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Expansion of a Foam Due to Absorption of an Outside Gas
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dAn

dt
Å n(n 0 6), [3]The absorption of air by a liquid foam was studied experimen-

tally at various temperatures between 8 and 557C. It causes expan-
sion of the foam and a gradient in cell size. The rate of expansion

where n is a constant, independent of n . This equation as-remains approximately constant following an initial transient. A
theoretical analysis of the phenomenon is presented which assumes sumes that the volume of gas is proportional to the number
that the permeability of the liquid films to air is inversely propor- of moles (i.e., it neglects the compressibility of the gas) ,
tional to their thickness and exponentially dependent on tempera- which is a reasonable assumption since the pressure differ-
ture. It is then possible to obtain experimental values of the perme- ence between cells is usually much smaller than the average
ability and of the activation energy for permeation which is Ç85 pressure. The constant n is related to the permeability j
kJ mol01 . This is considerably larger than the activation energy through (e.g., (1))
for diffusion of air in pure water. q 1995 Academic Press, Inc.

Key Words: liquid foams; foam expansion; liquid film permeabil-
ity; diffusion in foams.

n Å p
3

VMgj, [4]

1. INTRODUCTION where VM is the molar volume of the gas. Von Neumann’s
law leads to a parabolic coarsening kinetics, with the average

The slow aging of a liquid foam occurs by diffusion of cell area, a
V
, increasing linearly with time,

the gas in the foam from higher pressure to lower pressure
cells. This diffusion causes elimination of the smaller, higher
pressure cells and, as a consequence, an increase with time da

V

dt
Å b, [5]

of the average cell size (coarsening). A recent review of
coarsening in foams can be found in (1) . The pressure differ-
ence, Dp , between two cells adjacent at a film is given by where b can be related to n and is of the same order of

magnitude as n (3) . In the derivation of [4] and [5] it is
assumed that the angles between films at triple junctions areDp Å 2kg, [1]
1207 and that a scaling regime of the distribution of sizes is
reached.where k is the mean curvature of the film, and g is the film

No simple equations of the type of Eqs. [3] and [5] cantension (the film has two surfaces, each of surface tension
be derived for 3D foams, but the kinetics of coarsening isg /2) . The flow of gas, J ( in moles per unit time), across
also governed by the surface tension and permeability of thea film of area S0 is
films. A recent simulation of coarsening in a 3D Potts model
(4) showed that the rate of change of the volume of anJ Å jS0Dp , [2]
individual cell can be simply related to the number of faces
of the cell, the relation being of a type similar to Eq. [3] .

where j is the permeability of the film. The kinetics of
It is not unlikely that this finding also applies to 3D foams.

coarsening therefore depend on both the film tension and
The permeability of soap films to gases is a poorly docu-

permeability.
mented property. Experimental values are very scarce. Gla-

In two-dimensional foams, the rate of change of the area,
zier et al. (5) measured the rates of area change of cells in

An , of a cell with n sides has a simple dependence on n ,
2D foams, and using Eq. [3] obtained n Å 4.57 1 1002

expressed by von Neuman’s law (2)
mm2/min for a helium gas foam at room temperature. Values
of n for air foams are around five times smaller than for

1 To whom correspondence should be addressed. helium (6). The film thickness in these experiments is not
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249FOAM EXPANSION BY GAS ABSORPTION

known, but the foams were relatively dry (very small volume
fraction of liquid) .

For a given liquid/gas pair, the permeability should de-
pend both on film thickness and on temperature. A possible
dependence on pressure will be neglected. It will be as-
sumed, by analogy with membrane permeability, that the FIG. 1. Expansion of a foam and development of cell size gradient due
permeability is inversely proportional to the thickness d. to absorption of air: (a, b) schematic representation; (c, d) the model

system. In both cases the foam is shown in the initial state ( left) and afterSince diffusion of the gas across the film is a thermally
air absorption.activated process, we write

air in. The tubes were kept horizontal and rotated from timej Å A

d
expS0 Q

RTD , [6]
to time to redistribute the liquid. The free surface of the
foam remained fairly perpendicular to the tube axis.

