FOAMS
1. Introduction

Foam is a nonequilibrium dispersion of gas bubbles in a relatively smaller
volume of liquid. An essential ingredient in a liquid-based foam is surface-active
molecules. These reside at the interfaces and are responsible for both the ten-
dency of a liquid to foam and the stability of the resulting dispersion of bubbles.
For example, it is common experience that a relatively stable foam can be made
by bubbling gas through soapy water, but not through pure water. Important
uses for custom-designed foams vary widely from familiar examples of deter-
gents, cosmetics, and foods, to fire extinguishing, oil recovery, and a host of
physical and chemical separation techniques. Unwanted generation of foam, on
the other hand, is a common problem affecting the efficiency and speed of a vast
number of industrial processes involving the mixing or agitation of multicompo-
nent liquids. In all cases, control of foam rheology and stability is desired. These
physical properties, in turn, are determined by both the physical chemistry of
their liquid—vapor interfaces and by the structure formed from the collection
of gas bubbles.

Observed from a distance, foam made from a clear liquid appears homoge-
neous and white. When observed more closely, however, the intricate structure
formed by the close packing of distinct gas bubbles becomes apparent. Figure 1
illustrates several features of this so-called microstructure, which are common to
many foams. The sample shown was photographed two hours after thoroughly
shaking an aqueous solution of 5% by weight sodium dodecyl sulfate, a common
surfactant. Near the top of the sample, most of the liquid has drained away leav-
ing a dry foam consisting of nearly polyhedral gas bubbles separated by thin
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Fig.1. Photograph illustrating the microstructure of the foam that still persists 2 h after
shaking an aqueous solution containing 5% sodium dodecylsulfate. The bubble shapes are
more polyhedral near the top, where the foam is dry, and more spherical near the bottom,
where the foam is wet. The average bubble size is ~2 mm.

liquid films of uniform thickness. Near the bottom of the sample, by contrast, the
foam is relatively wet and consists of bubbles that are more nearly spherical.
Whether the bubbles are spherical, polyhedral, or in between, they typically
have a distribution of sizes and pack together into a disordered, aperiodic struc-
ture. In Figure 1 the average bubble diameter is ~2 mm, but similar structures
are also found in foams where the average bubble diameter is varied from
10 pm to 1 cm. In practice, the average bubble size and shape in a foam can be
altered for a given liquid according to the production method, the surface-active
ingredients, and other chemical additives such as viscosity modifiers or poly-
meric stabilizers.

The nonequilibrium nature of foams is revealed by the time evolution of
their structures. The sample shown in Figure 1 was homogeneous immediately
after shaking, but had evolved by the gravitational segregation of liquid down-
ward and bubbles upward prior to being photographed. In addition to drainage,
two other mechanisms by which foams evolve are by direct coalescence of neigh-
boring bubbles via film rupture and by the diffusion of gas molecules through
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the liquid from small bubble to large bubbles. No matter which of these three
processes dominates for a given foam, the liquid and vapor portions invariably
consolidate and separate with time; in equilibrium there is no foam, only one
region of liquid and one of vapor. The physical chemistry of the interfaces and
the foam structure primarily determine the relative rates of the three aging
mechanisms.

Foams that are relatively stable on experimentally accessible time scales
can be considered a form of matter but defy classification as either solid, liquid,
or vapor. They are solid-like in being able to support shear elastically; they are
liquid-like in being able to flow and deform into arbitrary shapes; and they
are vapor-like in being highly compressible. The rheology of foams is thus both
complex and unique, and makes possible a variety of important applications.
Many features of foam rheology can be understood in terms of its microscopic
structure and its response to macroscopically imposed forces.

2. Physical Chemistry of Interfaces

The chemical composition, physical structure, and key physical properties of a
foam, namely, its stability and rheology, are all closely interrelated. Since
there is a large interfacial area of contact between liquid and vapor inside a
foam, the physical chemistry of liquid—vapor interfaces and their modification
by surface-active molecules plays a primary role underlying these interrelation-
ships. Thus the behavior of individual surface-active molecules in solution and
near a vapor interface and their influence on interfacial forces is considered
here first.

For aqueous solutions, the chemical constituents most commonly responsi-
ble for foaming are surfactants, ie, surface-active agents (1). Such molecules find
wide use in other settings (see DETERGENCY; SURFACTANTS), and are distinguished
by having both hydrophilic and hydrophobic regions. A typical example is the
anionic surfactant sodium dodecylsulfate [151-21-3] (SDS). In spite of its hydro-
phobic hydrocarbon chain, SDS is readily soluble in water due to its polar head
group. At concentrations >8 mM (2), the so-called critical micellar concentration
(CMC), SDS molecules form spherical micelles where the hydrophobic tails of
~64 molecules clump together so that only their hydrophilic heads are exposed
to water (3). At still higher concentrations, even more exotic structures are
formed in the bulk solution (1).

2.1. Reduced Surface Tension. Just as surfactants self-organize in
the bulk solution as a result of their hydrophilic and hydrophobic segments,
they also preferentially adsorb and organize at the solution—vapor interface.
In the case of aqueous surfactant solutions, the hydrophobic tails protrude into
the vapor and leave only the hydrophilic head groups in contact with the solu-
tion. The favorable energetics of the arrangement can be seen by the reduction
in the interfacial free energy per unit area, or surface tension, . For example, the
liquid—vapor surface tension reduces from ~74 to 33 mN/m(= dyn/cm) as the con-
centration of SDS increases from zero to the CMC (2). Above the CMC, the
interface is saturated, the surface tension becomes independent of the bulk con-
centration, and structures like the micelles start to form in the bulk. In most
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custom foams, the surfactant concentration in the base liquid is slightly above
the CMC. However, the reduced surface tension is not in itself responsible
for the foaming; the primary benefit is that less mechanical energy need be sup-
plied to create the large interfacial area in a foam. The prevention of bubble coa-
lescence needed for significant foaming is accomplished through other physical
chemical mechanisms involving surfactants, creating repulsive forces between
the bubble surfaces and via the viscoelastic properties of these surfaces.

2.2. Gibbs Elasticity and Marangoni Flows. The reduction of surface
tension with increasing surfactant adsorption gives rise to a nonequilibrium
effect that can, in some cases, promote foaming. A sudden increase in the inter-
facial area by mechanical perturbation or thermal fluctuation results in a locally
higher surface tension because the number of surfactant molecules per unit
area simultaneously decreases. The Gibbs elasticity, E, is often used to quantify
the instantaneous change in surface tension o with area A, ie, E =do/dInA. If the
film of liquid separating two neighboring bubbles in a foam develops a thickness
variations or a surfactant density fluctuation at their interfaces, the resulting
local surface tension gradient will induce a Marangoni flow of liquid toward
the direction of higher . This flow of liquid toward the fluctuations area helps
heal the fluctuation and thus keeps the neighboring bubbles from coalescing.
Note that the surface rheological parameters are frequency dependent, and that
the different processes at the interface scale can have different time scales 7.
Then the surface rheological parameters to be considered are those at a fre-
quency o = 1/t. For example, if the time scale for surfactant diffusion and adsorp-
tion is shorter than the hydrodynamic time scale, then the Marangoni effect
cannot improve stability. Thus the larger the elasticity E, and the longer it
takes for surfactant molecules to diffuse to the new surface and reestablish the
equilibrium surface excess concentration of surfactant, the more stability is
promoted by the Marangoni flows. In practice, the Marangoni effect can cause
severe foaming problems in industrial processes, but it alone never suffices to
give a stable foam. Too high values of E are nevertheless unfavourable regarding
film rupture, and one usually consider that finite values of E, of a few tens of
mN/m, are the most suited for good foamability and foam stability.

2.3. Interfacial Forces. Neighboring bubble surfaces in a foam interact
through a variety of forces that depend on the composition and thickness of
liquid between them, and on the physical chemistry of their liquid—vapor inter-
faces. For a foam to be relatively stable, the net interaction must be sufficiently
repulsive at short distances to maintain a significant layer of liquid in between
neighboring bubbles. Otherwise two bubbles could approach so closely as to expel
all the liquid and fuse into one larger bubble. Repulsive interactions typically
become important only for bubble separations smaller than a few hundredths
of a micrometer, a length small in comparison with typical bubble sizes. Thus
attention can be restricted to the vapor—liquid—vapor film structure formed
between neighboring bubbles, and this structure can be considered essentially
flat.

