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Abstract

Various parameters affect the foam stability: surface and bulk rheology of the solution, gravitational drainage,
mechanical vibrations, bubble gas composition, and also evaporation. Evaporation is often considered through the
prism of a liquid loss, but it also induces a cooling effect due to the enthalpy of vaporization. In this study, we
combine a theoretical and experimental approach to explore the temperature field in a foam column evaporating
from the top. We show that a measurable temperature profile exists in this geometry with temperatures at the
interface lower than the environmental temperature by few degrees. We demonstrate that the temperature profile is
the result of a balance between the enthalpy of vaporization and heat fluxes originating from the thermal conduction
of foam and air and the thermal radiation. For small foam thicknesses compared to the radius, we found that the
temperature gradient is established over the foam thickness while for large aspect ratios, the gradient is spanning

over a lengthscale comparable to the tube radius.

1 Introduction

Foam stability [I] is one of the crucial parameter for suc-
cessful applications [2]. In such an assembly of bub-
bly, the liquid tend to flow downward due to gravity
(drainage) [3], the small bubbles tend to empty in the
bigger ones (coarsening) [4, 5], neighboring bubbles tend
to merge (coalescence) [6], and liquid evaporation affects
the foam wetness. These different mechanisms at the
origin of foam aging are either entangled, coarsening and
drainage for example, or poorly understood like coales-
cence or evaporation, which has been mainly ignored in
the literature. To build an empirical knowledge, system-
atic experimental tests have been developed to compare
chemical formulations in various physical and chemical
conditions (pH, temperature, etc.). A common approach
is to use foam columns and measure the temporal evolu-
tion of the foam height [7], [8]. For instance, some com-
mercial instruments rely on the Bikerman test measuring
the equilibrium height in presence of a given bubbling
velocity [9] or on the Ross-Milles test based on the time
evolution of the height of a foam generated beforehand
[10].

Most of the time, these tests are performed in closed
atmosphere. However, in ambient conditions, the liquid
evaporation plays also a role on the stability of soap films.
This aspect has recently received particular attention on
soap films, based on the consideration that evaporation
induces thinning of films [111, 12} I3]. On foams, the effect
of evaporation has also been noticed by several authors
|14l [15) 16, 17]. Li et al. suggested that the film thinning

comes with an increase of the surfactant concentration
where evaporation takes place [I8]. Such concentration
gradient leads to a Marangoni flow increasing further the
film thinning rate, and thus promoting the film bursting.
The opposite effect, i.e. a stability enhanced by evap-
oration due to Marangoni effects has been obtained by
Chandran Suja et al. on oil-based systems [I9]. As a
result, laboratory tests performed with sealed contain-
ers may not reflect the same behavior as in the practical
conditions of usage. Therefore, the effect of evaporation
on foams must be carefully considered.

More recently, we have evidenced that the tempera-
ture of a soap film is not always equal to the ambient
temperature due to evaporation [20]. The cooling effect
appears to be significant, up to 8 °C, for a film of 12 mm
of diameter and a relative humidity of about 20 %. To
the best of our knowledge, the cooling effect induced by
evaporation is overlooked in foams, which may have im-
portant consequences to better understand and predict
their stability.

In this paper, we propose to investigate experimentally
and theoretically the cooling induced by the evaporation
of a foam column. We measure the temperature profile
in foams of different aspect ratios. Then, we rationalize
these measurements by predicting the steady-state tem-
perature of the foam-air interface and the resulting tem-
perature profile in the foam column. Finally, we discuss
the predictions offered by the model and we compare the
predicted temperature profiles to our measurements.
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Figure 1: Foam column of height Ls and radius R evapo-
rating at the rim, z = 0, in the atmosphere characterized
by the vapor concentration c., at the temperature To,.