In the experiments, the length, L , of the foam in the tubeassuming a unique activation energy Q . A is a constant
was measured as a function of time, t , at a constant tempera-for a given liquid/gas pair, R is the gas constant, and T is
ture. The temperatures used (in 7C) were 8, 20, 27, 35, 45,temperature. As will be discussed later, for a given foam, d
and 55. The nonroom temperature experiments were carrieddepends on temperature because of the thermal expansion
out in a refrigerator (87C) and in an oven (35, 45, 557C).of the foam (7).
The length was measured with a ruler placed adjacent to theEquation [6] has never been tested experimentally. In this
tube. The accuracy of the length measurement was 1 mmpaper we give experimental results that can be used to check
and that of the temperature measurement was 0.57C. Allits applicability and obtain values of Q and A . The experi-
experiments were done in duplicate. At the temperatures ofments consist of exposing a foam containing a slow diffusing
20 and 277C various tube diameters were used. At the othergas, Gi , to an outside gas, Ge , that diffuses into the cells.
temperatures the diameter was 6 mm.This causes progressive expansion of the foam and the devel-

opment of a gradient of cell size, with the size decreasing
as the distance to the foam surface exposed to Ge increases. 3. RESULTS

In Sections 2 and 3 we describe the experiments and give
the experimental results. In Section 4 a theoretical analysis After a transient period during which the foam reached
of the phenomenon is undertaken, which is used in Section thermal equilibrium (this transient is of course absent in
5 to interpret the experimental results and obtain values of room temperature experiments) , a progressive expansion of
the permeability as a function of temperature. In Section 6 the foam was observed which was due to absorption of air.
we discuss the simplifications of the theoretical description Simultaneously, a cell size gradient developed in the foam
and assess the accuracy of the determination of permeability. as shown schematically in Figs. 1a and 1b. Experimental

curves of L as a function of time are shown in Fig. 2 for
2. MATERIALS AND METHODS the various temperatures. In all cases the slope of the curves

decreases with time, but there is a long region of virtually
A commercial shaving cream foam (Palmolive) was used constant slope dL /dt which lasts until the entire foam is

in all experiments. The liquid phase in this foam is an aque- ‘‘invaded’’ by air (more than 30 days at 207C). The slopes
ous solution of surfactants and other additives while the gas in this region are given in Table 1. The curves were not
phase contains a mixture of hydrocarbons. Once formed the affected by the diameter of the tubes and were reproducible.
foam had a density of 0.066 g cm03 and an average cell No sharp interface between large and small cell regions
diameter of Ç35 mm, which is slightly larger than the value was observed (Fig. 1) , but the region of large cells was
reported by Durian et al. (8) . The bubbles were fairly spheri- found to advance into the foam. The cells remained equiaxed
cal with thick films and Plateau borders of fairly uniform in all cases. The cells at the free surface, which had the
thickness. largest average size, did not seem to increase their average

The foam was directly introduced from the commercial size beyond a certain limit, at least during the period of
container into glass tubes of diameter varying between 6 and constant dL /dt . This average diameter was estimated to be
12 mm and length around 30 cm. The tubes were from 1

3 to a few millimeters. As the cells expand they become more
1
2 filled with the foam and closed with a stopper at the end polyhedral with thinner films and Plateau borders (Fig. 1) .

At very long times coarsening of the cells was clearly ob-through which the foam penetrated into the tubes, the foam
being in contact with the stopper. To reduce evaporation, served. For example, in experiments at room temperatures

lasting for 60 days the cells reached larger average sizes,the other end of the tubes was either tapered or closed with
another stopper which was removed at intervals just to let around 5 mm.
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250 FORTES AND DEUS

FIG. 2. Variation of foam length in tube, L , with time t at various temperatures. (a) Lower temperatures; (b) higher temperatures. The length at t
Å 0 was measured after thermal equilibration. The dots are experimental points at 207C.