2.4. van der Waals Interaction. The van der Waals force, also known
as the London or dispersion force, always attracts adjacent bubbles together
and is therefore destabilizing to foams. This attraction is ultimately of quantum
mechanical origin, where like molecules are attracted through the electric fields
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associated with fluctuations in their instantaneous dipole moments. Summing
up these molecular forces over all molecules in a flat film of thickness % and infi-
nite extent, the interaction energy per unit area is Vypw() = —A/12n A% where A
is the Hamaker constant. For a film of water in air, A = 3.7 x 10~21J (4); for other
liquids its value is still close to the thermal energy kgT, which sets the scale for
van der Waals interactions.

Electrostatic Double Layer Interaction. To prevent the film from thinning
to zero thickness under influence of the van der Waals interaction, a balancing
repulsive force is required. One possibility is the electrostatic double-layer inter-
action resulting from the mutual repulsion of charge clouds residing at each side
of the film due to the dissociation of surface-adsorbed ionic surfactants. The thick-
ness of the diffuse double layer of charges is roughly the debye screening length
1/kp, whose value is determined by electrolyte content. For 1:1 electrolytes such
as NaCl, 1/xp~ 1/\/ 10.8p nm, where p is the molar bulk electrolyte concentra-
tion. The electrostatic double-layer interaction energy per unit area is given by
Vor(h) ~ (64ksTp v*/xp) exp(-kph), where v is a factor of order unity for highly
dissociated ionic surfactants (4). In practice, the interaction strength may be esti-
mated from knowledge of the liquid solution’s pH and electrical conductivity.

The combined effect of van der Waals and electrostatic forces acting together
was considered by Derjaguin and Landau (5) and independently by Vervey and
Overbeek (6), and is therefore called DLVO theory. It predicts that the total
interaction energy per unit area, also known as the effective interface potential,
is given by V(%) = Vypw(h) + V pr (). In the absence of externally imposed forces,
the equilibrium thickness of the liquid film separating two bubbles is found
by minimizing V(%) with respect to . This is demonstrated in Figure 2 for an
aqueous film containing 1 mM of 1:1 electrolyte. For this case, the minimum is
located near 130 nm, but is too shallow to be seen in comparison with the energy
barrier which keeps the film thickness away from the deep van der Waals mini-
mum at zero thickness. In that range of thickness (from a few tens of nm to a few
hundred) the thin film are usually called < common black films.

Other Interactions. In practical situations, quantitative application of
DLVO theory may be uncertain due to uncontrolled Hamaker constants, screen-
ing lengths, or dissociation constants.

When the electrostatic energy barrier is overcome, the films can still be
stabilized at extremely low thickness (<0.5 nm) via entropic confinement forces
(steric forces). Such extremey thin films are then called Newton Black films. The
solvation forces are then typically due to molecular structure in the liquid that
plays a role when the film is thinner than several molecular diameters, and can
be either attractive or repulsive. An example is the repulsive hydration force due
to water hydrogen bonding with the polar head group of a surfactant molecule
adsorbed to the liquid—vapor interface (7,8).

Other steric repulsions can arise and stabilize the film at higher thickness
in the case where the interfaces are covered by thick polymeric layers (either flat-
tened on the surface or in a brush-like structure).

Beside these first forces in thin films, others come from the supramolecular
structuringof the surfactant within the thin films (8,9). These structural forces
can be extremely long range and are oscillatory, having a periodicity set by
the effective size of the structures responsible for the forces. A supramolecular
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Fig. 2. Effective interface potential (left) and corresponding disjoining pressure (right)
vs film thickness as predicted by DLVO theory for an aqueous soap film containing 1 m
M of 1:1 electrolyte. The local minimum in V(%), marked by °, gives the equilibrium film
thickness in the absence of applied pressure as 130 nm; the disjoining pressure I1=—dV/
dl vanishes at this minimum. The minimum is extremely shallow compared with the sta-
bilizing energy barrier. To convert kPa to atm, divide by 102. mN/m = dyn/cm = ergs /cm?.

ordering means that the forces can only be found for high surfactant concentrations
(well above the CMC). The structure most usally found in thin films are layers
of surfactant micelles or stacked bilayers. Thin films containing both surfact-
ant at the interfaces and polylectrolytes (charged polymers) in bulk also show
supramolecular organization in thin films. In general, the more components
the system contains, the more degrees of freedom exist for structure within the
film which cannot be accounted for by DLVO.

Disjoining Pressure. A static pressure difference can be imposed between
the interior and exterior of a soap film by several means including, eg, gravity. In
such cases the equilibrium film thickness depends on the imposed pressure dif-
ference as well as on the effective interface potential. When the film thickness
does not minimize V(#), there arises a disjoining pressure I1 = —dV/d h which
drives the system toward mechanical equilibrium. In response to a hydrostatic
pressure, the film thickness thus adjusts itself so that the disjoining pressure
balances the applied pressure and mechanical equilibrium is restored.

The disjoining pressure versus film thickness as predicted by DLVO theory
for an aqueous film containing 1 mM of 1:1 electrolyte is shown along with the
effective interface potential in Figure 2. The equilibrium thickness of a free film
is where the effective interface potential is at a local minimum or, equivalently,
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where the disjoining pressure vanishes with a negative slope. If the same film is
not free, but instead rises vertically from solution in the presence of the earth’s
gravitational field, its thickness will vary in response to the height dependence
of the hydrostatic pressure. For example, at ~8 cm above the solution the hydro-
static pressure in the film drops by ~10 kPa and, according to Figure 2, the film
thickness at this height must decrease to 30 nm in order to be in equilibrium.
Similar considerations are important for establishing the distribution of liquid
around several bubbles packed together in a foam, and hence the bubble shapes.
The thin-film balance apparatus allows to create and study a single thin film,
held on a horizontal support, and at any applied pressure. Hence, this method
provides measurement of disjoigning pressures vs film thickness (8,9).

Although the details of the interaction between neighboring bubble sur-
faces in a thin flat film may not be accurately described by the simplest DLVO
theory, it nevertheless captures the essential physics. There is a large energy
barrier, which prevents two films approaching too closely. This energy barrier
may arise from electrostatic repulsion, as in the DLVO model, or it may arise
from other interactions. However, its role is primarily to prevent two films from
approaching sufficiently close that they fall into the deep attractive well. The
degree to which the two films are forced together by external forces determines
how high up the energy barrier they are forced; this is in turn parameterized
by the disjoining pressure. Should the repulsive barrier be overcome, the films
fall into the attractive minimum, whereupon they coalesce. Thus this repulsive
barrier provides the essential stabilization of the foam.

Based on the underlying physical chemistry of surfactants at interfaces,
important features of foam structure, stability, rheology, and their interrelation-
ships can be considered as ultimately originating in the molecular composition of
the base liquid.

2.5. Structure. Very Wet Foam: Froth. Foam structure is character-
ized by the “wetness” of the system. Foams with arbitrarily large liquid to gas
ratios can be generated by excessive agitation or by intentionally bubbling gas
through a fluid. If the liquid content is sufficiently great, the foam consists of
well-separated spherical bubbles that rapidly rise upwards displacing the heavier
liquid. Such a system is usually called a froth, or bubbly liquid, rather than a
foam. When the bubbles in a froth reach the surface, they may instantly burst,
they may seethe and gradually burst, or they may collect together and form a
more proper foam, all according to the quantity and nature of the surface active
components in the liquid. This is familiar to anyone who has noticed the differ-
ence in opening agitated bottles of seltzer water and beer. There are no surface-
active components in the former, and hence there are no interfacial forces or
Marangoni effects to hinder the direct coalescence of bubbles.

