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Phase-change is an essential and unavoidable process to obtain solid foam. We study experimentally the
solidification dynamics of a model aqueous foam in contact with a cold substrate. The substrate
temperature, the foam bubble radius and the liquid fraction are changed. We show that the freezing
dynamics always starts by following a self-similar square root of time diffusive dynamics. These early

Received 3rd March 2023, dynamics are then predicted as a function of the control parameters using a 1D diffusion model and by

Accepted 26th June 2023 treating our foam as a homogeneous fluid with equivalent thermophysical properties. In particular, we
build a new expression for the foam conductivity. Finally, experimental and theoretical results are

compared and interpreted. This study paves the way towards the understanding of the complex foam
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A solid foam consists of pockets of gas surrounded by solid thin
walls. For example, the sea sponge is an open-cell foam that
allows water to penetrate and retains it by capillary action. This
particular foam structure allows for impressive material proper-
ties: softness, lightweight, yet strength, as well as useful thermal
and acoustic insulation, and energy absorption capabilities.
Most polymeric foams are created by the formation of gas
bubbles in a melt or liquid system through nucleation, growth,
and expansion. These foams then solidify through a complex
physico-chemical process influenced by many variables control-
ling the final product. It is typically achieved through thermo-
setting of molten thermoplastic polymers that harden as the
foam expands or cools down.” In contrast, solid metal foam is
produced through a different process. A melt is foamed using a
blowing agent that releases gas, and the resulting liquid foam is
cooled at the precise moment before the liquid foam collapses.
This process freezes the unstable foam structure in a solid state,
resulting in solid metal foam.’> Low-density ceramic foams,
useful for their large surface area and high porosity, are also
obtained through a first-order phase transition. Indeed, a water—
ceramic particle-polymer mixture is foamed before being frozen
and freeze-dried to obtain a particle-matrix. The particle-matrix
is then sintered to make the ceramic foam. The formation of ice
crystals during the freezing process and the polymer concen-
tration have an influence on the final micro-structure of the
material.*” The freezing of a liquid foam is thus an essential and
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freezing dynamics at longer times, when the freezing is then coupled to water migration in the foam.

unavoidable process in the manufacture of solid, metal or
ceramic, foam. However, to our knowledge, foam solidification
dynamics have been the object of only very few studies.®’

In this paper, we propose to investigate the freezing of an
aqueous foam as a model foam solidification system. We begin
by describing the experimental setup and then analyze the
freezing dynamics of the foam by changing the temperature,
the bubble size and the liquid fraction. To predict the freezing
dynamics, we treat the foam as a homogeneous fluid with
equivalent thermophysical properties and propose a new expres-
sion for foam conductivity. Finally, we compare and interpret
the experimental and theoretical results.

1 Experimental setup

The experiment consists of freezing a liquid aqueous foam
contained in a tube and placed on a cold substrate, as shown in
the schematic of Fig. 1(a). The foams are made by mixing a 10 g
L~ " sodium dodecyl sulfate (SDS) solution and perfluorohexane
(CeF14) saturated air, using a cyclic diphasic flow through the
constriction made by two linked syringes.® As Fluorescein
fluoresces in the liquid and not in the solid, it is added in
the SDS solution with a concentration of 0.5 g L to help the
front visualization. The liquid fraction ¢;, defined as the
volume percentage of liquid in the foam, is selected a priori
by introducing the right amount of soapy solution and gas in
the syringes and precisely measured a posteriori by weighing a
controlled volume of foam. ¢; ranges from 3% to 27% in our
experiments. Foams dryer than 3% are not achievable by this
method. The liquid fraction is considered unaffected by gravity
as the Bond number, Bo = pgRH/y with p the liquid density, g
the gravity, y the surface tension, R the characteristic bubble
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(a) Schematic of the experiment. (b) Time sequence of a foam freezing experiment with liquid fraction ¢, = 13% and substrate temperature T, =

—30.2 °C. Freezing starts as soon as the foam is put into contact with the copper substrate at t = 0 s + 0.5 s. The liquid foam appears green due to the
fluorescein only fluorescing in the liquid phase. The frozen layer, appearing purple under UV light, undergoes fast growth in the first seconds before
slowing down. The resolution is about 2 pixels per bubble, which allows the visualization of the inhomogeneities at the bubble scale.

radius, and H the foam height, that compares the capillary
pressure at the bubble scale and the hydrostatic pressure on the
foam height, is smaller than 1 (around 0.1)."

