gas properties are
important ingredients setting some of the intrinsic
dissipation mechanisms.

Similarly, from the studies at the intermediate scale of
the films and Plateau borders, structural parameters
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(size and thickness) and gas properties turn out to be
the most important parameters (Sec.3).

Altogether, most results tend to show that the chemical
formulation of the foaming solution plays a negligible
role. Indeed, the only parameter in relation with the
formulation in all the presented equations is the surface
tension.

A recent experimental work has been dedicated to these
questions [58]. In this work, the formulation of the
foaming liquid has been widely tuned (using mixtures of
surfactants, co-surfactants, polymers, or proteins), in
order to investigate very different bulk and interfacial
viscoelasticities. The main conclusion is that the effect
of changing the chemical formulation remains small, and
is difficult to rationalize. The most significant influence
of the foam formulation is found in the approach to the
resonance, when the velocity starts to abruptly increase
with frequency [58]. Another way to illustrate these
issues is to collect sound velocities from different setups
and formulations, but selecting only those obtained with
experimental conditions below the resonance frequency,
and to plot them as a function of the liquid fraction
(Fig. 6). According to Wood’s formula (Eq.1), the data
should then collapse on a single curve. It turns out that
the data are indeed consistent with the expected master
curve, confirming the small effect of the formulation.
Other data (especially those obtained on protein foams,
SDS-dodecanol foams or SDS glycerol foams) are also
consistent with this picture [58]. However, note that
the experiments on commercial shaving foams provide

Figure 6
70+
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® SDS +air+ C6F14
60+ % .
X TTAB + air + C2F6
550 ® SLES + Mac + CAPB + air + C2F6
® SDS + polymer + air + C6F14
501 V¥ Shaving foam (Gillette)
- A Shaving foam (Mennen)
45
40+
35+
30+
251
20 . . . . . . . . . |
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Current Opinion in Colloid & Interface Science

In the limit of low frequencies (below the resonance), sound velocity for
various chemical formulation; only the shaving foams provide a value
inconsistent with the others. Line is the Wood’s law, Eq. (1).
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anomalously high values, when compared to many other
systems [31, 32].

One may find surprising that surface viscoelasticity has
so little influence on foam acoustics and film vibration,
while in the field of ultrasound contrast agent (UCA)
microbubbles coated by a viscoelastic monolayer, surface
elasticity is known to significantly increase the reso-
nance frequency and surface viscosity is the dominant
source of damping [71]. We believe that the key dif-
ference lies in the different kinematics of deformation
of a spherical bubble in a liquid (for UCAs) vs. that of a
soap film within a foam. To be specific, let us focus on
elastic effects; the discussion is similar for viscous ef-
fects. For spherical bubble oscillations, radius variations
are directly related to surface dilatation or compression,
and it implies that the influence of surface tension on
one hand, and of surface elasticity of the other hand,
have similar weights; specifically, the resonance fre-
quency is w3 = {3vPy +[2(3y —1)a +4€] /Ro}/ (pRE)
[71], where 7 is the ratio of specific heats, Py the at-
mospheric pressure and Ry the bubble radius at rest.
Hence not only does surface elasticity dominate surface
tension as soon as € > @, but also its effect is indeed
dramatic for the resonance frequency of microbubbles
because its effect becomes of the same order of
magnitude as that of gas compressibility (compare P
and ¢/Ry in the above formula). By contrast, the defor-
mation of a vibrating soap film, which is flat at rest, is
dominated by variations of curvature, with little surface
dilatation or compression, at least when the amplitude
of vibration remains small compared to the film wave-
length. Hence, a vibrating film develops little visco-
elastic surface stress. This shows in Eq. (6) of our review
where the tiny weight O(qj’fe)z multiplies surface elas-
ticity compared to surface tension. Hence only the latter
quantity is expected to rule the response of the inter-
face, which explains why interfacial rheology plays so
little role in film vibration and foam acoustics.

Finally, the forcing amplitude could also be a control
parameter for the acoustic properties of foams, in
particular with regard to non-linear properties, which
would involve locally observed phenomena such as film
and Plateau border thickening [47, 56, 65, 69]. However,
to our knowledge, there is currently no work in the
literature describing the role of this parameter on the
foam acoustic properties.