Wet Foam: Spherical Bubbles. 1If there are sufficiently strong repulsive
interactions, such as from the electric double-layer force, then the gas bubbles
at the top of a froth collect together without bursting. Furthermore, their inter-
faces approach as closely as these repulsive forces allow; typically on the order of
100 nm. Thus bubbles on top of a froth can pack together very closely and still
allow most of the liquid to escape downward under the influence of gravity while
maintaining their spherical shape. Given sufficient liquid, such a foam can re-
semble the random close-packed structure formed by hard spheres. With less
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liquid, depending on the distribution of bubble sizes, the bubbles must distort
from their spherical shapes. For example, spheres of identical size can pack to
fill at most 11:/\/ 18~0.74 of space; this occurs if they are packed into a crystal-
line lattice. A foam with a monodisperse size distribution but <26% liquid is
thus composed of bubbles which are not spherical but are noticeably squashed
together. Typical foams, as in Figure 1, have a fairly broad distribution of bubble
sizes and can therefore maintain spherical bubbles with significantly less liquid.
Empirically, foams with greater than ~5% liquid tend to have bubbles that are
still approximately spherical, and are referred to as wet foams. Such is the case
for the bubbles toward the bottom of the foam shown in Figure 1. Nevertheless,
it is important to note that even in the case of these wet foams, the bubbles are
deformed, if only by a small amount.

Dry Foam: Polyhedral Bubbles. A dry foam, by contrast, is one with so
little liquid that the bubbles are severely distorted into approximately polyhedral
shapes. Typically this occurs for foams with <1% liquid by volume, as is the case
for the bubbles toward the top of the foam shown in Figure 1. The structure of
polyhedral foams is more appropriately described in terms of the liquid films
separating neighboring bubbles rather than in terms of the packing of bubbles
as individual units. Most of the interfacial area in a polyhedral foam is in the
form of polygonal liquid films having uniform thickness and separating two
adjacent gas bubbles. The structure formed by these films is seemingly random,
but nevertheless possesses a certain regularity which follows from mechanical
constraints. The first of these is that only three films can mutually intersect,
and they must meet at an angle of 120°. The intersection of four films is unstable
and breaks up into two sets of three because the surface tension of the films
exerts a force which acts to minimize the total interfacial area. The region of
intersection formed by three films is known as the Plateau border in honor
of the Belgian physicist J.A.F. Plateau, who first studied their properties. It is
the Plateau borders, rather than the thin liquid films, which are apparent in
the polyhedral foam shown toward the top of Figure 1. Lines formed by the
Plateau borders of intersecting films themselves intersect at a vertex; here
mechanical constraints imply that the only stable vertex is the one made from
four borders. The angle between intersecting borders is the tetrahedral angle,
cos —1(—1/3)~109.47°. In terms of the arrangements of gas bubbles, the rules
describing the structure of a polyhedral foam may be summarized as follows.
First, only sets of four bubbles may be in mutual contact. All four bubbles share
a common vertex, each of the four combinations of three bubbles share a common
Plateau border, each of the six combinations of two bubbles share a common film,
and the angles between pairs of films and between pairs of borders are, respec-
tively, 120° and the tetrahedral angle.

These local structural rules make it impossible to construct a regular, per-
iodic, polyhedral foam from a single polyhedron. No known polyhedral shape that
can be packed to fill space simultaneously satisfies the intersection rules required
of both the films and the borders. There is thus no ideal structure that can serve
as a convenient mathematical idealization of polyhedral foam structure. Lord
Kelvin considered this problem, and his tetrakaidecahedron is still considered
the best periodic structure of identical polyhedra that can nearly satisfy the
mechanical constraints, while providing the smallest surface energy (or area).
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A more efficient structure for minimizing the surface energy, has more recently
been proposed (known as the Weaire-Phelan structure (10), but it consists of
bubbles of two different types, and whether it is the optimal structure remains
an open question.

A real foam has further degrees of freedom available for establishing local
mechanical equilibrium: the films and Plateau borders may curve. In fact, curva-
ture can be readily seen in the borders of Figure 1. In order to maintain such
curvature, there must be a pressure difference between adjacent bubbles given
by Laplace’s law according to the surface free energy of the film and the principle
radii of curvature of the film: AP =1, (r"1+7r7%). Note that the pressure inside
a bubble must be constant. The Laplace pressure is determined by the regions of
greatest curvature. Thus, at the facets of the bubble where the surface is nearly
flattened and the curvature is decreased, force balance is maintained by the
effects of the disjoining pressure, which must balance the Laplace pressure in
the regions of high curvature.

Even though pressure differences can exist between adjacent bubbles, and
between the gas and the liquid, the pressure throughout the continuous liquid
structure of films, borders, and vertices must be constant; otherwise, liquid flows
until all pressure gradients vanish. Figure 3(a) shows a cross-section of three
films meeting in a Plateau border, and illustrates how pressure balance is
achieved between liquid residing in a film and liquid residing in a border.
Since the films are flat and opposite faces are parallel away from the border,
the pressure inside the film equals the pressure in the gas minus the disjoining
pressure I1(A). In the border, by contrast, the pressure equals the gas pressure
minus the Laplace pressure c/r, where r is the radius of curvature of liquid—
vapor interface at the Plateau border. The pressure balance is thus achieved
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Fig. 3. (a) Two-dimensional schematic illustrating the distribution of liquid between the
Plateau borders (radius r) and the films (thickness h) separating three adjacent gas
bubbles (spehere equivalent radius R). For dry foams, h < r < R (R, the bubble radius).
(b) Three-dimensional (3D) schematic of the basic liquid structure in a foam : four Plateau
borders connected at a vertex. For wet foams, the Plateau border length L is not much
bigger than r, and the liquid inside the vertex can no longer be neglected.
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by adjusting the distribution of liquid between films and borders until the dis-
joining pressure equals the Laplace pressure I1(k) = o/r.

The liquid distribution inside the different structures of the foam (Plateau
borders, vertex and thin films), and their relative weights depend on the overall
liquid fraction €. In the limit of dry foams, and up to a few percent of liquid frac-
tion, one can consider that all the liquid is contained inside the single Plateau
borders. In that case, the bubbles are tightly packed, and the plateau border
radius are much smaller than the bubble size D (or the Plateau borders length).
One can then write that r ~ De'2. So the dryer the foam, the smaller the radius
of the PB, and the higher the capillary and disjoigning pressures. For wet foams,
in one hand, the Plateau borders are strongly swollen, so that their radius r is
no longer much smaller than their length L (Fig. 3). On the other hand, the
volume of the vertex is on the order of r*, and thus can no longer be neglected,
as compared to the one inside a border (on the order of 72L). The volume of liquid
inside the thin films is always negligible when compared to the one inside the
Plateau borders and the vertex. Indeed, thin film thickness are in the range of
a few tens of nm, while r is a few hundred of microns for millemeter size bubbles:
so, h<r<D, and this remains valid in the more ordinary situations of bubble
sizes and liquid fractions.

Measurement. A complete characterization of the structure of a foam
requires a characterization of the structure of the bubbles that comprise the
foam. The total liquid content can be readily found from the mass densities of
the foam and the liquid from which it was made. However, a more detailed deter-
mination of the bubble structure, including their average size, their shape, their
structure and their size distribution is much more difficult, and is typically
impeded by the problems in visualizing the interior of a foam. Even in the ab-
sence of any intrinsic optical absorption of the liquid, the strong mismatch in
the indexes of refraction between the gas and the fluid results in a large scatter-
ing of light, usually precluding direct visualization of the interior structure of a
foam. As a result, other, less direct, methods have been developed, and must be
used, except in exceptional cases where the foam structure has been optimized
for visualization.

To date, the most detailed characterization of the full 3D structure of a
foam is that by E. B. Matzke in 1946 (11). The method was to place by hand
1900 identical bubbles one at a time into a dish roughly 14 bubbles in diameter
and then to image the structure with a dissecting microscope. After repeating
this procedure 16 times, the most abundant bubble shape was found to be a
13-sided polyhedron having 1 quadrilateral, 10 pentagonal, and 2 hexagonal
faces. The number of faces per bubble ranges from 11 to 18, and is 13.7 on aver-
age. This can be compared with the theoretical result 13.39 for a statistical foam
with isotropic cells of equal volume based on the structural rules given earlier
and Euler’s theorem (12,13). Such theory has recently been generalized to
foams with curved faces (14).

