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Rising foams created by continuously blowing gas into a surfactant solution are widely used in

many technical processes, such as flotation. The prediction of the liquid fraction profile in such
flowing foams is of particular importance since this parameter controls the stability and the rheol-
ogy of the final product. Using drift flux analysis and recently developed semi-empirical expres-
sions for foam permeability and osmotic pressure, we build a model predicting the liquid fraction
profile as a function of height. The theoretical profiles are very different if the interfaces are consid-
ered as mobile or rigid, but all of our experimental profiles are described by the model with mobile
interfaces. Even the systems with dodecanol, which are well known to behave as rigid in forced
drainage experiments. This is because in rising foams the liquid fraction profile is fixed by the flux
at the bottom of the foam. Here the foam is wet with higher permeability and the interfaces are
not in equilibrium. These results demonstrate once again that it is not only the surfactant system
that controls the mobility of the interface, but also the hydrodynamic problem under consideration.
For example liquid flow through the foam during generation or in forced drainage is intrinsically
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different.

1 Introduction

Foams are ubiquitous in many technical processes, such as flota-
tion or oil recovery 131, They are also present in varied forms in
our daily lives, as soft solids or fluids, in food and beverage prod-
ucts as well as in insulating materials. The physical properties
of foams are largely controlled by the bubble size R and the size
distribution and the liquid fraction, ratio of the liquid volume to
the foam volume: € = Vj;,/Vioam, which makes them such impor-
tant parameters. For example, the yield stress of a foam which
ensures that the foam can sustain its own weight, is proportional
t0 (max — €)%/R Y, with &max = 0.36, so that small bubbles are nec-
essary to obtain a self-standing foam. This is why depending on
the application, R and &€ should take rather specific values (see
Figure 1(a) for examples).

Despite their importance, the control of these two parameters
during the foam generation remains mainly empirical®. In gen-
eral, with a given foam generation process, the bubble size and
the liquid fraction can only be varied in a rather narrow range.
Moreover there is often a correlation between the two parame-
ters, and generation methods where they can be varied indepen-
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dently are scarce. Examples are shown in figure 1(b), where the
bubble size and the liquid fraction are shown for foams prepared
by blowing gas thorough a porous media (rising foam) and by
the turbulent mixing of liquid and gas jets (turbulent mixing, the
method is described in*). A strong correlation between bubble
size and liquid fraction is observed, which has also been shown in
foams generated by microfluidic techniques®. Finally, the differ-
ent methods allow for the exploration of a range of bubble radii
and liquid fractions, but rarely independently. In general either
the liquid fraction or the bubble size is controlled and sets the
other in combination with the flow conditions. It is only through
a fine understanding of each of the processes used that control
over the bubble radius and the liquid fraction, and thus, of foam
properties can be achieved.

In the following, we focus on a very common technique used
to generate foams: blowing gas through a porous media. The
process can be divided into two separate steps. The first one is
the formation and rising of the bubbles in the liquid before they
agglomerate at the liquid/air interface. The second is the simulta-
neous rising and drying of the foam. The bubble radius is mainly
controlled during the first stage. Theoretical descriptions of this
process can be found in the literature for a number of different
techniques, however some aspects still remain unclear>!°. In
this article we choose to measure the size of the bubbles and to
focus on the second stage, in which the liquid fraction profile in
the foam is fixed. This is set by a balance between the foam rising
in the column due to the buoyancy force and the gravity driven
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drainage of the liquid leading to foam drying. After a certain
time, a steady-state regime can be reached, characterized by a
stationary liquid fraction profile.

Although a thorough understanding of the second step is essen-
tial for a description of the final foam, there are only few theoret-
ical publications 11:12-21,27,28 ip this field and experimental data
concerning this problem are scarce®2°. Among these works is
the model developed by Stevenson to establish the liquid frac-
tion profile as a function of the gas flow rate imposed at the bot-
tom27-28, The basis of this model is that the liquid fraction profile
is mainly fixed by the drainage of the foam during its generation.
The drainage is quantified by the permeability k of the porous
media formed by the foam, which sets the drainage velocity for
a given pressure drop through the Darcy’s law (Equation 6). The
permeability is then expressed as k =me", m and n being empirical
parameters.
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Fig. 1 (a) Different domains of applications of foams in industrial
processes together with the typical bubble sizes and liquid fractions
used. (b) The relation between the radius and the liquid fraction for two
different generation methods.

