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We present an overview of recent advances in the understanding of foam structure and energy and their depen-
dence on liquid volume fraction. We consider liquid foams in equilibrium for which the relevant energy is surface
energy. Measurements of osmotic pressure can be used to determine this as a function of liquid fraction in good
agreement with results from computer simulations. This approach is particularly useful in the description of
foams with high liquid content, so-called wet foams. For such foams X-ray tomography proves to be an important
technique in analysing order and disorder. Much of the discussion in this article is also relevant to bi-liquid foam:s,
i.e. emulsions, and to solid foams, provided that the solidification preserves the structure of the initially liquid

Jamming
foam template.
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1. Introduction Also the electrical conductivity of a foam is determined by this network.

Many properties of liquid foams are a direct consequence of their de-
tailed geometrical structure. The opacity of foam samples, for example,
is due to the diffusive light scattering from both liquid films and their in-
tersections (Plateau borders). Foam drainage under gravity propagates
mainly via the flow of liquid through the network of Plateau borders.

* Corresponding author.
E-mail address: Wiebke.Drenckhan@u-psud.fr (W. Drenckhan).

http://dx.doi.org/10.1016/j.cis.2015.05.004
0001-8686/© 2015 Elsevier B.V. All rights reserved.

The complex flow behaviour of foams under shear is due to the require-
ment of structural rearrangements. In this section we present a general
overview of foam structure and introduce several quantities for its
description.

In equilibrium, foam structure is determined by the minimisation of
surface energy for a given volume fraction of liquid. When considering
foams under gravity, this corresponds to the experimental situation
where a freshly formed foam has been allowed to drain so that an equi-
librium profile of liquid content is established — as can be seen in Fig. 1.
Furthermore, the time scale of observation needs to be short enough to
make foam ageing effects - such as volume changes due to gas diffusion
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Fig. 1. Example of a liquid foam floating on top of its foaming solution (in this case the de-
tergent “Fairy Liquid”). Liquid drainage under gravity results in a gradient of liquid frac-
tion. At the top (dry foam) the bubbles take on polyhedral shapes while at the bottom
(wet foam) they are nearly spherical.

between neighbouring bubbles (coarsening) or breaking films (coales-
cence) - negligible. Surface tension may then be treated as constant
throughout the foam.

The excess pressure of a bubble inside a liquid with surface tension y
and radius R is given by the Young-Laplace law as AP = 2y/R. For a typ-
ical bubble of R =~ 100 pum and y = 0.03 N/m, this leads to a pressure dif-
ference of the order of 1000 Pa. This is sufficiently small in comparison
with the atmospheric pressure of 10° Pa, which is why bubbles in
foams may be considered as incompressible.

The energy E of a foam with n bubbles is then simply

E=y>"" . Si="YSu, 1)

where S; is the surface area of bubble “i” and S, is the total surface area
of the foam.

The surface energy of the 100 um bubble considered above is thus of
the order of 1078 ], i.e. about 10'° times larger than the thermal energy
kT~10721]. Note that also its potential energy ApgR? due to buoyancy is
about 10° times larger than kT. Thermal energies therefore play no role
in the organisation of bubble packings. This can be different in the case
of emulsions, where density differences, values of surface tension and
droplet sizes are often much smaller so that thermal effects (such as
Brownian motion) need to be taken into account.

A photograph of a typical liquid foam in equilibrium under gravity is
shown in Fig. 1. It reveals that bubble shape is dependent on the value of
the local liquid fraction ¢ of the foam, i.e. the ratio of the liquid volume to
the foam volume under consideration. Close to the foam-liquid inter-
face, at the bottom of the foam column, the bubbles are well approxi-
mated by contacting, deformed spheres (Section 3). This is often
referred to as the wet limit. For foams with modest polydispersity (i.e.
containing different-sized bubbles), the maximum value of liquid frac-
tion, or critical liquid fraction @, is thus ¢c =~ 0.36, as obtained for ran-
dom packings of (monodisperse) hard spheres (Section 3). Foams
with liquid fraction higher than about 0.15 are referred to as wet
foams. For decreasing values of liquid fraction, further away from the
liquid interface, the bubbles are increasingly deformed, with curved
films between them. Foams with ¢ less than about 0.05 are called dry
(Section 2), their bubbles being nearly polyhedral in shape. The setting
of precise values is quite arbitrary (see Weaire and Hutzler [1]). Howev-
er, it helps to distinguish between dry foams, whose cellular structure is

still well described by Plateau's rules (Section 2), and wet foams
(Section 3) which resemble aggregations of near spherical bubbles.

Considering such a column of foam in equilibrium, floating on an un-
derlying liquid, the height of the wet foam layer may be estimated as 2/
D for bubbles of diameter D. Here [ is the capillary length given by 2 =
v/(Apg), gis the gravitational acceleration and Ap is the liquid density. A
wet foam thus contains about

pri= () @)

layers of bubbles, where Pri has been called the dimensionless Princen
number in honour of the foam pioneer Henry Princen (Chapter 1 in
[2]). For a typical foaming solution, with say [. = 1.6 mm, it follows
that the average bubble diameter should not exceed 500 um if one
wants to produce wet foams of more than 10 layers of bubbles.

The example shown in Fig. 1 is that of a polydisperse, disordered
foam, typical of foams found in nature and many industrial applications.
Foams that are currently in vogue in research laboratories are monodis-
perse, i.e. contain equal-volume bubbles with polydispersity of less than
about five percent in radius. Fig. 2 shows the example of such a foam
floating on its foaming solution. As can be seen, these foams have the
tendency to order [3-6], especially in the presence of templating bound-
aries (Section 3) or when confined in narrow tubes. A selection of exper-
imental realisations of such ordered foams is shown in Fig. 3. In
sufficiently wet monodisperse foams ordering might also occur sponta-
neously in the bulk, as discussed in Section 3.

The surface energy of a foam depends on bubble size, foam structure
and liquid fraction. The dependence on bubble size can be removed by
introducing the (dimensionless) scaled energy E as

E- ) 3)

where <V> and <S> are mean bubble volume and surface area in a

foam, respectively. Hence, E is a measure of how much bubbles are
deformed away from their ideal spherical shape. For finite values of
liquid fraction it is more convenient to introduce the relative surface
excess (@) as

£(p) ==L )

Fig. 2. Example of a monodisperse foam, floating on its foaming solution. It demonstrates
the tendency of equal-volume bubbles to order (bubble size ~ 500 pm, see also [7]).
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