In a separate experiment the same foam completely filled with the initial average cell diameter in the actual foam. The
number of moles of the nondiffusing foam gas Gi per unita cylindrical tube which was then well sealed at both ends.

The tube was left for 2 months at room temperature (207C) volume is N0 . The foam will essentially be treated as a
continuum distribution of cell walls, the separation of whichto observe the extent and the kinetics of coarsening. It was

found that the average cell diameter increased during the first changes due to absorption of the gas Ge . The actual wall
separation is denoted yreal and is a function of x and time t .2 days to approximately 0.6 mm but subsequently remained

virtually constant. This stabilization will be discussed in Any point or section in the foam is defined by its coordinate
x in the reference system. That is, when the foam expands,detail elsewhere. The conclusion of this experiment is that

the gas in the foam (i.e., the hydrocarbon mixture) diffuses each section will be identified by its initial coordinate x in the
reference system; the interwall separation (in the referenceslowly and the kinetics of coarsening is consequently very

slow. The coarsening observed at long times after air absorp- system) is y(x , t) . This is distinct from the actual interwall
separation yreal . The gases will be treated as ideal gases.tion is therefore mainly due to diffusion of air between cells

and not to hydrocarbon diffusion. This will allow us to ig- The partial pressure of air, p(x , t) , is related to the num-
ber, N(x , t) , of moles of air per unit volume, measured innore, as a first approximation, the escape of the foam gases

out of the foam during exposure to air. the reference system, through

4. ANALYSIS OF AIR ABSORPTION BY A FOAM
p(x , t) Å N(x , t)

N0 / N(x , t)
p0 , [7]

The foam will be treated as a semi-infinite one-dimen-
sional system in the direction x of the axis of the tube (Figs. where p0 is the pressure in the foam cells. We neglect pres-
1c and 1d). The free surface of the foam is at x Å 0. In its sure differences between the various cells, which do occur
initial state, which will be taken as the reference state (Fig. in actual foams but are usually very small compared to the
1c), the foam contains cell walls perpendicular to x , the average pressure. We also assume, although this is not
average interwall separation being y0 . This will be identified strictly necessary, that p0 is identical to the pressure of the

atmospheric air that diffuses into the foam.
We define the diffusivity, l, of air in the foam, in theTABLE 1

direction x , as the number of moles of air crossing unit areaExperimental Values of Rate of Foam Expansion, dL/dt
(normal to x) in unit time per unit partial pressure gradient

Temperature (7C) dL/dt (cm/h) in the x direction. That is, the number of moles of air crossing
a foam section at x in time dt is

8 0.0057
20 0.013
27 0.027 0S0l

Ìp

Ìx
dt . [8]

35 0.055
45 0.39
55 1.2

In general, l depends on x and t .
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251FOAM EXPANSION BY GAS ABSORPTION

It is also possible to define a diffusion coefficient, D , in
the usual way, as the ratio between flow rate (in moles per
unit area and unit time) and the concentration (moles per
unit volume) gradient. One easily obtains

D Å lp0VM Å RTl , [9]

where VM Å 1/N0 is the molar volume of gas at p0 , T , with
(ideal gas behavior)

p0VM Å RT ; VM Å
1
N0

. [10]

The net change in dt of the number of moles in the seg-
ment between x and x / dx is FIG. 3. Schematic representation of the expansion of a foam in a tube

due to absorption of air, in the absence of coarsening. A segment of length
Dx in the original foam ( t Å 0) shown in (a) expands at constant number
of cells to a length fDx (b) . The thickness of the films decreases corre-S0

Ì
Ìx Sl Ìp

ÌxDdxdt . [11]
spondingly.