2 Experimental procedure and ob-
servations

Figure[I]is a schematic of the experiment. The column of
foam is made in a cylindrical tube of radius R = 17 mm
and of 20 cm total height. Tubes are in PMMA (Abaque-
plast) with a wall thickness of 3 mm. A soap solution pre-
pared by mixing a commercial dish washing soap (Fairy)
at 10 %wt with pure water (resistivity = 18.2 M{Q-cm), is
poured in the tube such that the liquid interface reaches
a distance L¢ > 0 to the rim. The surface tension of the
liquid is v = 25.4+0.1 mN/m. The foam is produced by
bubbling air with a pressure generator (OF1, Elveflow,
France) through a 32G blunt needle in the soap solu-
tion [21]. This method produces a monodisperse foam
with a bubble diameter of 2b = 2 mm; the bubble size is
determined by image analysis of the rising bubbles [22].
The choice of a monodisperse foam is motivated by the
limited coarsening process [23] and to the seek of a ho-
mogeneous, easy to reproduce material. As illustrated
in figure [I} the foam is generated up to the rim and is
placed in an environment controlled in relative humidity
at Ry = 50 % [24]. The environmental temperature is
measured for each experiment and is T, =21 +1 °C.
The temperature is measured by a thermocouple probe
(type K, NiAl-NiCr, diameter 0.2 mm, RS PRO) con-
nected to a digital thermometer (RS PRO 1314). The
probe is directly plunged in the foam. The position of
the probe is controlled by a motorized translation stage

(LTS150, Thorlabs) and the temperature is recorded
once stabilized at each position. Temperatures are mea-
sured with a typical uncertainty of +0.1 °C and the po-
sitions with a typical uncertainty of 1 mm. The relative
humidity is measured with a HIH-4021-003 sensor from
Honeywell, USA.

Typical measurements are presented in figure 2] where
we calculate the difference of temperature between the
thermocouple at a given position T(z) and the ambi-
ent temperature T,, measured with the same instrument.
We show two temperature profiles for foam thicknesses
smaller and larger than the tube radius, i.e. Ly/R = 0.6
and L¢/R = 3.9 respectively. Within the duration of the
experiments (typically 10 minutes), we have not noticed
a significant foam aging or bubble bursting that would
have changed the typical thickness of the foam layer or
the bubble size.

The temperatures of the foam/atmosphere interface
are nearly equal in both situations, to the resolution
of the temperature measurements and the determina-
tion of the position of the interface (+ 1 mm). This
surface temperature is 2.5 °C lower than the environ-
mental temperature for both foam heights. However,
the characteristic lengthscale of the temperature varia-
tion differs with the foam height. For an aspect ratio
L¢/R ~ 0.6, the temperature nearly reaches the ambient
temperature at the foam-liquid interface, which results
in a sharp temperature increases with the penetration
in the foam. In contrast, for the thicker foam with an
aspect ratio Lg/R ~ 3.9, the temperature variation is
smoother and the ambient temperature is reached ahead
of the liquid-foam interface.

Additionally, we checked by weighing samples in iden-
tical conditions that the soap solution evaporates at the
same rate as pure water, indicating that the solutes do
not alter significantly the chemical potential of the solu-
tion [20].

In the next section, we aim at predicting the tempera-
ture profile in the foam, which includes the determination
of the temperature of the interface due to evaporation.

3 Model

3.1 Evaporative flux

The atmosphere is characterized by its temperature
Ts and it relative humidity Ry, which is defined as
Doo/Dsat (Too) Where po, is the partial vapor pressure at
Too and peat (T ), the saturated vapor pressure of wa-
ter. The temperature variation of the saturated va-
por pressure is well described by the Antoine equation
Peat(T) = p° 104 B/(C+T) where p° = 10° Pa and the co-
efficients where A = 5.3414+0.003 K, B = 1807.5+1.6 K,
and C' = —33.94 0.1 K are fitted with data from [25].
In a steady state regime, assuming diffusive transfers
between the foam and the atmosphere, the vapor concen-
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Figure 2: Measurement of the temperature profile for
two foam thicknesses at a relative humidity Ry = 48 %.
These thicknesses are materialized by vertical dashed
lines at —z = Ly = 11 and 66 mm. The column ra-
dius is 17 mm, such that the ratios L/ R are 0.6 and 3.9,
respectively.

tration field is the solution of the Laplace equation. The
total evaporative flux Qe of a circular disk of radius R
is proportional to the difference of vapor concentrations
Ac* between the environment at a temperature T, and
above the interface at a temperature 7j. This evaporative
flux writes

Qev = 4DRAC, (1)

where D is the diffusion coefficient of vapor in air [26} 27].