Although informative, the technique of Matzke is restricted to use on the
small class of very dry foams that have large cells and are essentially trans-
parent to visible light. No such painstaking measurement and analysis have
been carried out on foams with a more naturally broad bubble size distribution,
like the one shown in Figure 1. However, one optical imaging technique that
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circumvents the problem of multiple light scattering and thus can be used more
generally is to estimate the bubble size distribution from the area individual
foam bubbles occupy at a glass surface. Such experiments, and the systematic
differences between bulk and surface bubble distributions, have been reviewed
(15). Another technique that also directly measures the bubble size distribution
is the use of a Coulter counter, where individual bubbles are drawn through a
small tube and counted (16). This yields a direct measure of the bubble size dis-
tribution, but it is invasive and cannot probe the structure of the foam. One tech-
nique that does probe the foam structure directly is cryomicroscopy. The foam is
rapidly frozen, and the solid structure is cut open and imaged with an optical or
electron microscope (17). Such methods are widely applicable and provide a
direct image of the foam structure; however, they destroy the sample and may
also perturb the foam structure in an uncontrolled manner during the freezing.
Noninvasive measurements done by optical tomography (18), on a typically 10—
20 bubble dry foam, provided results very close to the one of Matzke. The X-ray
tomography technique is under development and should give intensive results in
the next years.

Beside experimental techniques, a lot of information on foam structure
can be obtained by numerical simulations. Such simulations have strongly bene-
fit of the development of the free software “Surface Evolver” by Brakke (19).
Using this software, Kraynik and co-workers. have found again a good agree-
ment with the Matzke’s data, evidencing for instance the great number of penta-
gonal faces in equilibrated foams, and an average number of faces per cell ~13.7
(20). The study of the role of polydispersity on the foam structure and bubble
types is also an ongoing work.

Other methods attempt to probe the structure of the foam indirectly,
without directly imaging it. For example, since the liquid portion of the foam
typically contains electrolytes, it conducts electrical current, and much work
has been done on relating the electrical conductivity of a foam to its liquid con-
tent, both experimentally (21) and theoretically (22,23). The value of the con-
ductivity depends in a very complex fashion on not only the liquid content and
its distribution between borders and nodes, but the geometrical structure of
the bubble packing arrangement. Thus electrical precise quantitative measure-
ments of the gas:liquid ratio are still difficult as it needs some calibration; how-
ever this technique is useful for determining spatial and temporal variations of
the liquid fraction (using arrays of electrode pairs disposed at different location
in a foam). In any case, the mean liquid fraction of a foam can still be accurately
estimated from the foam’s mass density.

Another nonimaging technique has been developed that exploits the strong
multiple light scattering in foams, and provides a direct, noninvasive probe of
bulk foam structure and dynamics (24—26). The time-averaged transmission of
light through a foam gives a measure of the average bubble size, while temporal
fluctuations in the scattered light intensity probe the motion of bubbles within
the foam.

2.6. Stability. Control of foam stability is important in all applications,
whether degradation of a custom foam is to be minimized or whether excessive
foaming is to be prevented. In all cases, the time evolution of the foam struc-
ture provides a natural means of quantifying foam stability. There are three basic
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mechanisms whereby the structure may change: by the gravitational segregation
of liquid and bubbles, by the coalescence of neighboring bubbles via film rupture,
and by the diffusion of gas across the liquid between neighboring bubbles.

2.7. Drainage. All foams and froths consist of liquid and vapor compo-
nents that have very different mass densities, making them susceptible to gravi-
tationally induced segregation. In very wet froths the vapor bubbles rapidly
move upward while the liquid falls. In longer lived foams, the gas fraction is
higher and the bubbles are tightly packed. Nevertheless, the heavier fluid may
still drain downward through the foam liquid network between the bubbles. As
time proceed, some liquid drains out and accumulates at the bottom of the foam,
while the overall liquid fraction of the foam decreases. Provided there is no
rupture of the films, this free drainage proceeds until there develops a vertical,
hydrostatic pressure gradient to offset gravity. This results in a nonuniform
gas:liquid volume fraction with the foam being more wet near the bottom of the
container as in Figure 1.

Experimentally, as an alternative to the free drainage situation, the forced
drainage experimental procedure is often used for determining the typical
drainage speeds and rates within a foam. In a forced drainage experiment, the
surfactant solution is injected, at a controlled flow rate, at the top of an intially
drained foam. A well-defined and stable wet front develops in the foam, and pro-
pagates at a constant velocity, and which dependence with the foam parameters
(bubble size, nature of the surfactant, liquid viscosity, for instance) can be obtain-
ed. For both free drainage and forced drainage, the spatial and temporal vari-
ations of the liquid fraction, providing the liquid profile inside the foam at any
time, have been successfully measured by electrical conductivity (27), light scat-
tering techniques (either in the limit of multiple scattering with no additives
(28,29), or with fluorescent probes added (30)). As the liquid in a foam is princi-
pally distributed inside the network of Plateau Borders, connected at the vertex,
drainage corresponds to the flow of liquid inside this skeleton of interconnected
tubes. Foam drainage can thus be related to liquid flows inside porous media.
Note here that the particularity of foams is that the Plateau border cross sections
(the pore size) is dinamycally coupled to the liquid content: Plateau borders and
vertex are deformable, and can shrink or swell depending on the amount of liquid
inside them.

Based on the assumptions that the liquid flows only inside the Plateau
Border network, and that the liquid fractions remain low, drainage equations,
describing the spatio-temporal evolution of the liquid fraction, have been deriv-
ed, corresponding to different drainage regimes and microscopic properties of
the flow inside the structure (27,30—32). Drainage speeds straightforwardly
increase with the bubble size, the foam liquid fraction,and decrease with the bulk
liquid viscosity, but they also depend in a complex manner on the nature of
the surfactant used, via their effect on the interfacial properties of the bubbles.
The bulk flow inside the Plateau borders is in fact coupled to the flow within their
surfaces. A dimensionless parameter M, M = pr/y, (r is the Plateau border radius,
Ls the surface shear viscosity and p the bulk viscosity) was first introduced by
Leonard and Lemich (33), to describe the mobility of the surface and the bulk/
surface coupling. For low values of M, the surface can be considered as immobile
and rigid, providing a Poiseuille flow inside the Plateau borders: In this first
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regime of drainage, the drainage velocity is then proportional to the liquid frac-
tion. In the limit of high M, a second drainage regime is found: The surfaces are
mobile and flow partially with the bulk solution. Thus the hydrodynamic resis-
tance of the Plateau Borders is small, as the flow is approaching a plug-like type.
The main dissipation is then located inside the vertex.This change of dissipation
localization changes the drainage properties, and, eg, the dependence of the
liquid velocity with the liquid fraction, which becomes proportional to its square
root. The drainage data, obtained under a very large range of experimental
conditions (corresponding to more than three order of magnitude of the para-
meter M) finally fit very well within this simple two regimes description, with
a cross-over between the two regimes for M spanning between 0.8 and 3 (34).
Experiments at the scale of a single Plateau Border inside a foam, done by
confocal microscopy, are in agreement with the drainage results on macroscopic
foams, and have confirmed the role of the surface mobility on the type of flow (35).

The agreement between the drainage and the models based only the flow
inside the Plateau borders and the vertex show that the thin films do not parti-
cipate directly in the liquid transport, and can be neglected when one considers
the drainage of a macroscopic foam. This has also been found in numerical simu-
lations (36), and it is consistent with the fact that the liquid contained inside the
films is always much smaller than the one inside the Plateau Border network.
However, there are some coupling between the downard flow inside the PB
and circulation motions often seen inside the films. The result of this interac-
tion is to set the velocity boundary conditions at the three corners of the Plateau
borders ( where they are connected to the films). These boundary conditions are
in fact important regarding the shear inside the surface (33,34,36).

At their own scale, the thin films also drain inside the surrounding Plateau
borders, as the liquid is sucked by the lower pressure inside these borders. Thick-
ness variations in a draining soap film can be observed by eye via the colors
reflected under white light illumination. A large number of experiments has also
been done on soap films pulled at constant speed from a soapy liquid (37—39).
In addition to simple laminar flows set by film thickness, liquid viscosity, and
here again the surface mobility, whole regions of thick film can flow like a plug
into the Plateau border and exchange for regions of thin film, probably nucleated
close to the Plateau border and in relation with local pinching effects. This pro-
cess is called marginal regeneration (37) and is believed to be important in foams
as a means of bringing liquid from the films into the Plateau borders. When
supramolecular structures get confined inside the thin films as they drain,
the oscillatory nature of the resulting supramolecular forces induce a stepwise
thinning. The film drains in discrete thickness steps, and confined layers are
consecutively pealed off the film. This stratification effect inside the film allow
an indirect measurement of effective micelle or surfactant bilayer sizes. For
polymer/surfactant mixtures, it is found that the thinning step size corresponds
to the polymer network meshsize (9).