This quantity is also given by
0Fl Ìp

ÌxG0

Å p0FjS1 0 p

p0
DG

0

. [16]

S0
ÌN(x , t)
Ìt

dxdt . [12]
We also have the initial condition, for any x ú 0,

Equating [11] and [12] leads to the diffusion equation p(x , 0) Å 0. [17]

The relation between the diffusivity l (defined per unitÌN

Ìt
Å Ì
Ìx Sl Ìp

ÌxD . [13] pressure gradient) and the permeability j (defined per unit
pressure difference) is

l Å yj. [18]The total number of moles, Ntot , of air in the foam changes
at a rate

As the foam expands due to air absorption, the thickness
d of the cell walls decreases, since the total volume of liquiddNtot

dt
Å d

dt *
`

0

Ndx Å 0S0Fl Ìp

ÌxG0

, [14] is unchanged. Assuming, as discussed previously, that j is
inversely proportional to d (Eq. [3]) , we may write

dj Å d0j0 , [19]where we used Eq. [13] and the condition Ìp /Ìx Å 0 at x
Å ` . The symbol [ ]0 denotes the value for x Å 0. This rate

where the subscript 0 refers to the initial state.can also be expressed in terms of the permeability j(0, t)
We now show that expansion due to air absorption doesof the surface films, defined as the number of moles crossing

not change l. This stability of l is related to the constraintunit area in unit time per unit partial pressure difference.
of a constant cross-sectional area, S0 , of the foam. FigureThe relation is
3a shows schematically a foam segment between x and x /
Dx at t Å 0. After expansion this segment will look like Fig.
3b. The cells remain equiaxed (as observed experimentally) ,dNtot

dt
Å S0j(0, t)[p0 0 p(0, t)] . [15]

and, since we neglect coarsening, the number of cells is
unchanged. The expansion is due to the extra moles of air,
the volume of the segment being multiplied by a factor f ÅEquating [14] and [15] yields the following boundary condi-

tion at x Å 0: 1 / N(x , t) /N0 since the volume is proportional to the total
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252 FORTES AND DEUS

number of moles. The volume of each cell is also multiplied The flow equation [22] becomes
by f and therefore the interwall spacing in the direction x
is multiplied by f 1/3 . The actual interwall separation, yreal , Ì

Ìt S F

1 0 FD Å Ì
2F

Ìn 2 , [25]is then given by

yreal Å y0S1 / N

N0
D1/3

. [20] and the boundary and initial conditions, respectively, be-
come

Because the area S0 is invariant, the length of the segment 0S ÌF

Ìn D0

Å (1 0 F)1/3
0 , [26]

is multiplied by f . The number of walls along the axis of
the segment is multiplied by f 2/3 . The total area of film
surfaces is multiplied by f 2/3 , implying that the thickness

andof the films is multiplied by f 02/3 . The total film thickness
traversed in the x direction is the product of the number of

F(n , 0) Å 0. [27]walls in the x direction with the thickness of the films and
is therefore invariant. The permeability j of each film is, by

The actual interwall separation (or average bubble diameter)virtue of [19], multiplied by f 2/3 . Summarizing,
is

l Å l 0 Å y0j0 , [21a]
yreal Å y0[1 0 F]01/3

0 . [28]

j Å j0S1 / N

N0
D2/3

, [21b]
It is also convenient to calculate the actual reduced dis-

tance n* (distance divided by y0) to the free surface, which
is related to n through

y Å y0S1 / N

N0
D02/3

. [21c]

n* Å *
n

0

(1 0 F)01dn , [29]

The diffusion equation [13] becomes
because the reduced length of a segment, dn , is multiplied
by 1 / N /N0 Å (1 0 F)01 .ÌN

Ìt
Å y0j0

Ì 2p

Ìx 2 , [22] For the rate of change of the length L of the foam in the
x direction we obtain

and the boundary condition [16] becomes
dL

dt
Å VM

S0

dNtot

dt
Å RTj0[1 0 F]1/3

0 . [30]

0y0S Ìp

ÌxD0

Å p0F1 0 p

p0
G

0
F1 / N

N0
G

0

, [23]
This rate is proportional to the permeability of the original
films, j0 , and decreases with time because of the factor
[1 0 F]1/3