The bubble size distribution is measured a posteriori, by
dispersing the foam at the surface of the soapy solution to
obtain a monolayer of bubbles and then measuring their
diameters using a microscope.’ With our 20 mL syringes the
bubble size distribution is reproducible and the average bubble
size is around R = 25 pm. The typical bubble size distribution is
shown in the ESI.{ By using C¢F4 saturated air, we ensured that
the foams do not undergo coarsening during the time of our
experiments. Indeed, the typical time needed to double the
average bubble size of such a foam is of a few hours, while the
freezing experiment is at most 15 minutes long. The average
bubble size measured initially is then not affected by coarsen-
ing during the freezing process. However, it can be increased
significantly by waiting at least 3 hours before freezing the
foam. This way, a few experiments are done with average
bubble size foam of R = 48 um and 86 pm.

Once produced and characterised, the foam is poured into a
cylindrical plastic tube with inner diameter 1.2 cm and height 4.8
cm. We observe that the foam sticks to the wall of the tube. The
tube wall is thin enough, down to 100 pum, to limit the vertical
heat flux through it. Moreover, the very low thermal conductivity
of the air allows us to neglect the heat flux in the air safely and to
consider the plastic tube as insulating. The tube filled with the
foam is then placed vertically on a copper surface (see Fig. 1(a))
cooled down using a refrigerated circulator (Julabo CORIO CD-
1000F). This enables the substrate to maintain a constant tem-
perature in the range —14 °C < Ty < —32 °C during the 15-
minute experiments. Temperatures down to —105 °C were also
achieved using liquid nitrogen to cool the substrate.

Finally, the freezing foam is observed under ultra-violet (UV)
light with a 200 mm macro lens mounted on a Nikon D800 with
a 52.5 mm long-extension tube. Measurements of the front
position are then made every 0.5 seconds. Typically obtained
images are presented in the time sequence of Fig. 1(b), where
the liquid foam appears bright green because of the fluorescent
dye, and the solid foam appears dark as the fluorescent
molecules are largely expelled from the growing ice."
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2 Experimental results

In this time sequence (Fig. 1(b)), a slab of foam of 10 mm right
above the cold substrate (Ts = —30.2 °C) is displayed as a
function of time. At ¢ = 0 the foam is entirely liquid, but very
rapidly the foam solidifies and we observe the dark solid foam
growing and decelerating with time. The height of the freezing
front, h(t), is then measured and plotted with black dots as a
function of time in the inset of Fig. 2(a). The qualitative
observation is confirmed, the freezing starts quickly and then
slows down with time. The main plot of Fig. 2(a) presents the
same experimental data in logarithmic scale. Two regimes are
observed: a first regime where the data aligns along a dashed
line of slope 1/2 meaning that the height of the frozen foam
grows following the square root of time, and then a slower
second regime after a few hundred seconds. The dashed line of
slope 1/2 fitting the experimental diffusive regime can be

expressed as h(f) = |/ Dgl't, where DEF is an effective diffusive

coefficient determined experimentally. The existence of these
two regimes of front propagation, starting with a diffusive
regime, is typical of systems where diffusion and convection
play a role with different time scales."""” In these experiments,
convection in the liquid foam might lead to a water supply at
the freezing front, impacting the diffusive growth after a certain
time. However, the mechanisms leading to water convection
are not clear at all. The appearance of this second regime is
then beyond the scope of this study focused on the quantitative
description of the first diffusive regime of freezing foam.
Therefore, the following panels on Fig. 2 present only the
results for this early-time regime.