Drainage rates and speed also depend on the gas used. This is due to a
coupling between the coarsening process (see below) and the drainage flows. The
coupling is efficient when the typical times scales of both processes are close, and
in that case, this results in an acceleration of the drainage rates (40,41). Finally,
drainage depends also on the size and shape of the container as well (28—42).
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On the ground, getting rid of drainage is not an easy task, and no efficient
solutions has ever been found. In the forced drainage setup, a continuous injec-
tion of liquid at the top, at the same flow rate as the foam drain, is difficult to
achieve, and convective instabilities occurs as soon as the flow rate (43,44).
Sample rotation apparatus, where the direction of gravity is alternatively
changed, can work but only for limited conditions of bubble sizes and liquid frac-
tions. In fact, only the microgravity conditions obtained in space (for instance,
inthe International Space Station) can be used to have foams at any liquid frac-
tions remaining constant over long period of times.

2.8. Film Rupture. Another general mechanism by which foams evolve
is the coalescence of neighboring bubbles via film rupture. This occurs if the
nature of the surface-active components is such that the repulsive interactions
and Marangoni flows are not sufficient to keep neighboring bubbles apart.
Bubble coalescence can become more frequent as the foam drains and there is
less liquid to separate neighbors. Long-lived foams can be easily formulated in
which film rupture is essentially negligible, by ensuring that the surface-active
agents provide a sufficiently large barrier that prevents the two films from
approaching each other. Then film rupture is probably a thermally activated pro-
cess in which a large, rare fluctuation away from equilibrium thickness and over
an energy barrier is needed. Film rupture can also be enhanced by mechanical
shock. Other external perturbations such as thermal cycling, mechanical shear-
ing, composition change via evaporation or chemical or particulate additives, can
also greatly affect the rate of film rupture (see DEFOAMERS).

2.9. Gas Diffusion. For very long-lived foams, film rupture is negli-
gible and drainage slows to a stop as hydrostatic equilibrium is attained. Never-
theless, the foam is still not in thermodynamic equilibrium and continues to
evolve with time. This occurs through an entirely different, though very general,
means:gas diffusion. Smaller bubbles have a greater interfacial curvature and
hence, by Laplace’s law, have a higher internal pressure than larger bubbles.
This results in a diffusive flux of gas from smaller to larger bubbles. Thus with
time small bubbles shrink while large bubbles grow. This process is known as
coarsening, or ripening, and results in the net increase in the average bubble
size over time. It is ultimately driven by surface tension and serves to decrease
the total interfacial surface area with time. This process has many similarities to
the phase separation of binary liquids and metal alloys (45—47).

As coarsening proceeds, the distribution of bubbles changes so that the
average bubble size gets larger with time. The evolution of the bubble size distri-
bution is typically expected to be self-similar; ie, the distribution is independent
of time when scaled by the average bubble size which, in turn, grows as a power
of time (45,46) Any means of characterizing foam structure can be used to study
foam evolution provided that the measurement can be made noninvasively and
sufficiently rapidly. Thus the measurement techniques that require the foam to
be destroyed, such as cryomicroscopy, are not really suitable to study the stabi-
lity of the foam. One technique that has been applied successfully is the measure-
ment of the change in the pressure head over an evolving foam. This can be
related to the total change in interfacial surface area (48,49), and provides a mea-
sure of evolution, and hence stability of the foam. Also, multiple light scattering
techniques (in both static and dynamic modes) have been used to follow the time



Vol. 12 FOAMS 15

evolution of a foam (24,50). With these techniques, evidence of scaling regimes
have been found and the exponent of the bubble size growth law measured close
to Y2, as expected when the cells are packed and deformed (45).

The overall rate constant, as opposed to the growth exponent, depends
directly on such material parameters as the surface tension, the solubility and
diffusion constant of gas molecules in the interstitial liquid, the film thickness
and the liquid content (40,41). Note that the dependence with the liquid fraction
is not yet completely known (as measuring the coarsening of wet foams, at con-
stant liquid fraction, is very difficult because of drainage). The studies of sound
propagation into foams also turned out to be an indirect method to measure the
coarsening (51).

During coarsening, some bubbles shrink and others grow, and it is interest-
ing to determine for a given bubble what sets the sign of its growth rate. For two-
dimensional (2D) foams, it is known that only the number of edges n of a bubble
is crucial : bubbles with n<6 shrink while those with n>6 grow (von Neumann’s
law). A statistical version of the von Neumann law for 3D dry foams has long
been conjectured (with the number of faces replacing the number of edges), with
both theoretical and experimental work. (18,52). Recently an analytical version
of such a law has been derived by Hilgenfeldt and co-workers (53), which is in
good agreement with measurements and simlations. From all these studies, it
turns out that bubble having 13 faces or less shrink, while bubble with more
faces grow.

Coarsening not only alters the size distribution, but alters the foam topo-
logy as well (12). Local stresses arise due to the change in packing conditions
as small bubbles shrink and large bubbles grow. These stresses can be relieved
by topology changes in which a bubble’s nearest neighbors are changed (24).
These discrete rearrangements also exhibit temporal scaling (50).

A common engineering technique for determining foam stability entails
measuring the amount of foam produced. For defoaming applications, this is
often a more important measure of stability than the foam structure.

2.10. Rheology. The rheology of foam is striking; it simultaneously
shares the hallmark rheological properties of solids, liquids, and gases. Like an
ordinary solid, foams have a finite shear modulus and respond elastically to a
small shear stress. However, if the applied stress is increased beyond the yield
stress, the foam flows like a viscous liquid. In addition, because they contain a
large volume fraction of gas, foams are quite compressible, like gases. Thus foams
defy classification as solid, liquid, or vapor, and their mechanical response to
external forces can be very complex. Note also that, at rest, foams are athermal
systems because the thermal energy is much smaller than the typical barrier for
bubbles to change their relative positions. This results in a jammed configuration
of the bubbles.

One simple rheological model that is often used to describe the behavior
of foams is that of a Bingham plastic. This applies for flows over length scales
sufficiently large that the foam can be reasonably considered as a continuous
medium. The Bingham plastic model combines the properties of a yield stress like
that of a solid with the viscous flow of a liquid. In simple Newtonian fluids, the
shear stress t is proportional to the strain rate y, with the constant of propor-
tionality being the fluid viscosity. In Bingham plastics, by contrast, the relation
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between stress and strain rate is t=r1,+ 1,7, where 1, is the yield stress below
which there is no flow and p,, is called the plastic viscosity. The effective viscosity
is thus given by p=p, + 1,/ and is therefore shear thinning.

Consistent with this model, foams exhibit plug flow when forced through
a channel or pipe. In the center of the channel the foam flows as a solid plug,
with a constant velocity. All the shear flow occurs near the walls, where the yield
stress has been exceeded and the foam behaves like a viscous liquid. At the wall,
foams can exhibit wall slip such that bubbles adjacent to the wall have nonzero
velocity. The amount of wall slip present has a significant influence on the over-
all flow rate obtained for a given pressure gradient.

While the Bingham plastic model is an adequate approximate description of
foam rheology, it is by no means exact. More detailed models attempt to relate
the rheological properties of foams to the structure and behavior of the bubbles.

For very dry foams, the rheological properties are determined solely by the
films separating the bubbles. The rheological properties of a set of randomly
oriented films were determined first by Derjaguin (54) and later independently
by Stamenovic and Wilson (55). These models set the scale for the elastic modulii
of a foam. In the dry limit (when the gas fraction equals 1), the bulk modulus of
the foam is dominated by that of the gas in the bubbles, whereas the shear
modulus is given by G0.550/R, where ¢ and R are the surface tension and
mean bubble radius. The bulk modulus of an ideal gas is equal to its pressure,
so that for typical foams, the shear modulus is considerably weaker than the
bulk modulus.