0 .with p related to N by Eq. [7] .
We end this section with a brief discussion of the effectEquations [22] and [23] can be written in a more conve-

of coarsening on the equation of flow and on the rate dL /dt .nient form for computation by introducing the nondimen-
Coarsening contributes to an increase in interwall separationsional variables
which is superimposed on the increase due to absorption of
air. Equation [21c] must be altered by introducing a factor

F Å p /p0 ,
g( t) ( larger than unity) that takes coarsening into account.

n Å x /y0 , The form of this factor is not known. If there was just one
gas in the foam, g( t) should have a parabolic form, since
the average cell diameter is linear in t 1/2 at large times (e.g.,t Å RTj0

y0

t . [24]
Ref. (1)) . But when a mixture of gases is present, as is the
case, the kinetics of coarsening is not known. It is likely

F is the molar fraction of air. Since the air front advances that g also depends on the molar fraction of the diffusing
approximately

√
Dt in time t , the number of cells, n , tra- gas, but this problem has not yet been addressed (see, how-

ever, Ref. (9)) .versed in reduced time t is on the order of
√
t .
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253FOAM EXPANSION BY GAS ABSORPTION

FIG. 4. (a) The mole fraction, F , of air in the foam as a function of position defined by n ( in the reference system) for various values of the reduced
time t. (b) The mole fraction of air in the surface cells F(n Å 0) as a function of t. (c) The quantity [1 0 F(n Å 0)]1/3 as a function of time (curve
not shown complete at very short times); the insert shows the curve at short times, t.

Nevertheless, it can easily be shown that the diffusivity, calculated curve (L 0 L0) /y0 (as a function of t) obtained
by integration of Eq. [30], is shown in Fig. 5. It is indeedl, of the foam is not affected by coarsening. This is again

due to liquid conservation, with the same thickness of liquid of the shape observed experimentally (see Fig. 1) .
Figure 6 refers to the quantities y and yreal . They are plottedtraversed per unit length in the reference system. The thick-

ness of the individual films increases due to coarsening, but as a function of n for various t in Figs. 6a and 6b, respec-
tively. In Fig. 6c the cell size yreal at the surface is plottedl is unchanged. The flow equation is therefore unchanged

but the boundary condition at x Å 0 (Eq. [26]) is affected. as a function of t. Finally, in Fig. 6d we use the coordinate
n* (calculated from Eq. [29]) in the actual foam, insteadThe rate of change of L is also not affected by coarsening.

Equation [30] is still applicable. of n , to give a better picture of the cell size distribution.
It is apparent from Fig. 6a that there is no sharp boundary

between larger and smaller cells; the cell sizes decrease rela-5. DISCUSSION
tively smoothly with increasing distance to the surface ex-
posed to air, as observed in the experiments.Equation [25], with conditions [26] and [27], was nu-

The values of the maximum cell size (at x Å 0) shownmerically integrated by the finite volume method (e.g.,
in Fig. 6c are consistent with the experimental observations.(10)) . As discussed above, Eq. [26] implies that the number
For example, at room temperature the surface cell diameterof cells in the system is constant (no coarsening). The fol-
increases to a few millimeters, i.e., Ç30–50 times the initiallowing integration increments were used which lead to an
diameter.accuracy better than 1004 . For n the increment was 0.1 for

Using the valuen in [0, 4] and then successively increased by a factor 1.125
in each increment. The increment in t was Dt Å 0.1 for t

[1 0 F]1/3
0 Å 1.24 1 1002 , [31]õ 1000 and increased to Dt Å 100 for larger t.

Figure 4a shows the calculated profiles F(n) for various
t. In Figs. 4b and 4c, respectively, the values of F(n Å 0) in Eq. [30] we calculated values of the initial film permeability,
and of [1 0 F]1/3

0 are plotted as a function of time t. After j0 , from the experimental slopes dL/dt at the various tempera-
an initial transient, these quantities vary very slowly with t. tures. They are indicated in Table 2. The value [31] corresponds

to t Å 2 1 106 when the distance traveled by air in the foamFor example, [1 0 F]1/3
0 changes from 0.0148 for t Å 106

to 0.0124 for t Å 2 1 106. This implies (see Eq. [30]) that is on the order of 5 cm. The room temperature values of j0 in
Table 2 are considerably smaller (by a factorÇ100) than thethe rate of change of foam length, dL /dt , is nearly constant

after the initial transient, as observed experimentally. The one that can be estimated from Eq. [4] for the air foam in the
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254 FORTES AND DEUS