It is well-known that drainage in foams is quite different de-
pending on their physical-chemistry. The dissipation at the in-
terfaces is indeed non negligible and can be taken into account
by writing the tangential stress at the liquid/gas interface2. This
surface stress is the sum of a viscous component and of an elastic
component equal to the surface tension gradient at the liquid/air
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interface. In foam drainage, it is generally accepted 26 that the
viscous term is dominant because surface tension is expected to
be homogeneous. The importance of the surface viscosity i is
then quantified by the ratio between the dissipation in the bulk
and at the interface, i.e. the Boussinesq number Bo = ﬂ,é;’b with u
the bulk viscosity and Rp, the radius of the Plateau borders3:16,
Large Bo (Bo >> 1) leads to a large dissipation at the interfaces,
hence rigid interfaces, whereas small Bo (Bo << 1) leads to dissi-
pation mainly in the bulk, hence mobile interfaces.

In this article, our goal is to explore the impact of physical-
chemistry on foam generation. In a theoretical section, we re-
call Stenvenson’s model and build on it to explore more quan-
titatively the impact of physical-chemistry on the surface rigid-
ity. We implement a semi-empirical law for the permeability and
the foam structure. For the permeability k, we use k = m(€)e"
where the power n is equal to 2 for rigid interfaces and to 3/2 for
fluid ones32°. The function m(¢) has been obtained over a large
range of £ from drainage measurements in forced drainage and
fluidized bed experiments both in the fluid or in the rigid limit23.
For the foam structure, we use recently developed semi-empirical
expressions for the osmotic pressure 19, This allows us to predict
the liquid fraction profile of the foam as a function of the bubble
radius and the gas flow rate both in the rigid and in the mobile
limits.

We present experiments done with solutions of surfactants, that
are known to lead to rigid or fluid interfaces in drainage exper-
iments23-26, The bubble radius and the liquid fraction profile of
the foam are measured for each foaming solution. Our work pro-
vides a systematic comparison between the liquid fraction pro-
file obtained in the model and in the experiments. Moreover, we
show that every surfactant solution used in this work leads to a
liquid fraction profile well described by the equations obtained
in the mobile limit. We show that this is because the forced
drainage experiments are performed on dry foams with old in-
terfaces whereas in the foamability experiments one cannot get
around wet foams and newly created interfaces.

2 Materials and methods

A commercially available device Foamscan (Teclis, France) is used
to generate and characterize the foams (see Figure 2(a)). This
machine produces foam by blowing gas through a porous frit at a
controlled gas flow rate varying from 5 to 400 ml/min. To avoid
coarsening of bubbles nitrogen with traces of water-insoluble
CgF4 is used in the experiments. The cell used has a square cross
section (2.5 x 2.5 cm?) and a height of 30 cm.

2.1 Liquid fraction measurement

The liquid fraction is calculated from electrical conductivity mea-
surements. Pairs of electrodes measure a reference conductivity
of the liquid at the bottom of the cell 6; and a foam conductivity
oy at five different positions (see Figure 2(a)). To avoid electrol-
ysis an alternating current is used with a frequency of 1 kHz and
a voltage of 1 V. At the chosen frequency the capacitance of the
foam can be neglected and the active resistance can be directly
measured!.

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 On the left: a schema of the experimental set-up, the z axis is
defined along the direction of the tube. On the right: bubbles squeezed
between two glass plates sampled from monodisperse (at the top) and
bidisperse foam (at the bottom)

For foams the relative conductivity ¢ = oy/0; is found to be
primarily a function of the liquid fraction & defined as the ratio
between the volume of liquid and the total volume of the foam.
A semi-empirical relation can then be used to calculate € from
experimentally measured ¢ 7:

36(1+110)
=—"’ 1
£~ 15250 1 1002 1
It has been shown that this empirical relation describes exper-
imental data very well over the whole range of € and o (both

ranging from O to 1).