The difference of vapor concentrations Ac* = co —
¢sat(T3) can be related to the difference of vapor pres-
sures. Denoting P the atmospheric pressure, p,; the
air density, M, and M,;, the molar weight of the lig-
uid and air respectively, we have Ac* ~ %%’* with
AP* = Poo — Dsat (1—‘1)

Due to the enthalpy of vaporization, the temperature
of the interface T is lower than the ambient tempera-
ture. Thus, the interface receives a heat flux from the
environment. Three contributions can be identified: by
conduction from the surrounding atmosphere, by con-
duction from the foam, and also by radiation. In the
following paragraphs, we model these heat transfers.

3.2 Heat fluxes

Heat flux from the atmosphere Similarly to the
vapor concentration field, the temperature field is the
solution of a Laplace equation with 7} at the interface and
Two far from it. Thus, the heat flux from the atmosphere
is

Qn1 = 4\ RAT™, (2)

where Ay = 0.025 W-K~!-m~! is the thermal conduc-
tivity of air and AT* = T, — T} is the temperature dif-
ference. Next, to determine the heat flux from the foam,
we must comment its thermal conductivity.
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Figure 3: The main plot shows the thermal conductiv-
ity of the foam as the function of the altitude, computed
from equation [3} As an indication, the thermal conduc-
tivity values of water and air are also represented. In the
inset, the liquid fraction is plotted as a function of the
vertical position from equation[d] Computations are per-
formed for a bubble radius b = 1 mm and ¢, = 1.6 mm.
As an indication, at Ly + z = 25 mm, A¢/Aa; = 1.04.

Thermal conductivity of foams The foam is sup-
posed to be a continuous medium, which is valid if the
lengthscale of the heterogeneities is much smaller than
the size of the material, i.e. for b < {R, Ls}. The foam
and the soap solution are characterized by their thermal
conductivity, A\ and Ay, respectively. Leach proposed a
model combining series and parallel contributions to the
thermal conductivity [28]. At the first leading order in
©, the liquid fraction, the thermal conductivity of foam
can be estimated as

M= A + e, 3)
with Ay = 0.61 W-K~!1.-m~!.

The liquid fraction of the foam results from the balance
between gravity and capillary suction, which implies that
the liquid fraction decreases with the altitude. The liquid
fraction profile p(z) is obtained by solving the drainage
equation in a stationary regime (See Eq. (3.89) in [29]),
which gives

wome(fe (1)) o

where ¢, = 0.26 is the fraction of gaps in a close-packing
of hard spheres and ¢ = £2/b?62 with the capillary length
L. = +/v/pg and a geometric constant § = 1.73.
Equation [4] is plotted in the inset of figure [3] for a
bubble radius b = 1 mm. A wet region located near
the liquid-foam interface spans over a few bubble layers
where a sharp decrease of the liquid fraction occurs, fol-
lowed by a smoother decrease with the altitude [29] 30].
From the liquid fraction profile, we plot in figure [3] the




thermal conductivity as a function of the altitude z with
equation Again, we notice a sharp variation of Af over
the first few layers of bubbles and the thermal conduc-
tivity converges quickly to the air conductivity.

In the following, we consider that the thermal conduc-
tivity of the foam is independent of the vertical position
z and we take A¢ ~ A,i,. This approximation allows to
perform analytical calculations that will facilitate the in-
terpretation of the predictions made by the model. After
a comparison of the predictions with experimental mea-
surements, we will comment further this approximation
in the discussion.

Heat flux from the foam column We propose to
describe the temperature field in the center of the foam
T(z). The environment is at a temperature To,. Due
to the small thickness of the tube wall compared to the
tube radius and the larger thermal conductivity of the
wall compared to the foam, the temperature variation
in the tube wall is neglected. Thus, the temperature
profile T'(z) at the center of the column results of the heat
transfers from the column periphery, at T, the interface
at Ti, and the liquid, which is far from the liquid-foam
interface at T'(z = —00) = Teo.

A heat flux balance on a slice between z and z + dz
yields the differential equation

2T 2

@ + ﬁ(Too _T(Z)) =0.

()
This equation is valid both in the foam, which lies from
z =0 to z = —L¢, and in the liquid from z = —L¢ to
z — —o0. The boundary conditions associated with the
differential equation [| are

T(0) =T, (6a)
T(z = —0) = T, (6b)
T(-L;) =T (-L{). (6c)

At i—f i, =N i—f L ) (6d)

where equations [6a] and [6b] are the temperature condi-
tions at the interface and in the liquid far from the foam,
respectively; equation [6c| corresponds to the temperature
continuity at the liquid-foam interface, and [6d]is the con-
tinuity of the thermal flux at the liquid-foam interface.