In Fig. 2(b), the solidification dynamics in the first regime
for a foam, with the same liquid fraction ¢; ~ 16.5% and mean
bubble size R = 25 pm, is plotted for three different substrate
temperature: Ts= —39.9 °C, —69.8 °C and —96.0 °C. We notice
that the three curves have the same shape on a log-log scale
with a freezing dynamics following a square root of time. The
curves are ordered by temperature, with colder substrates
causing faster solidification of a given volume of foam: the
effective diffusive coefficient depends on the temperature and,
as expected, is larger for colder substrates. Fig. 2(c) presents the
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Fig. 2 (a) Height of the freezing front for T, = —30.2 °C, R = 25 um, and ¢, = 13%. The front position is measured every 0.5 second using a local threshold

method on the green channel of RGB images. The stark brightness difference between liquid and frozen foam gives a very small uncertainty for the
measurement. The grey zone represents the uncertainty of the automated measurements, estimated at 15 pixels on the original images, it is about
0.2 mm. The solid line is the result of the 1D model for pure water, and the dashed line is a 1/2 power-law fit of the experimental data. (b) h(t) measured for

¢ ~ 16.5% and R = 25 um for temperatures Tg = —39.9 °C, —69.8 °C and —96.0 °C. The solid line is the 1/2 slope. (c) h(t) measured for T;= —20 + 1 °C and
R &~ 25 um for ¢ = 12.7%, 18.9% and 26.9%. (d) h(t) measured for Ts = =30 + 1 °C and ¢, = 10 + 1% for 3 different radii R = 23 um + 10 um, 48 um £ 19 um,

and 86 um + 41 um.

solidification dynamics in logarithmic scale for foams with
three liquid fractions ¢, = 12.7%, 18.8%, and 26.9% but same
mean bubble size R ~ 25 um and same substrate temperature T =
—20 °C. The experiments always follow the square-root dynamics
but are shifted: the effective diffusive coefficient clearly depends on
the liquid fraction. From these curves it seems that the wetter the
foam (high liquid fractions, darker symbols) the faster the freezing
dynamics. Finally, Fig. 2(d) shows foams freezing with different
bubble size distributions (ESIt), with mean bubble sizes: R = 23
um, 48 pm and 86 pm, all other parameters being equal: ¢; ~ 10%
and Ts = —30 °C. At early times, we recover the square root of time
regime and all the curves are superimposed. Therefore, it seems
that the bubble radius does not influence the solidification
dynamics during the first regime.

In the following sections of the paper, we focus on building
a physical model that predicts the effective diffusion coefficient
D™ of a one dimensional foam freezing and compare it with
our experimental measurements. As observed experimentally in
Fig. 2, the diffusion coefficient has to vary with the substrate
temperature T and the liquid fraction in the foam ¢; but not
with the average bubble size R.

3 Predicting the freezing dynamics
3.1 Stefan model

The freezing front propagation dynamics for a one-dimensional
liquid system is known as the Stefan problem."® The growth of
the solid layer follows the classical diffusive dynamics:
h(t) = \/Dert, where Dg is an effective diffusion coefficient that
depends on the temperatures at the boundaries and the thermal
properties of the two phases.'* When a layer of ice rests between
a semi-infinite solid substrate and semi-infinite water, a variant
of the Stefan problem exists.">™®

To find it, the 1-D heat equations in the substrate, in the ice
and in the water are considered:

or ., 0T
(PCo)igy = Mgr

with the subscript k being b for the substrate at the bottom (z <
0), s for the solid ice (0 < z < A(t)), and [ for the liquid water
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(h(t) < 2). p, Cp, and A are respectively the density, heat capacity
and heat conductivity of the considered material. Moreover, the
discontinuity of heat fluxes due to latent heat at the ice-water
interface writes:

an_, ot
dr 7oz

- A/g(}f’)

psZL oz

()
with . the latent heat of solidification of the water; which is
combined with the continuity of temperature and heat fluxes at
the ice-substrate interface. This way an implicit relationship
between D.g, the substrate temperature Ty, and the thermal
parameters of the water, the ice, and the substrate is
obtained.’®™® This equation can be solved numerically to
obtain D.g. It was computed for the experimental configuration
of Fig. 1 and the resulting dynamics for the ice front propaga-
tion is plotted as a solid line in Fig. 2(a). This prediction of
freezing dynamics for water lies above the fit of the experi-
mental freezing dynamics for foam in the diffusive regime
(dashed line): the freezing front propagates much faster in
water than in our foam. Experimental freezing of the soapy
water shows no difference with freezing of distilled water, so
the difference observed between the freezing of a foam and of
water lies in the physical characteristics of the foam. Fig. 2(b)
confirms this difference as D¢ff appears to be dependent on the
foam liquid fraction ¢;. Therefore, to predict the freezing
dynamics of a foam, this model should be modified so that
the geometrical configuration (randomly oriented Plateau bor-
ders, vertices, soap films) and the physical properties of the
phases (liquid and encapsulated gas) are taken into account.