To keep the liquid level constant the set-up is in contact with
a big vessel containing the same foaming solution. By varying
the level of liquid the position of the interface between the foam
and the solution can be moved relative to the electrodes. In this
way different heights in the foam can be probed and a full liquid
fraction profile can be measured.

A steady-state defined by a constant conductivity is reached
before each measurement of the liquid fraction.

2.2 Bubble size measurement

To measure the bubble size distribution a sample of foam is col-
lected from the column and squeezed between two glass plates
separated by 4 =150 um (Figure 2(b)). The cross-sectional area
A of the squeezed bubble is measured from photos. Assuming
volume conservation, the radius R of each bubble can be easily

calculated 18 :
e
R= s (2)
The bubbles are produced by a polydisperse porous frit so the
obtained size distribution strongly depends on the gas flow rate
(Figure 2(b)). We use the Sauter mean radius R3; = (R?)/(R?) as
the characteristic bubble radius.

This journal is © The Royal Society of Chemistry [year]
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2.3 Surface tension measurement

The surface tension of the foaming solutions in time is measured
by bubble profile analysis tensiometry using a commercially avail-
able device (Tracker, Teclis, France).

2.4 Foaming solutions

Two different surfactants have been used, sodium dodecyl sul-
phate (SDS) at 12 g/L (approximately 5 times the critical mi-
celle concentration) and tetradecyltrimethylammonium bromide
(TTAB) at 3 g/L (approximately 2 times the critical micelle con-
centration). The different foaming solutions used are listed be-
low, with the name by which they are referred to in the rest of the
text:

e SDS at 12 g/L - SDS12
e SDS at 12 g/L with 0.3 g/1 of dodecanol - SDS12-DOH3

e SDS at 12 g/L with 0.04 g/1 of dodecanol and 0.1 M of NaCl
- SDS12-DOH4-NaCl

e TTAB at 3 g/L with 0.2 g/1 of dodecanol - TTAB3-DOH2

All chemicals were purchased from Sigma-Aldrich and used as
received. All solutions are prepared with deionized Milli-Q water
(18.2 MQ-cm). The samples are used within one week of prepa-
ration to avoid SDS hydrolysis.

All experiments are performed at room temperature 20 +2°C.

3 Theoretical background

Let us consider a foam which moves inside a tube with a cross-
sectional area S (see figure 2). The z axis is oriented along the
column in the direction of the foam flow. The bottom of the foam
corresponds to z = 0. At each point the foam can be fully charac-
terized by the liquid fraction &(z,7), the mean radius of the bub-
bles R(z,1), and the flow rates of liquid Q,(z,#) and gas Q,(z,?). In
this case the linear velocities of liquid v;(z,7) and gas v,(z,t) can
be calculated:

%
ﬁ:%, ©)

%

= _ Qg
YT Si—e) )

The liquid and gas do not travel at the same speed and this
difference is used to define the slip velocity:
v =] — v (5)
This slip velocity can also be named drainage velocity as it cor-
responds to the liquid flow through the bubble assembly. This
problem has been extensively investigated by free and forced
drainage experiments. The general approach in these studies is
to link the system under investigation to a liquid flowing through
a porous medial. An expression for the flow rate of the fluid
through porous media can be calculated by solving the Navier-
Stokes equations. In the case of laminar flow, where inertia is
negligible compared to the viscous drag, the flow equation is well
known as Darcy’s law:
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where p is the viscosity of the liquid, V P, is the dynamic pres-
sure gradient, R is the radius of bubbles and K the permeability
coefficient. It is generally accepted that K is proportional to the

square of the bubble radius and can be expressed as:

K =R @)

where k depends only on the liquid fraction and on the surface
mobility.
Combining Equations 5 and 6, we get :
— EQZ SR*k(e) =

e T ] ®)

Now let us assume that our foam has reached a stationary
regime in which the liquid fraction does not depend on the time,
i.e. de/dr =0. We know from the experiments that such a regime
exists. To avoid misunderstanding let us mention that ¢ is still
a function of z. In the steady state, assuming that there is no
evaporation in the system, we easily get from mass conservation
that the flow rates of gas and liquid are constant along the tube
9dQ,/dz=0Q;/dz=0. It means that in the stationary regime the
flow rates of gas and liquid at any point inside the foam are equal
to the ones used to produce the bubbles. In the case of rising foam
we can control Q,, while 0 is self-adjusted to satisfy Equation 8.