The solution of equation[5]is expressed in the foam and
the liquid respectively, and reads

Tie(z) =Too — AT™ [a“e—\/iz/R B 5“6\/52/3 @

where the coefficients af, B¢, oy, B¢ are determined with
the boundary conditions @a—d. Let us denote kT =
exp(£v2L¢/R) and A = \¢/As. Then, we have
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Figure 4: The effective thermal conductivity Aeg as de-
fined in equation [10]is plotted as a function of the foam
aspect ratio L¢/R in orange. The dashed black line is
the limit for large aspect ratio )\gfrf" = 4air + TV 2

Qy = O, (8&)
kEt kT
B£:k+5f(1+k>7 (8b)
ar =1+ By, (SC)
+
B = ET(1+A) (8q)

E=(1—A)—k+(1+A)

The heat flux from the bulk of the foam to the interface
is Qna = —TR?\¢ Z- ?T‘ o Combined with equation
[7, we obtain .

Qna = —mV2RX¢ (1 + 25;) AT™. (9)

It is convenient to define the total heat flux by conduction
Qn = Qu1 + Qne, which can be written in the form

Qn = At RAT™, (10)

with an effective thermal conductivity Aeg = 4Aair —
7v/2 (1 + 283¢) As. This effective thermal conductivity de-
pends on foam aspect ratio L¢/ R through the coefficient
B as shown in figure[d] In the limit of large aspect ratios,
we have ¢ — —1. Thus, the effective thermal conduc-
tivity becomes independent of the aspect ratio and the
value is )\leigl = 4 + ™V2)\s. Both terms in the expres-
sion of Aeg are of the same order of magnitude, which
reflects the significance of both Q1 and Q2 in the heat
exchange with the interface.

Radiative flux Radiation is known to be significant to
estimate the cooling effect when the characteristic size
of the evaporating surface is typically larger than sev-
eral millimeters [31, [20]. We describe the radiative flux
bringing heat to the surface by the Stefan-Boltzmann
equation

Qrad = WRzGU(Téo - ,1—'14)7 (11)



where € is the emissivity and o the Stefan-Boltzmann
constant. Below, we will comment the significance of
this radiative flux with respect to the conductive heat
flux Q.

Now that we determined the temperature profile in the
column and the heat transfers, the temperature of the in-
terface T; remains to be calculated to close the problem.
In the next paragraph, we derive this temperature from
the balance between the energy absorbed by the evapo-
ration and the heat transfers.

3.3 Energy balance

In a steady state regime, the energy balance writes

_ Qrad
herev - Qh (1 + Qh ) y

where h,, is the enthalpy of vaporization. For small tem-
perature differences, i.e. |T} — Teo|/Too < 1, the ratio of
radiative and conductive fluxes can be simplified as

Qrad _
Qn

Considering large foam aspect ratios, the radiative flux
appears to be as significant as the conductive flux for
a critical radius R. = A/(4recT2). At 21 °C, we
find R. ~ 7 mm, which indicates that Q,.q cannot be
neglected in our experiments.

From equation with equations and we
relate the difference of vapor pressures Ap* to the tem-
perature difference AT* that reads

(12)

mReo(TL — T) N 4 Rea T3,

it (T —T1) ot (13)

Ap* = —PAAT™, (14)

where A is the so-called psychrometer coefficient, which
is for this system,

Mair

Aeﬁ
= 1
A ,DairME 4hevD (

4 T3
mRec Oo) - (15)

)\eff

We can remark that Ap* depends on the temperature
of the interface T}, which is necessary to take into account
the variation of the evaporative flux with the tempera-
ture of the interface. The temperature dependence of
Ap* being non-linear due to Antoine equation, the inter-
facial temperature 7; cannot be determined analytically
from equation

As a consequence, for a given column radius R, am-
bient temperature T, and relative humidity Ry =
(Psat (T3) — Ap*) /Dsat (To), We seek numerically for the
temperature T} from equation [I4] with the Antoine equa-
tion by using a Newton procedure [32]. Next, the tem-
perature profile is computed with equations [7] and

From equation it is worth noting that the psy-
chrometer coefficient depends on lengthscales through (a)
Aeff, which depends itself of Lg/R for small aspect ratios,
and (b) directly of the tube radius R due to the ratio

Qraa/@Qn (Eq. . Thus, the psychrometer coefficient is
a function of (R, Ly/R). Therefore, the temperature of
the interface cannot be rescaled neither by the radius R,
nor by the aspect ratio L¢/R, and so the temperature
profiles.