The model of randomly oriented thin films was made more precise through
detailed micromechanical models that considered a 2D array of hexagonal bub-
bles of equal sizes (56). Again only the surface tension of the thin films was con-
sidered. Because of the simpler geometry, the model could be solved exactly in
two dimensions. Nevertheless, it provides considerable insight. It establishes
the physical basis for the elastic modulus, which is the stretching of films with
a shear deformation, as shown in Figure 4. The increased surface area results in
a restoring force, providing the elastic model. It also suggests an origin for the
yield stress; when the foam is sheared enough that the bubbles can slide over
one another, the foam yields. This micromechanical model has been further
refined through computer simulations, mainly restricted to two dimensions
(567-60). This type of computer modeling has been extended to ordered 3D struc-
tures (61). Simulations in 2D foam remain today quite useful, as they already
catch many features of the 3D behavior, while being much more simple to per-
form. The linear rheology for various liquid fractions, as well as the nonlinear
flow regimes, have recently been studied (62).

Studies with 2D foams have the advantage that all the bubbles are always
seen, as well as their degree of deformation. In that sense, methods based on the
direct observation and measurement of a statistical strain inside the foam
have been developped, with the introduction of a statistical texture tensor
which allow to quantify the notion of stored deformation. Such approaches
extend the definition of the elastic strain for systems with both elastic and
fluid properties (63).

The linear rheology of foams can be studied by rheological oscillation experi-
ments, from which the elastic (or storage) modulus G’ and the visocus (loss)



Vol. 12 FOAMS 17

—— -

Fig. 4. Schematic representation of a 2D model to account for the shear modulus of a
foam. The foam structure is modeled as a collection of thin films; the Plateau borders
and any other fluid between the bubbles is ignored. Furthermore, all the bubbles are ta-
ken to be uniform in size and shape. When shear is applied, the total area of the thin films
increases, and the surface tension results in a restoring force, providing the shear modu-
lus of the foam.

modulus G” are measured. In a large range of frequencies, these moduli are
almost constant, with G'/G” ~10 for dry foams with liquid fraction of a few per-
cent (64). At high frequencies, anomalous viscous loss have been observed, both
in foams and emulsions, and related to the occurrence of weak planes, randomly
oriented, where layers of bubbles slip relatively to each other (65). The response
at low frequency is much more difficult to study as experiments require long
measurement times, so that the foam may evolve widely both by drainage and
coarsening. In fact, the coarsening process is crucial as it induces local bubble
rearrangements, and the cumulative effects of many coarsening-induced rear-
rangements is able to relax at long times (thus corresponding to the low fre-
quency range) a macroscopically imposed stress. As a result, at low frequencies,
the loss modulus G” becomes much bigger than G’, and is proportional to the
frequency, as for an ordinary equilibrium liquid (66).

The shear modulus of wet foams must ultimately go to zero as the volume
fraction of the bubbles decreases. The foam only attains a solid-like behavior
when the bubbles are packed at a sufficiently large volume fraction that they
begin to deform. In fact, it is the additional energy of the bubbles caused by
their deformation that must lead to the development of a shear modulus. Experi-
ments show that the dependence of the elastic modulus with the liquid fraction
follows an universal behavior (64), also found and discussed for emulsions (67),
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once the moduli are normalized by the Laplace pressure o/R. Apart the change
of surface tension, changing the surfactants and the physical chemistry of the
bubble interfaces and thin films do not change the elastic response of the foam:
No microscopic parameters linked to the surface viscoelasticity need to be taken
into account. In foams the surface tension remains always so high (a few tens
of mM/m) that it hides the other possible origins of elasticity. However, this is
not the case for the G”, which is much more dependent on the physical chemistry
of the foam. The microscopic mechanisms for the dissipation at the surfaces and
in the films, in the linear rheology regim, are not yet well understood, and could
come from various dissipative processes (68).

The viscous behavior of the foam once it begins to flow has also been investi-
gated, both theoretically (69—71) and experimentally (72). The use of comple-
mentary techniques, associated with macroscopic rheology, like the diffusing
wave spectroscopy (DWS) provided a means to determine the relations between
the dynamic processes at the scale of a bubble and the macroscopic properties
(73). Applying a shear to foam is indeed another way to unjam its bubbles, and
to induce a continuous flow. The higher the shear rate, the lower the viscosity,
and the more liquid-like the foam behave. At the scale of the bubbles, it is shown
that at low shear rates the foam flow by discrete localized intermittent rear-
rangements. As the shear rate is increased, there is a cross-over to a regime
where the bubble motion becomes smooth and uniform, completely controlled
by the applied shear. The interesting critical strain rate associated to this
cross-over is equal to the yield strain (typically a few percent) divided by the du-
ration of a single local rearrangement (0.1s). It has also been possible to study
the dynamics of rejamming (or >> solidification), after an applied shear has
unjammed (melted) the foam (74). It is then shown that here again the coupling
between coarsening and rheology is important.

It is thus possible to unjam a foam (induce a jamming transition) via differ-
ent ways: First by simply increasing the liquid content so that the bubbles are
less and less packed, second, by applying a shear rate which induce bubble
motions, and lastly with time as the coarsening process, relaxing all the stresses
and also creating bubble rearrangements. The concepts discussed here about
jammed systems and jamming transition are in fact valid for a whole class of
materials, including foams, and sharing the same basic ingredients (disorder
and yielding). Pastes, emulsions, glasses, granular materials and suspensions
are other materials of this family. A generic jamming phase diagram has been
proposed by Liu and co-workers, with three axis (temperature, inverse of the
packing fraction, and applied shear stress) (75,76). Close to the origin a system
is jammed, and it crosses a jamming transition as it is moved away from this
origin on any possible path. Another general issue for this kind of athermal sys-
tems, once driven by shear, is to know if they could possibly be described within
the statisitical physics framework but with an effective temperature (depending
on the shear rate). In that spirit, phenomenological approaches have been used
with some sucess (77), and recent simulations have shown that the concept
of effective temperature should be useful for any systems near the onset of
jamming (78).

2.11. Measurement. To determine rheological parameters such as the
yield stress and effective viscosity of a foam, commercial rheometers are available
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(79); rotational (couette cell or cone-plate geometry, eg,) and continuous-flow-
tube viscometry are most commonly employed (see RHEOLOGICAL MEASUREMENTS).
However, obtaining reproducible results independent of the sample geometry is
nevertheless a difficult goal. First, because foams always evolve by drainage and
coarsening and that all these effects are coupled, inducing changes of the rheo-
logical behavior. Also because of possible nonuniform shear conditions due either
to wall slip, or to shear localization effects (shear banding). For example, viscous
dissipation in wall slip depends sensitively on the thickness of wetting layer
of liquid that intrudes between the wall and the foam bubbles; this layer thick-
ness varies greatly with surface chemistry and liquid composition and can also
change with time as the foam drains. All these possible non-uniform deformation
effects still need to be investigated in details, as well as their effective role in the
macroscopic rheological measurements. More complex rheological phenomena
are also expected in foams like dilatancy effects (31) or non-zero normal stress
differences.

3. Production

Several techniques are available for the generation of special-purpose foam with
the desired properties. The simplest method is to disperse compressed gas
directly into an aqueous surfactant solution by means of a glass frit. A variation
of this method that allows for control of liquid content is to simultaneously pump
gas and surfactant solution through a bead pack or steel wool, for example, at
fixed rates. In the same spirit, another solution, which can be used for laboratory
purposes, consists of pushing a pressurized surfactant solution through a single
pinhole, and to add any desired gas flow rate just after that pinhole. Large
amount of foams, at any liquid fractions, are then produced by the subsequent
turbulent mixing of these fluids inside a final tube of confinement (80). Less re-
producible mechanical means of foam generation include brute force shaking and
blending. For highly reproducible foams composed of small bubbles, such as
shaving creams, the aerosol technique is especially suitable (81) (see AEROSOLS).
Hydrocarbons or chlorofluorocarbons are liquefied at high pressure and then
emulsified with the surfactant solution. When released to atmospheric pressure,
the propellant droplets evaporate into tiny gas bubbles which aggregate into a
foam.