3.2 Foam conductivity

We will consider the foam as a homogeneous fluid with
effective thermo-physical properties and in particular, an effec-
tive thermal conductivity. This treatment is classical and has
been used in many other examples of heat conduction through
heterogeneous media.'>?° The problem of heat conduction in
heterogeneous materials is mathematically analogous to the
problem of electrical conductivity in such materials.>' Maxwell
was the first to give analytical expressions for the effective
conductivity of an heterogeneous medium in his famous work
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on electricity and magnetism.”> He considered the problem of
dilute dispersion of spherical inclusions, namely the very-wet
limit. In the case of air bubbles in water the expression for the
effective conductivity reduces to 2¢4/(3 — ¢y), with 4; the con-
ductivity of water. Naturally, the other limit is a very-dry foam,
where bubbles are tightly compressed in a small volume of liquid
and form a network of randomly oriented Plateau borders at
which three soap films meet. In this limit, the effective conduc-
tivity of the foam is given by Lemlichs expression®: ¢4/3.

The foams considered here have intermediate liquid
fractions and thus their conductivities lie between these two
limits. We propose to build an expression that accounts for the
foam structure evolution between the very-dry and very-wet
limits. In a very-dry foam, ¢, — 0, the water is mainly along
the length of the Plateau borders and not in the vertices (where
Plateau borders meet in fours), forming mostly 1D structures.
Then when ¢, increases to reach the very-wet limit, ¢; - ¢\ =
0.33, the foam becomes a suspension of spheres and Plateau
borders no longer exist, the water is in what would be the
vertices: 3D liquid structures between 4 bubbles. Note that the
films are considered to contain a negligible amount of water,
not contributing significantly to the conductivity. In the aim of
expressing the conductivity of the liquid matrix of the foam, we
propose to weight the Lemlich’s expression by the proportion of
liquid in Plateau borders and to add Maxwell’s expression
weighted by its complement, the proportion of vertices. Lacking
an exact expression for the proportion of Plateau borders
relative to vertices, we will take 1 — ¢/¢). as the proportion
of Plateau borders. This function of ¢, goes to 1 when the foam
is dry and the liquid is within the straight segments of the
Plateau borders, and goes to 0 at ¢, = ¢, when the bubbles are
at close packing and surrounded only by vertices. The proposed
expression of the conductivity of the liquid matrix is thus:

Amatrix = %@5/11(1 — ¢/ i) + ﬁ@b/i@//d’/c @)

This new theoretical expression of the conductivity of the foam can
be compared to experimental data on electric conductivities. Fig. 3
shows measurements of the electrical conductivity of foams for
liquid fractions between 1 and 30%. These data are realised or
extracted from the literature by Feitosa et al.** The dashed line
represents a one-parameter best-fit to the data, proposed by the
authors, that describes all the data well and, in particular, works
better than the previous ones™ for the intermediate liquid frac-
tions. This convenient fit is a rational function formed by the ratio of
second-order polynomials. The model proposed here (eqn (1)) is
plotted as a black solid line and shows an excellent agreement with
the experimental values. Therefore this new model works well, has
no adjustable parameter and is built using physical arguments.

The net heat transfer in a foam is the superposition of
the conduction and the radiation considered separately.”® The
thermal conductivity of a foam can thus be expressed as the
sum of these different contributions: the conduction through
the foam matrix (solid or liquid) which is analogous to the
electrical conduction and therefore given by the eqn (1), and
the two contributions that take place inside the bubbles,
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Fig. 3 Electrical conductivity of the foam relative to the conductivity of
the liquid, as a function of the liquid fraction (experimental data from ref.
24). The dashed line is a fit of the data proposed in ref. 24. The solid line
shows our prediction based on egn (1).

namely the conduction through air and the radiation. For the
thermal conductivity of the gas phase, we will simply weight the
conductivity of air 4,;; by the amount of air, 1 — ¢), neglecting the
contribution of the films. As we use relatively wet foams (>5%)
with small bubbles (~100 pm), radiation can be neglected.?®*¢

Finally, we end up with the following expression for the
thermal conductivity of foam:

)“kfam = (1 = ¢)air + %‘/’1)4,5(1 = o1/ bre)

2

+ 3_—¢)l</)1/11,sd)1/¢10 (2)
with 1 and s that stand respectively for water and ice. In this
expression, we observe that neither the average bubble size
distribution, nor the interfacial properties play a role.