4.2. Towards acoustic probes for foams ?

Once the parameters on which depend the acoustics of
foams have been identified, one can wonder if a new
generation of probes based on acoustics could be engi-
neered to monitor the key features of a foam. The most
obvious answer is linked to the data shown in Fig. 6. A
simple measurement of the speed of sound can actually
be used to deduce the liquid fraction. In practice, more

or less complex setups can be found in the literature;
however, the measurement has to be done within the
relevant conditions i.e. below the resonance frequency.
Following Eq. (4), this might become tricky as soon as
bubbles have millimetric diameters (requiring fre-
quencies well below 1 kHz).

On the opposite, the other extreme case, above the
resonance, could also be used: in that case, an mn situ
measurement of the film thickness ¢ could be foreseen.
Experimentally, this requires measurements at high
frequencies for small bubbles (R < 1 mm) (Eq. 4),
which is precisely the range where such measurements
are missing.

The detection of the resonance frequency could be used
to measure a bubble size. This method is challenging
since it requires to measure the foam acoustic properties
over a wide frequency range; however, it would provide
an interesting alternative to optical methods in the case
of optically opaque foams, since current techniques for
bubble size measurement rely on optical techniques.

Still, other approaches can be proposed in terms of
acoustic probes for foams: as an example, a recent work
suggests that acoustic probes could be interesting to
monitor the velocity of a flowing foam [74]. Finally, the
recent results tend to show that acoustic approaches are
probably not appropriate to monitor interfacial quanti-
ties (like interfacial and bulk viscoelastic parameters).

4.3. Remaining questions

In many aspects of foam science, the relevance of
experimental studies conducted with isolated struc-
tural foam elements (like single films, or Plateau bor-
ders, etc...) to shed light on what happens in 3D foams
remains an open issue. As a matter of fact, this is also
recovered here for acoustic issues. At this stage, it is
still difficult to link the results of the experiments on
single films and Plateau borders to the ones on foams.
Direct transpositions of results obtained on large cm-
diameter films to tiny sub-millimeter bubble foams is
challenging, as one must take into account all the ef-
fects due to the change of lengthscales (for instance,
the balance between gravity and capillarity - respec-
tively dominating for large and small sizes). It is also
not clear how the imposed vibrations on isolated
structures compare to the acoustic forcing within the
3D foam. Lastly, the gas confinement is also different:
closed gas bubbles in foam experiments, versus open
configurations in film experiments. Nevertheless,
despite the missing link, we can point out that there
appears to be no contradictions between all these ex-
periments: all have evidenced the dynamic coupling
between films and Plateau borders, and the rich
behavior arising from the differences in shape and mass
of these structures.
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Therefore, even though the connections to 3D foams
are not yet made, it remains probably useful to keep
collecting information on what happens at the junction
between Plateau borders and films by experiments on
these isolated building blocks. In particular, this might
help to establish local parameters for the existing global
models (see Sec.2.2). In that respect, to make some
progress, one needs to fully identify the origins and
mechanisms of dissipation, and this probably requires a
better description of the liquid flows at local scale. The
role of the size distribution and foam polydispersity is
also an important issue, which remains to be clarified.
Lastly, the origins of results obtained for the shaving
foams need to be elucidated (Fig. 6). If a large part of
the results tend to show that the chemical formulation
plays only a negligible role, the discrepancies found for
these shaving foams reveal that some non-trivial be-
haviors can be detected by acoustic measurements,
since explanations based on interfacial and bulk visco-
elasticities do not seem to be sufficient (Sec.4.1). It is
worth noting that - in terms of acoustics - the shaving
foams are providing ’anomalous’ behavior, while they are
generally considered as model foams (especially, in foam
rheology).

