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halfway towards the wet limit (i.e. a liquid fraction of fifteen to twenty
percent). Gravity complicates experimental design and the prediction is
not as yet confirmed by measurement.

Nothing has been predicted for dynamic dilatancy but it also seems a
good candidate for measurement. In the case of granular materials, it is
to be associated with the name of Bagnold,6 since his measurements were
indeed for the dynamic case, and even produced a variation of dilatancy
with shear rate. However, a recent critical review of this is skeptical.41 In
parallel with other attempts to make sense of foams above the yield stress,
this presents another opportunity for experiment and for comparison with
granular materials.

4. Bubbles as soft grains ?

Recently, Vanderwalle et al.7,21 revived the analogy between wet foams
and granular materials by investigating bubble flows in the classical con-
figuration of a 2D flow through a narrow aperture.8,40,67 To maintain a
high liquid fraction in the foam it is necessary to avoid drainage and thus
to keep the effective gravity low enough by confining the bubbles under
a slightly inclined plate (Fig. 16). Within this setup, the small bubbles
remain roughly spherical and move independently, thus behaving like de-
formable grains. Whereas in the case of granular media the grains undergo

Fig. 16. Experimental observation of the flow of bubbles through a narrow aperture
(reprinted figures with permission from.7 Copyright (2006) by the American Physical
Society).

solid friction and can therefore form contact arches, the bubbles experience
only viscous forces. Thus Beverloo’s law giving the flow rate Q as a function
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of the particle size d and the aperture D reads differently:7

Q ∝
{

g1/2 (D − kd)1/2 for solid grains

(g sin θ)3/2
(

D
d − k

)1/2
for bubbles

(5)

In Trinity College Dublin, another classical experiment for granular me-
dia has been reproduced with small bubbles: a monolayer of small bubbles
is confined under a tilted rotating plate, thus forming a 2D rotating tum-
bler. This type of flow can be simulated by adapting Durian’s soft disk

θ

Ω

surfactant solution

Fig. 17. Bubbles in a rotating drum: experimental setup, snapshot of the bubbles
during rotation, and numerical simulation.36

model and incorporating bubble inertia and wall friction. The viscous dis-
sipation experienced by a single spherical bubble sliding along a plate has
been investigated by Aussillous and Quéré,5 who identified both Stokes and
Bretherton components:

Fd = aηV r + bκγ1/3(ηV )2/3r2 (6)

where η is the dynamic viscosity of the bulk fluid, V the velocity of the
bubble, κ−1 the capillary length and r the bubble radius. An important
question is whether this formula, in particular the term for bulk friction,
remains valid in the case of a system of bubbles.

5. Seeing inside foams (Computed Tomography)

The dynamics and evolution of 2D foam structure are generally under-
stood32,86,99 since the foam structure can be directly seen and dynamical
processes (such as T1 and T2 transformations) are easier than the three
dimensional ones to visualize and understand. In 3D, however, the chal-
lenge is to see and characterize the full inner structure of the foams which
is not immediately visible from outside. Many techniques, primarily based
on direct imaging, have been developed over the past few decades to probe
the internal microstructure of complex materials.51,79 Direct measurement
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of the 3D structure of porous materials is now readily available from syn-
chrotron and X-ray Computed Tomography (CT). These techniques provide
the opportunity to measure experimentally the complex morphology of the
microstructure of materials in three dimensions, in a non-invasive way, at
resolutions down to a micron. One can then base calculations directly on
the measured three-dimensional microstructure.2,3,26,63

Granular materials

In recent years, X-ray CT has been employed in the field of granular ma-
terials to characterize the granular structure of single-sized hard spherical
beads.2,3,76,81,82 This has allowed the researchers, for the first time, to in-
vestigate the static geometry of large packings of up to 150, 000 monosized
hard spheres (See Fig. 18 and2). Attempts are under way to study the dy-
namics of the compaction process of elastic and deformable beads in three-
dimensions, a close analog to 3D wet foams, using X-ray tomography (see
the paper of Saadatfar and others in this volume). This might shed light
onto the understanding of topological changes of amorphous microstruc-
tured materials responding to applied stress, which bears close analogy
with the deformation of 3D liquid foams (Fig. 18).

Fig. 18. Left: Reconstruction of a packing of 150,000 hard spheres obtained from to-
mography.2 Right: A 2D slice through the tomogram of a 3D packing of deformable
rubber balls.
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Cellular Solids

The physical and mechanical properties of cellular solids are a direct con-
sequence of their complex microstructure. Linking properties to structure
will lead to an understanding of how cellular solids can be optimised for
given applications. This goal can be achieved by utilizing tomography to
acquire the density map of the specimens (See Fig. 19 and78). Indeed, the
manufacturing process of both open and closed cell foams are very similar
to the packing of spheres in 3D as can be immediately deduced from figure
19.

Fig. 19. Images of open-cell aluminium foam (left) and close-cell polyurethane foam
(right) obtained by tomography.78

Aqueous foams

In the realm of aqueous foams, the first experimental investigation of a
3D analog of von Neumann’s law was carried out by means of optical to-
mography.68 The purpose of this experiment was to study foam structure
and dynamics simultaneously by investigating morphology, topology, and
dynamics of a 3D foam. Most recently X-ray tomography was used to
study the evolution of initially 7000 bubbles in foams with liquid fraction
φ between 0.1 and 0.2 percent.56 The main aim of such work is the de-
termination of a growth law for bubbles, i.e. how/whether the number of
faces of a bubble determines whether the bubble will shrink or grow during
coarsening.
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6. Conclusions

Drawing an analogy between foams and granular materials is certainly
tempting and rewarding, and currently also en vogue, as exemplified by
the publication of popular science books4,69 combining both themes (a col-
lection of original articles on granular systems, foams, emulsions and su-
pensions can be found in58).

However, care needs to be taken when trying to pursue this analogy
in great detail. The interactions between soft bubbles and hard grains
are different, and in both cases not yet sufficiently understood. Idealised
simulations and toy models have proved instructive, but the time has come
to rebuild the foundations of the subject on more solid grounds. This is
especially the case whenever dynamic effects are considered.
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