In the next section, we discuss the results of this model,
and we compare the predictions to experiments.

4 Discussion

Before comparing the predictions to the experiments, we
start by analyzing the influence of the model parameters
on the temperature of the interface. In figure [5a), we
plot the cooling effect as a function of the foam column
radius for different values of the relative humidity and a
constant foam aspect ratio.

Evaporation and thus the cooling effect being driven by
the relative humidity, a dry atmosphere leads to a lower
temperature of the interface. This statement is a di-
rect consequence of the psychrometric equation (Eq. .
In addition, the increase of the foam column radius re-
duces the cooling effect. Indeed, in figure (a), the ratio
Qrad/Qn increases linearly with the radius (Eq. such
that wider columns receive a more important contribu-
tion of the radiative transfer, which hinders the cooling
effect.

The foam aspect ratio also has an effect on the tem-
perature of the interface. In figure [f[b), we plot the
temperature difference as a function of the radius for
aspect ratio smaller and larger than unity. For small as-
pect ratios, typically Ls/R < 1, the temperature of the
interface decreases with the foam thickness at a given ra-
dius. This observation is directly linked to the increased
effective thermal conductivity Aeg observed in figure [4
Schematically, a small foam thickness reduces the insu-
lation of the foam-vapor interface with the underlying
liquid, which has a significantly larger thermal conduc-
tivity than air. Thus, increasing the aspect ratio beyond
unity has a little effect on the interface temperature, as
the temperature profile becomes dominated by the heat
flux from the wall of the container.

Now that the effects of the relative humidity and the
size of the tube are clarified, we can focus on the temper-
ature profile in the foam for different aspect ratios. In
figure [6] we show the experimental measurements pre-
sented in figure 2] with additional foam heights. We also
plot the temperature profiles given by equation [7] with-
out any fitting parameter. We observe that the model
is in excellent agreement with the measurements, within
the experimental uncertainties.

The temperature profiles presented in figure [g] clearly
illustrate the insulating properties of foam, especially for
small aspect ratios where a neat rupture in the profile is
observed at the liquid-foam interface. In this case, the
lengthscale associated with the temperature gradient is
the foam thickness. Also, for larger aspect ratios, the
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Figure 5: Theoretical prediction of the cooling effect on
the interface as a function of the foam column radius.
(a) Effect of the relative humidity for L¢/R = 3. (b)
Influence of the foam height with respect to the foam
radius. The ambient temperature is set at T, = 20 °C
and Ry = 50 %.
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Figure 6: Comparison between the measurement of the
temperature profile for various foam thicknesses with the
prediction given by equation[7] The experiments are per-
formed in a column of radius R = 17 mm at a relative
humidity Rg = 0.48. The vertical dashed lines corre-
spond to the positions of the liquid/foam interface L.

profiles tend to collapse on a single curve. Again, this
collapse indicates that the temperature is mainly the re-
sults of the radial heat flux over the vertical flux. Thus,
for large foam aspect ratios, the characteristic lengthscale
of the temperature gradient is the tube radius.

Finally, we come back to the approximation we made
on the thermal conductivity of the liquid foam. The as-
sumption of a uniform thermal conductivity to describe
the temperature profile in the foam columns is well val-
idated by the experiments as shown in figure [6] Indeed,
we expect that this approximation is less satisfactory
when the temperature gradient, and thus the heat flux,
at the liquid-foam interface becomes significant, which is
the case for thin foam layers. Temperatures of thinner
foam layers must deviate from the present model, but
this is difficult to render with our experimental protocol
as the foam thickness will be composed of only a few
bubble layers, conflicting with our continuum approach.