4.4. Perspectives

Many developments and axes of research can be fore-
seen based on the accumulated knowledge, either in
terms of applications or in relation with the design of
new materials with optimal functionalities. In particular,
further progress relies on the development of highly
controlled foam structures. For instance, regarding
polydispersity issues, the transmission of ultrasound
through a single layer of monodisperse bubbles (gener-
ated by microfluidics techniques) has been recently
investigated [75]. In such a material, it was shown that
the sound velocity is only sensitive to the gas phase.
Other configurations, like bubble metascreen (a single
layer of gas inclusions in a soft solid) have also been
studied [76, 77]. By tuning the parameters of the
metascreen, acoustic superabsorption can be achieved
over a broad frequency range. Bubble metascreens can
thus be used as ultrathin coatings for turning acoustic
reflectors into perfect absorbers [76, 77]. Harazi er a/
have shown that cubic bubbles (bubbles pinned to 3D solid
frame) can be elementary building blocks for the design
of acoustic metamaterials [55]. Other types of acoustic
metamaterials have been designed from liquid emul-
sions which are then solidified by polymerization. Such
samples, with controlled spatial gradients of void frac-
tion [78], provide a new class of acoustic gradient-index
metasurfaces, with a high acoustic index for broadband
ultrasonic three-dimensional wavefront shaping in
water. Interestingly, the fabrication is very straightfor-
ward and directly based on emulsion technology. Thanks
to their acoustic resonance, associated to a strong
attenuation peak (Fig. 2 and 3c), and originating in the

The acoustics of liquid foams Elias et al. 11

foam structure at the bubble (i.e. sub-wavelength)
scale, liquid foams fall into the field of acoustic meta-
materials, even though their fabrication does not require
a precise structural assembly. With the aim of using
these properties for the design of soundproofing mate-
rials, a future challenge remains to solidifying foams
while maintaining their nature as acoustic meta-
materials. Connected to the use of polymerized emul-
sions or foams, an important axis of research is indeed
also to investigate the links between liquid and solid
foams, and how a better understanding of sound prop-
agation in liquid foams could help to design better solid
ones. For instance, Gaulon e @/ studied two types of
highly controlled polyurethane foams [73]: classical
open-cell ones versus membrane foams, in which thin
polyurethane membranes were preserved during solidi-
fication. Interestingly, the latter presented better ab-
sorption abilities, indicating that membranes could be
an asset for sound absorption [73].

New routes of optimization have also been investi-
gated in the field of mitigation of shock wave,
evidencing a possible optimization of absorption both
by the choice of gas and bubble size [42]. Lastly, re-
searchers are also designing new instruments using an
acoustic wave as an original source of solicitation: for
instance, new and unconventional rheometry can be
proposed at frequencies much higher that what can be
done by standard methods [44, 45], as well as in-
struments for monitoring the velocity of a flowing foam
[74].

5. Conclusions

The propagation of sound in liquid foams, in terms of
velocity and attenuation, turns out to be a rather com-
plex problem, far more complicated than any straight-
forward predictions considering the foam as an effective
medium. This is surprising, since all the complex fea-
tures reported in the literature deal with wavelengths
which are always larger than the bubble sizes.

The complexity arises from the differences in size and
mass of the different elementary building blocks of a
foam skeleton: non-trivial coupling occurs between the
oscillations of the flat large thin films and of the much
heavier liquid channels.

Despite this complexity, a clear picture has emerged in
the last years: when varying either the frequency or the
bubble size, there is a shift between two limits, sepa-
rated by an intermediate regime which includes a
resonance of the film-Plateau border element. Unex-
pectedly, the resonance regime is associated with an
effective negative density. A second major and rather
unexpected result is the low dependence of the acoustic
properties of a foam on its chemical formulation.

www.sciencedirect.com
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Today, the understanding of how sound propagates into a
liquid foam could possibly be used to monitor liquid
fraction or film thickness, but only if measured in
dedicated experimental conditions of bubble sizes and
frequencies. The perspectives of using sound and foams
are numerous, especially towards the development of
new metamaterials, and relying on more and more con-
trol of the foam structures.

As a last general message, the recent progresses in foam
acoustics are again a good example that foam science
requires interdisciplinary approaches, bringing together
different expertises from physics to chemistry, as well as
experimental skills and modeling.
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