FIG. 5. Foam length L ( in y0 units) as a function of t, calculated from the model. Compare with the curves of Fig. 2.

experiments of Glazier (6). This can be attributed to a much experimental observations. Using data obtained in a previ-
ous study of thermal expansion of shaving cream (7) , itlarger thickness of the films in the shaving cream.

In order to test the applicability of Eq. [6 ] it is necessary is possible to calculate the initial average film thickness
at the other temperatures, assuming that the thickness ofto know how the initial film thickness varies with tempera-

ture. From the density of the foam (0.066 g cm03 ) and the film is proportional to the power 1 /3 of the volume.
The calculated relative values of d0 (T ) at the variousthe average cell diameter (y0 Å 35 mm), both measured

at 207C, it is possible to estimate the average initial film temperatures are indicated in Table 2.
The quantity j0d0 is plotted on a log scale as a functionthickness, d0 (20) , at this temperature. Since the density

of the liquid is Ç1 g cm03 , the volume fraction of liquid of 1/T in Fig. 7. It is apparent that Eq. [6] is followed
approximately. The plot of Fig. 7 gives for the activationis approximately 0.066. This leads to d0 /y0 Å 0.024, as-

suming spherical bubbles of diameter y0 with a shell of energy, Q , of diffusion of air through the films
liquid of thickness d0 . The room temperature thickness,
d0 (20) , is then 0.78 mm, which agrees roughly with the Q Å 84 kJ mol01 ,

FIG. 6. (a) Plots of the cell size, y , in the reference system and (b) of the cell size yreal in the actual foam as a function of distance n to the free
surface in the reference system for various times, t. (c) The actual size yreal (0) at the free surface as a function of time. (d) The size yreal as a function
of distance n* to the free surface in the actual foam.
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255FOAM EXPANSION BY GAS ABSORPTION

and for A the value

A Å 1.17 m2 mol J01 s01 ,

since d0(20) Å 0.78 mm.
Literature on the temperature dependence of the diffusion

coefficients of oxygen and nitrogen in pure water (11, 12)
give activation energies around 15 kJ mol01 for both gases,
with diffusion coefficients at 207C around 2 1 1005 cm2

s01 . The activation energy for diffusion through the soap
films is therefore considerably larger than that for pure water. FIG. 7. Plot of j0d0 in SI units ( log scale) as a function of 1/T (see

values in Table 2).This must be due to an effect of the solutes in the film and
to the adsorbed monolayer of surfactants on the film surfaces.

The diffusion coefficient D of air through the foam, de-
the model is that the permeability of the films is inversely

fined by Eq. [9] with l Å j0y0 , was calculated at the various
proportional to their thickness and has an exponential, Ar-

temperatures and is also given in Table 2. The diffusion
henius type, dependence on temperature. These assumptions

coefficients of air in the foam are considerably lower than
are supported by the experimental results.

those in water. It should be noted that y0 depends on tempera-
As the foam expands, the films become thinner almost

ture with y0 Å 35 mm at 207C; the values at other tempera-
exactly compensating for the decrease in driving force (the

tures were calculated using the factor (d0(20)/d0(T )) .
air partial pressure gradient) , which leads to a nearly con-

When air reaches the far end of the foam the treatment
stant rate of volume increase. The experimental results yield

presented ceases to be applicable. Indeed, the linear variation
values for the permeability of the films as a function of film

of L with t ceases when this situation arises, after roughly
thickness and temperature. The large activation energy for

1000 h at 207C (initial foam length of Ç20 cm) (cf.
diffusion calculated from the experimental results implies

Fig. 1) .
that the structure of the liquid films considerably inhibits the
passage of the diffusing air, compared to pure water.

6. SUMMARY
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