5 Conclusions

In this work, we have investigated experimentally and
theoretically the temperature profile that is established
in a foam column evaporating from the top. Experi-
mentally, we observed that a temperature profile is per-
fectly measurable with temperature differences between
the interface and the ambient temperature of few degrees.
Considering the foam aspect ratio as the ratio between
the foam thickness and the tube radius, we found for
thin foams, the lengthscale of the temperature gradient
is set by the foam thickness. Conversely, for large aspect
ratios, the lengthscale is the tube radius.

We successfully modeled the temperature profile in the
column with an analytical expression by considering, in
a 1D approximation, a heat flux balance between the ra-
dial and the axial directions, assuming a constant ther-
mal conductivity in the foam layer. The temperature
of the interface results from an energy balance between
the energy associated with the enthalpy of vaporization
and the thermal flux from the environment. The latter
originates from three contributions: the heat conduction
by the foam and by the surrounding air, as well as the
radiative flux. The good comparison of our theoretical
predictions with our experiments validates the aforemen-
tioned approximations.

Further studies will be necessary to evaluate how the
temperature gradient combined with the evaporation
plays a role on the foam stability. The foam drying due to
evaporation promotes bubble bursting [33], while the role
of thermal gradients is more subtle. For instance, evap-
oration can increase the concentration of non-volatile
compounds, increasing also the bubble stability [34]. a
Marangoni flow in surface bubbles placed in a cool atmo-
sphere has been found to enhance the stability by thick-
ening the soap film [35], which remains an open question
on foams.
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Evaporation-induced temperature gradient in a foam column
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Liquid fraction profile in a stationary regime

Let us consider a monodisperse foam in contact with the soap solution. The bubble radius is denoted R and
the foam is made with a liquid of density p, viscosity 7, and surface tension v. We denote the capillary length
be =/7/pg-

For the sake of simplicity, we choose in this calculation, the origin of the z coordinate at the liquid-foam
interface, z being positive in the foam. The liquid fraction ¢(z,t) has a value ¢(0,t) = ¢, at this liquid-foam
interface.

The continuity equation of the liquid phase reads

dp  Oup

a + Ep =0, (Sl)

where u(z,t) is the local velocity of the liquid in the foam along the vertical direction.

Darcy’s law The liquid flux, defined as u,, = u p, can be expressed by Darcy’s law:

_alp) [y 92
um ==, <pg+6R 5 ) (S2)

where the first term on the rhs accounts for the gravity and the second term is the gradient of capillary
pressure. The function a(yp) is the foam permeability and § = 1.73 is a geometric constant (See [1], p. 124) .

Assuming that the liquid flow occurs mainly in the Plateau-borders, the permeability can be written as
(See [1], p. 124)

a(p) = prRQ 2 (S3)

with £ ~ 0.16 a geometrical coefficient and K, the permeability coefficient. For large Boussinesq numbers,
i.e. immobile interfaces, K, = 0.02 [1].

Dimensionless differential equation and boundary condition We define the dimensionless quantities
t, p and % as

2
L S L N (S4)
t VAPIRE,
__p L7
S0_¢7 SO_R2527 (85)
s = g 2=, (S6)
Combining equations S1 and S2, we obtain (See Eq. (3.89) in [1])
0p 0 (o 1. 1509
oi 0z <‘p T3¥ ez ) (57)

At Z =0, we have ¢(0,t) = ¢. = WCEE/R262'
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Figure S1: Comparison of the solution proposed by Maestro et al. [2| and equation S9.

Stationary solution In a stationary regime, no net liquid flux occurs in the foam, i.e. u,, = 0. This can

be justified by considering eq. S1 for 9p/dt = 0. Then, it comes that udp/0z + pdu/0z = 0. The liquid flow

being incompressible, Ou/dz = 0. For non-zero liquid fraction gradients, we obtain the condition u,, = 0.
In a dimensionless form, this condition can be rewritten

a9

= =—25"%, (S8)

which can be integrated with the condition ¢(Z = 0) = @, as
-2
o= (z+81) . (S9)

Comparison with the literature Maestro et al. proposed a prediction of the liquid fraction of a foam
column, which has been successfully validated experimentally [2]. This prediction, presented in an inverted

form Z(yp) is
-0 s F) o (BAE) o

with a numerical prefactor k = 7.3.
In figure S1, we show that equation S9 compares well with equation S10. In our work, we used equation
S9 for its simplicity.
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