3.3 Related Stefan problem

The Stefan problem can now be solved as described previously,
considering the foam as an effective medium, with conductivity
s defined by eqn (2). We assume in the following that the
foam solidifies keeping the same porosity 1 — ¢), and only that
the conductivity of water is changed to the one of ice after foam
freezes. The Stefan condition describing phase change in our
case is now written as:

dn

orT,, _ oT
¢/ps"(fa = Afoamg(h ) -

)”foamg(}ﬁ) (3)

The resolution of this Stefan problem for given values of liquid
foam and substrate temperatures gives the prediction of the
freezing front propagation dynamics in the foam h(t) = /D¢
(see ESIf for details).

The experimental value of D&Y is plotted as a function of the
theoretical prediction D in Fig. 4 for substrate temperatures
ranging from —14 °C to —105 °C, liquid fractions between 3%

and 27% and mean bubble radii between 18 um and 30 um.
The solid line represents DZP = D% This plot shows the good
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Fig. 4 Experimental measurement of D.g, plotted against the predicted
value of Dgg for experiments with radii between 18 um and 30 um for
temperatures ranging from —14 °C to —105 °C. The measurement of this
effective diffusion coefficient is obtained by fitting a square root to the first
100 s of our experimental measurement h(t). Inset: Experimental measure-
ment of Dei for experiments done at —20 and —30 for varying liquid
fractions. The blue and red regions represent the predicted value of Deg at
—20+1°Cand -30 +1°C.

agreement between our model and the solidification behaviour
of the foam during the first hundred seconds of the experiment
that defines the diffusion regime of foam solidification.

The inset of Fig. 4 presents the variation of the effective
diffusion coefficient with liquid fraction. Two series of experi-
ments at T, = —20 £ 1 °C and —30 £ 1 °C are plotted for liquid
fractions varying between 3% and 28%. The experimental mea-
surements are plotted with dots and theoretical prediction with
two thick lines corresponding to the two substrate temperatures.
As the experiments are realized at temperatures that can be
slightly different in the given range, the prediction is given in
the same range represented by the thickness of the two lines. As
expected, the comparison between experimental measurements
and theoretical prediction is satisfying. For liquid fraction higher
than ¢, ~ 7-8%, the wetter the foam, the faster it freezes. This is
what was observed in Fig. 2(c), or in Fig. 2(a) where the freezing
is observed faster in a liquid column than in a foam, and is
explained by a better conduction of heat in ice than in water.

However, counter-intuitively we predict that the curve is
non-monotonic and dry foams (¢ < 5%) freeze faster than
wetter ones. Indeed, the thermal conductivity of the foam does
not tend to zero when the liquid fraction tends to zero.
Consequently, the heat exchanged through the gas phase is
small but significant compared to the very small amount of
water to freeze. This non-monotonic variation of the effective
diffusion coefficient with liquid fraction is predicted theoreti-
cally and our experimental data tends to confirm it.

4 Conclusion and perspective

In this study, it is shown that the freezing of an aqueous foam
starts by following a self-similar square root of time-diffusive

This journal is © The Royal Society of Chemistry 2023
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dynamics. A new model for the foam conductivity, physical,
taking into account the foam structure, and without adjustable
parameters is proposed. A good agreement is found between
experimental measurements and theoretical prediction for the
front propagation dynamics, highlighting the key role of the
liquid fraction in the freezing dynamics. In the experiment, we
show that after about a hundred seconds the freezing foam
leaves its diffusive regime and the freezing slows down. In the
model, it is assumed that the foam porosity (1 — ¢;) stays
constant when it freezes. Most probably, the freezing dynamics
loses its diffusive character when this strong assumption is
broken and the porosity starts to change while the foam freezes.
The understanding of mechanisms at the origin of this mod-
ification of the foam structure when it solidifies and the
characterization and prediction of the evolution of the foam
porosity constitute interesting leads for future research.
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