In our particular case of rising foam the dynamic pressure gra-
dient includes gravity and capillary forces:

= =
VPy=-pg - VI, ©)
where p is the density of the liquid phase and II is the osmotic
pressure in the foam .
Substituting Equation 9 in Equation 8 we get:

_>
o - 2

2
= +SRL’Z(€) (b7 + V). (10)

Applying the mass conservation condition dQ;/dz = 0 to Equa-
tion 10 we can eliminate Q; and get a differential equation which
can be solved to get the liquid fraction profile £(z). But the cor-
responding equation is of second order and is quite complicated.
An elegant way to simplify the calculations has been proposed
by Stevenson3°. Far away from the bottom the osmotic pressure
gradient can be neglected and the liquid fraction €= is almost
constant with height. Then Q; is a function only of €~ and the
stationary state corresponds to the condition 9Q;/de™ = 03°. As-
suming a constant bubble radius, this condition can be written
as:

HO/S k(e
(1—&=)2R2pg  de=

(1D

This equation can be solve_<>i numerically to get €~ and calculate
Q, from Equation 10 taking VII=0. The obtained value of Q; can
be then used to cal_c>ulate the whole liquid fraction profile from
Equation 10 with VII # 0. This differential equation is of first

4| Journal Name, [year], [vol.],1—9

order and can be easily solved numerically.

To perform the calculations appropriate expressions for perme-
ability and pressure gradient are required. In the following, we
benefit from recent progress in understanding foam structure and
foam permeability to propose semi-empirical expressions for both
quantities.

There are two generally accepted models for predicting foam
permeability. In the rigid limit, the dissipation takes place mainly
in the Plateau borders32. In the fluid limit, it is presumed that
there are no viscous losses in the Plateau borders and that dis-
sipation occurs only in the nodes instead. In the first limit the
theory gives k « £2 whereas the second limit leads to k o £3/213,
The drainage equation can be solved in these two limits, even
analytically in the first case.

To improve agreement between theory and experiments some
mixed models which take into account permeabilities both in
Plateau borders and in nodes have been proposed!422. Un-
fortunately, no analytical expression for k is available. But,
recent semi-empirical expressions describing experimental data
very well in a wide range of liquid fractions were proposed?? for
both limits of mobile and rigid interfaces:

g3/2 o
k(e) = 125(1 —2.7¢ 1 2.260)2 (mobile interface), 12)
&2
k() 5 (rigid interface), (13)

T 312(1-2.15e + 1.37¢€2)

which we will use in the following.

Once again, we will use a semi-empirical relationship to express

the osmotic pressure IT:
(Emax — € )2 Y

1= aT R 14
with ot = 7.3, gmax = 0.26 for ordered foams® and a = 3.2, gmax =
0.36 for disordered ones!®. Polydispersity in the bubble size
can stop the bubbles from crystallising leading to a disordered
packing. Therefore we refer to &n,x = 0.26 as monodisperse and
€max = 0.36 as polydisperse.

Using the above mentioned expressions for permeability and
osmotic pressure Equation 10 can be solved numerically in the
two limiting cases of mobile and rigid interfaces to get a liquid
fraction profile £(z). To perform the integration we need an ap-
propriate boundary condition. We assume that at the bottom of
the foam bubbles are not deformed and the boundary condition
can be written as €(z = 0) = €nax-

4 Results and discussion

To check the applicability of the developed theory, the liquid frac-
tion was measured for different foaming solutions at different gas
flow rates.