4. Applications

Foams have a wide variety of applications that exploit their different physical
properties. The low density, or high volume fraction of gas, enable foams to
float on top of other fluids and to fill large volumes with relatively little fluid
material. These features are of particular importance in their use for fire fight-
ing. The very high internal surface area of foams makes them useful in many
separation processes. The unique rheology of foams also results in a wide variety
of uses, as a foam can behave as a solid, while still being able to flow once its yield
stress is exceeded.
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Foams are also widely encountered in circumstances where their presence
is detrimental. Foams are common to many processes that entail agitation of
fluids or bubbling of air through fluids. The presence of any type of surface-active
ingredient, even in minute quantities, enhances the formation of foams in the
processing. The presence of the foams increases the volume of the fluids and
makes them more difficult to process and transport. Moreover, foams can have
strong detrimental environmental effects. Thus, just as the production and
stabilization of foams is important in some industrial processes, so the elimina-
tion of foams is crucial in many others. As a result, a wide variety of defoaming
agents have been developed to eliminate or reduce the formation of foams (see
DEFOAMERS).

4.1. Firefighting. Foams are widely used in firefighting applications
(82). They are particularly useful in extinguishing flammable liquids, eg, gaso-
line. Whereas water simply agitates the gasoline, further spreading the fire,
and then sinks to the bottom of the burning fluid, a foam is less dense than
the burning liquid, and remains suspended on its surface. The collapsing bubbles
cool the fluid near the surface, and reduce the amount of oxygen available to the
flame, ultimately extinguishing it. A foam is also a more efficient use of the fire-
fighting liquid, typically water, enabling it to be spread over a much larger area.

Foams for firefighting applications are typically made from a concentrated
foaming agent diluted with water and then mixed with air. Rather than consi-
der the volume fraction of air in the foam, firefighting foams are characterized
by their expansion ratio, which is the increase in volume of the liquid after the
foam is formed. Expansion ratios range from 5:1 to >1000:1; ratios of 5:1-20:1
are called low expansion; ratios of 21:1-200:1, medium expansion; and ratios
>200:1, high expansion.

Low expansion foams are used most commonly. Because they are relatively
more dense, they can more easily be sprayed larger distances, making them safer
to use. In addition, because of the larger amount of liquid, they are more resis-
tant to the heat of the fires, making them more effective as extinguishers. Their
primary disadvantage is the relatively smaller area that they can cover due to
their lower expansion ratio. Medium expansion foams are usually too light to
be sprayed any distance, and instead must be formed very near to the flames.
However, they can cover a much larger area of flame, and the low density
reduces the probability of disrupting the surface of the burning fluid. They are
less heat resistant and hence more easily destroyed than low expansion foams.
However, they can cover a much greater area. High expansion foams cover the
widest area, but suffer from even poorer heat resistance, and virtually no ability
to be sprayed. Hence they are typically formed in place, and are often used to
fill the places where a fire has already started, such as in the holds of ships,
warehouses, or mines. They are also sometimes used in fighting forest fires in
areas where water is scarce.

Most foam-forming concentrates used contain some form of protein, usually
derived from animals. In addition, many contain fluorochemical surfactants to
increase their foaming performance. Other foaming agents are comprised solely
of synthetic surfactants. Most foams produced with either protein-based or syn-
thetic foaming agents are susceptible to polar fluids, particularly alcohols, which
are miscible in water and tend to destroy the firefighting foams. As a result,
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all-purpose foaming agents have been developed that produce foams which are
not destroyed by alcohols, and are effective in fighting all types of fires. They
typically contain natural polymers that are insoluble in polar solvents.

4.2. Food. Foams are common to a wide variety of food products. Whipped
cream and meringue are essentially foams, and ice cream is comprised of a large
amount of foam. These foams are stabilized by proteins; the two most important
are egg white and milk proteins. For food products, it is desirable not only to
achieve good foaming properties, but also to form stable foams (83—86). The
ease with which foams are formed depends on the capacity of the proteins to
rapidly adsorb onto the interface. The stability of the foams depends on the abil-
ity of the proteins to form an elastic membrane at the interface, which both pre-
vents bubble coalescence and is sufficiently impermeable to reduce gas diffusion.
One of the best food-foaming agents is egg white or egg albumen. It consists of a
mixture of different proteins, each serving a particular function (87). Globulins
are the most surface-active agents, leading to good foamability; drainage is
retarded by the high viscosity caused by globulins and ovomucoids; the film
strength is enhanced by surface complexes formed between lysozymes and
ovomucins. Upon heating, thermal denaturation of ovalbumin and conalbumin
results in a more permanent foam structure, leading to its widespread use in
baked products. Ice cream is also a type of foam possessing varying amounts
of air bubbles incorporated during an aeration step in the processing (88).
These bubbles are initially stabilized by milk proteins, primarily B-casein, o-
lactalbumin, and B-lactoglobulin (89). Further stabilization occurs due to the
adsorption of fat globules on the interface.

Another important digestible foam is that on the top of a glass of freshly
poured beer (qv). Although not as long lasting, it is nevertheless considered an
important aesthetic quality of the beverage, and is thus the subject of consider-
able research (90,91). In addition, its aesthetic importance is somewhat depen-
dent on location. For example, beer in the United Kingdom has traditionally
possessed a higher and longer lasting head of foam than that in the United
States. The foam in beer is usually formed by the dissolved CO,, although dis-
solved nitrogen has also been used to improve the quality. The main stabilizer
in the foam is proteins in the beer, although other components, such as trace
metal ions, iso-a-acids, and propylene glycol alginate (PGA), also enhance the sta-
bility of beer foam. In fact, PGA is also sometimes added to beer to improve the
foam (92).

4.3. Separations. Foams have important uses in separations, both physi-
cal and chemical (93,94). These processes take advantage of several different
properties of foams. The buoyancy and mechanical rigidity of foam is exploited
to physically separate some materials. The large volume of vapor in a foam can
be exploited to filter gases. The large surface area of a foam can also be exploited
in the separation of chemicals with different surface activities.

Froth flotation (qv) is a significant use of foam for physical separations. It is
used to separate the more precious minerals from the waste rock extracted from
mines. This method relies on the different wetting properties typical for the dif-
ferent extracts. Usually, the waste rock is preferentially wet by water, whereas
the more valuable minerals are typically hydrophobic. Thus the mixture of the
two powders are immersed in water containing foam promoters. Also added
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are modifiers which help ensure that the surface of the waste rock is hydrophilic.
Upon formation of a foam by bubbling air and by agitation, the waste rock
remains in the water while the minerals go to the surface of the bubbles, and
are entrapped in the foam. The foam rises, bringing the minerals to the surface
with it. This can be collected, and the valuable minerals, now higher in purity,
extracted.

Foam fractionation is a separation method that is chemical in origin (94). It
relies on the preferential surface adsorption of some molecules and hence ex-
ploits the large surface area of foams. This is a commonly used method for sepa-
rating surfactant molecules. It can be extended to other separations by coating
the material to be separated by surfactant to enhance its adsorption at the sur-
face. For example, foam fractionation has been applied to remove radioactive
wastes. An advantage of this method is that the foam can be spread over a large
contaminated volume, but the actual amount of material containing the radio-
active waste is quite small, once the foam has been drained and collapsed.
Foams can also be used to collect and separate small colloidal particles, if they
are coated with a surfactant to bring them to the interface. Another use of
foams are in the deinking processing to recycle waste paper. Air bubbles are
used to remove the ink from the paper, and these are collected and separated
as a foam.

4.4. Oil Recovery. Foams find wide use in oil recovery, from the initial
drilling of the bore holes, through the first recovery stage, and, increasingly, all
the way to tertiary or enhanced oil recovery. Again, this application exploits the
unique features of foams, primarily the large interfacial area and the distinctive
rheological properties of flowing foams.

In the drilling of oil wells, foam is sometimes used as the drilling fluid.
Usually the drilling fluid is a clay or mud slurry, which is circulated down the
bore hole to remove the waste generated by the drilling process, and to seal
the well, preventing the expulsion of oil that is under pressure. However, in
some wells, the pressure of the oil in the ground is less than the pressure head
generated by a water column the height of the well. Thus a drilling mud would
exert excessive pressure, and could contaminate the rock structure near the
bore hole. In these cases, an aqueous foam is often used. It has all the features
of a drilling mud, and can also aid in cleaning the drilling material from the well.
However, since its density is lower, the pressure exerted by the drilling fluid on
the oil is reduced.

Foams are also used in extracting the oil from the ground. One important
use is in controlling the flow of fluids in the rock formation. The most common
form of secondary oil recovery entails pushing the oil out of the ground by flood-
ing the formation with water from one well and collecting the oil that is pushed
out from an adjacent well. This process suffers from several problems that may
be alleviated with foams. One problem is encountered if the rock formation con-
tains channels of higher permeability, or lower resistance to the flow of fluids.
These may arise, eg, from fractures in the formation. The water being forced
through the formation flows more easily through these high permeability chan-
nels, bypassing the rest of the formation and greatly reducing the effectiveness
of the recovery, or the sweep efficiency. One method that is sometimes used to
alleviate this problem is the injection of foam-forming materials into the forma-
tions. The foam tends to go first into these larger channels, and then plugs them.
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By contrast, in the narrower channels, the shear stresses on the foam are larger,
causing it to flow. This effectively blocks the high permeability regions and forces
the pushing fluid to flow in the remainder of the formation, making it more effec-
tive in removing the oil. Another almost opposing use of foam is as a pressurizing
agent to fracture the formation. This technique is used for very viscous oils, such
as tar sands. These fractures then provide channels to allow the penetration of
hot steam which is used to lower the viscosity of the heavy oil to enhance its flow.
Sand is often added to fill the cracks and prop them open. When a foam is used as
the pressurizing fluid, the settling of the sand during the injection is minimized
(95).

Foam is also increasingly being considered in tertiary oil applications. Even
with the water floods used in secondary oil recovery, typically 30—60% of the oil
remains in the ground. Enhanced oil recovery, or tertiary recovery techniques,
are used to try to extract this remaining oil. This is generally done by decreasing
the interfacial tension of the oil, which is accomplished either through the use of a
surfactant, or through the use of a miscible flood, where the pushing fluid is mis-
cible in the oil. One type of miscible flooding uses the injection of COg, or other
gases, which form a foam that displaces the oil (96). Foams also help control the
mobility of the pusher. Often the oil that is being displaced has a higher viscosity,
and thus a lower mobility, than the displacing fluid. Then the flow can become
unstable, and instead of a uniform front of the displacing fluid advancing
through the formation, narrow fingers are formed (97). This viscous fingering
instability can greatly reduce the sweep efficiency. The occurrence of this
instability can be reduced by decreasing the mobility of the pushing fluid. The
use of foams are one technique for achieving this. This use exploits the rheologi-
cal properties of the foams. More generally, the flow of foams in the very narrow
pore spaces of an oil bearing formation is very complex, and is not completely
understood (98). The behavior entails the motion of bubbles of air that can be
comparable to the size of the pore spaces themselves. This can result in the burst-
ing of the bubbles, which has the effect of introducing new interfaces into the
flowing fluids. The flow of these interfaces, as well as the flow of the still intact
bubbles themselves, in the restricted geometry of the pore spaces is a complex
problem that is very sensitive to the nature of the rocks, the disorder of the pore
spaces, and the local wetting properties of the formation. In addition, the flow
of the interfaces, and the foam, at length scales larger than the pore space, but
still smaller than the size of the whole oil field, remains a very poorly understood,
and little investigated, problem. Thus, although foams have considerable pro-
mise for use in tertiary oil recovery, their applications have, to date, been limited.

4.5. Detergents. Foams are often associated with detergents, but they
are generally not essential. Instead, foaminess is often a desirable trait more
for its effect on the consumer than its function. In fact, excessive foaming can
be detrimental to the cleaning if the volume of the foam is too high. One excep-
tion is the case where the cleansing action must be restricted to some particular
region, and where excessive amounts of water must be avoided. For example,
foams are often used to clean rugs, as they can spread the detergent on the sur-
face of the rug, while avoiding excessively wetting the base of the rug.

4.6. Textiles. Foams are often encountered in the production of textiles
(qv), which involves extensive interactions between the fibers, which have a large
surface area, and a variety of aqueous treatments. In most cases, these foams
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are detrimental to the processing and fabrication of the textiles and measures
are taken to reduce the foaming (99). These include modifications of the mechan-
ical fabrication techniques, addition of foam inhibitors, and the use of low foam-
ing surfactants in the processing. However, in other instances, foams can be used
advantageously in textile processing, primarily for the application of screen
printing, coatings, backings, and certain types of dyes (100). Foams can also be
used to clean textiles as the foam helps wet between the fibers thereby more
effectively spreading the detergent.

4.7. Cosmetics. Besides the esthetic appeal of foams, they have two pro-
perties that are exploited for cosmetic purposes. The first is their ability to retain
different substances and distribute them as required, while using a relatively
small quantity of fluid. An example of this application is the lather formed by
some shampoos, which effectively spreads the detergent by wetting the surfaces
of the hair, while avoiding excessive liquid that would otherwise fall off. The
second application is to spread a moisturizer or lubricant, while still providing
enough resiliency to hold the fluid in place. A prime example of this is shaving
cream, which provides both moisturization and lubrication for shaving.

4.8. Other. Because a foam consists of many small, trapped gas bubbles,
it can be very effective as a thermal insulator. Usually solid foams are used for
insulation purposes, but there are some instances where liquid foams also find
uses for insulation (see FOAMED PLASTICS; INSULATION, THERMAL). For example, it is
possible to apply and remove the insulation simply by forming or collapsing the
foam, providing additional control of the insulation process. Another novel use
that is being explored is the potential of absorbing much of the pressure produced
by an explosion. The energy in the shock wave is first partially absorbed by break-
ing the bubbles into very small droplets, and then further absorbed as the drop-
lets are evaporated (92).

Safety, Health, and Environment Foams play important roles in environ-
mental issues, both beneficial and detrimental.

4.9. Natural Waters. Many water systems have a natural tendency to
produce foam upon agitation. The presence of pollutants exacerbates this pro-
blem. This was particularly severe when detergents contained surfactants that
were resistant to biodegradation. Then, water near industrial sites or sewage dis-
posal plants could be covered with a blanket of stable, standing foam (94,101).
However, surfactant use has switched to biodegradable molecules, which has
greatly reduced the incidence of these problems.

4.10. Wastewater Treatment. The treatment of wastewater, either from
sewage or from industrial processes, typically entails a preliminary filtration to
remove the large volumes of solids, and then a slower settling to remove the
sand and gravel (see WATER, SOURCES AND QUALITY ISSUES). The water is then treated
by an activated sludge process to remove the remaining dissolved solids and
organic colloidal particles. Activated sludge is a biomass that assists in the degra-
dation of the organic waste in the water. The process entails a mixing and aera-
tion of the wastewater with the activated sludge, which can lead to problems of
foaming. The foams produced can be quite stable, resulting in additional pro-
blems for waste disposal. The foams produced in this process differ from those
normally encountered in that the foam producing and stabilizing agents are
microbial, primarily including Nocardia (102,103), Microthrix parvicella
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(104,105), and Rhodococcus (106,107). These foams are more difficult to treat
with defoaming agents. Moreover, it is very difficult to predict the degree of foam-
ability of the waste being treated (108). In other, more specialized wastewater
treatments, these problems do not arise, and defoaming agents can be used effec-
tively. For example, the wastewater remaining from the pulp used in the produc-
tion of paper (qv) contains dissolved soaps from fatty acids and abietes, which can
lead to foam problems. These can be controlled with mixtures of organic solvents
and nonionic surfactants (109) or with gaseous sulfur dioxide (99).

4.11. Chlorofluorocarbon Alternatives. There still is no completely
satisfactory propellant for use in the aerosol method of foam production (81).
Chlorofluorocarbons, still widely used, are harmful to atmospheric ozone and
low molecular weight hydrocarbons, now popular, eg, in producing shaving
cream, are explosive and promote the greenhouse effect. The difficulty is in creat-
ing a safe, stable liquid that can be readily emulsified and whose vapor pressure
at room temperature is roughly 200-300 kPa (2—3 atm).
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