Experiments with a solution of SDS at 12 g/1 are shown in
Figure 3. The bubble size distribution, shown in the inset, is
monomodal and sharply peaked. Using the mean Sauter radius
(R3p = 523 pum) liquid fraction profiles are calculated in the rigid

This journal is © The Royal Society of Chemistry [year]
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(Equation 13) and in the mobile (Equation 12) limits. For each
limit, profiles for monodisperse and polydisperse foams are calcu-
lated using the corresponding values for a and g, in the Equa-
tion 14. This results in 4 different theoretical curves. We can see
that rigid and mobile limits predict significantly different liquid
fractions especially far away from the bottom of the foam (Fig-
ure 3). Thus, it should not be a problem to discriminate between
the mobile or the rigid limit from the experimental data. How-
ever for a given mobility the curves corresponding to ordered and
polydisperse limits almost coincide. The ordering at the bottom
of the foam thus results in such fine variations that they are not
detected by our experiments. That is why in the following we
will consider only the case of monodisperse ordered foams. Ex-
perimental data shown with black points agrees well with the
model of mobile interfaces. An estimation of error bars is dis-
cussed in the Appendix A. The obtained result is expected. It is
well known, both from interfacial rheology and from drainage
experiments that newly prepared SDS solutions have low surface
shear viscosity (between 10~% and 107 kg/s*) and produce mo-
bile interfaces in both forced and free drainage experiments2°.
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Fig. 3 Liquid fraction profile for SDS12 foam produced with a 10 ml/min
gas flow rate. Black points represent experimental data, the lines show
calculated profiles in different limits using the semi-empirical relations
for permeability in equations 12 and 13, but with no adjustable
parameters. Inset: Number weighted bubble size distribution.

Increasing the flow rate to 30 ml/min we change the bubble
size distribution drastically as smaller holes in the frit become
activated. The bubble size distribution weighted by number be-
comes bimodal as shown in the inset of Figure 4. In this case, it
is not evident which mean value is the best to input in our cal-
culations as a bubble size. Thus, we have chosen three different
ways to determine the mean size: a mode size corresponding to
small bubbles (303 um), a mean Sauter radius Rz, (457 um) and
a mode corresponding to big bubbles (558 um). For each mean
value liquid fraction profiles are calculated (see Figure 4). Only
curves corresponding to the mobile limit are shown, as the rigid
model predicts much higher liquid fractions than the ones mea-
sured experimentally. The best agreement with the experiments
is obtained using the big bubble radius as input. It seems that the

This journal is © The Royal Society of Chemistry [year]
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big bubbles control the foam permeability even if their number
is very small. This is both because their total volume is actually
non negligible and because the liquid tends to follow the path of
lower permeability.
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Fig. 4 Liquid fraction profile for the SDS12 foam produced with a 30
ml/min gas flow rate. Black points represent experimental data, the lines
show calculated profiles for different bubble sizes. Inset: Number
weighted bubble size distribution.

Summing up we can conclude that the model with mobile in-
terfaces captures the liquid fraction profile for foams stabilized by
fresh solutions of SDS. We have also shown that the liquid frac-
tion profile is not very sensitive to the polydispersity of bubbles
making the model valid for both monodisperse and polydisperse
foams. Moreover in the case of bidisperse foam with two distinct
populations of bubble sizes, the largest bubble size has to be used
in the model for it to agree with the experimental liquid fraction
profile. Because our foam typically has very narrow bubble size
distributions, we will focus only on the monodisperse case in the
following discussion.
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Fig. 5 Liquid fraction profile for the SDS-DOH3 foam produced at 10
ml/min gas flow rate. Black points represent experimental data, the lines
show calculated profiles in different limits. Inset: bubble size distribution.
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The liquid fraction profile was expected to be rather different
with higher surface viscosities. The influence of surface rheology
on the foamability has already been observed in literature, with
fatty acids/surfactant mixtures, for example?°. To increase the
surface viscosity, mixtures of SDS and dodecanol are commonly
used. It is well known from forced drainage experiments that the
addition of dodecanol increases the surface viscosity (up to ap-
proximately 10~° kg/s) and makes the interfaces more rigid2*.
One could expect data with such a mixture to agree with the rigid
model. As we can see in Figure 5 this is not the case. The system
is well described by the model supposing mobile interfaces, ex-
actly as with pure SDS. Other systems shown to have rigid inter-
faces in forced drainage experiments !® were tested, but they are
all well described by the mobile limit (see Figure 6). The foams
from TTAB3-DOH2 with the smallest bubble size are slightly wet-
ter than predicted by the model, suggesting that for this system
the interfaces are marginally rigid. But they are still far from be-
ing described by the rigid model.
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Fig. 6 Liquid fraction profile for different "rigid" foams produced at 10
ml/min gas flow rate. The lines show calculated profiles in the mobile
limit.

To understand this striking result, let us consider the surface
stresses on a section of vertical Plateau border surface inside the
foam. The continuity of the stress tensor gives us the following
boundary condition at the liquid/air interface:

ov  dy 0%ug

H ox = 87 + “XT))Z.

The term on the left hand side corresponds to the bulk viscous

stress. The first term on the right hand side corresponds to the

Marangoni stress, the second one shows the influence of the in-
terfacial viscous stress.

In a forced drainage experiment it is generally assumed that the
surface tension is constant everywhere and that only the surface
viscous stress plays a role. In this limit the Marangoni stress is ne-
glected in Equation 15. The bulk and the surface viscous stresses
are then compared through the dimensionless Boussinesq num-
ber Bo. Note that Bo is expected to vary with the position in the
foams because Rp, depends on both the liquid fraction and the

(15)
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radius of the bubbles. To calculate Bo, we use the Plateau border
curvature Rp;, as a characteristic length scale. To estimate Rp;,, we
use a relationship between the radius of the bubbles, the radius of
Plateau border curvature and the liquid fraction which has been
computed for Kelvin foam structure with Surface Evolver22:

Rpp g Rpp :
820.332(7(178)1/3) +0.540(T(178)'/3> . (16)

This equation can be solved numerically to get Rp;,(¢€) for a given
bubble size. This dependence can be converted to Rpy(z) using
the best fit of the liquid fraction profile. The values for Bo as a
function of foam height are plotted in Figure 7 with two bound-
ing values of pg, 6 x 1078 kg/s for bare SDS and 2 x 107 kg/s
for SDS with 0.3 g/L DOH from*. Already at the bottom of the
foam we find Bo ~ 0.2 and ~ 5 for the foams stabilised with SDS
and SDS-DOH respectively. This leads to the classical conclusion
which expects different mobilities for the dodecanol laden and
free interfaces, but this is not what we observe (Figure 5).

——11,=6.0x10"+4.0x10” kg/s
---- 1,=1.9x107+0.5x10” kg/s
—— 1,=2.0x10°:0.4x10° kg/s

0.1
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0.00 0.05 0.10 0.15 0.20

z (m)

Fig. 7 Boussinesq Bo numbers for a "mobile" (u; = 6 x 1078 kg/s for
SDS solution) and two "rigid" (i, = 2 x 107 kg/s for SDS with 0.3 g/l
DOH and 1.9 x 1077 kg/s for SDS with 0.1 g/l DOH) surface viscosities
vs height. The surface viscosity data are taken from*.

A critical difference between our experiments and drainage ex-
periments is that we continuously generate new interfaces, as
new bubbles are formed at the bottom. Knowing that the do-
decanol, which is expected to rigidify the interfaces, takes time to
adsorb means that the interfaces at the bottom of the foam con-
tain less dodecanol than at the top. This has two consequences:
there will be a difference in surface tension and in the surface
viscosity between the top and the bottom of the foam. An influ-
cence of adsorption kinetics on foam generation has already been
discussed in the literature>10.

To quantify this effect, we performed experiments with a rising
bubble and measured the surface tension of pure SDS and SDS-
DOHS solutions as a function of time (Figure 8). The adsorption
of SDS is so fast that the surface tension of SDS solutions is prac-
tically constant from the start of the measurement (around 1 s).
But, when dodecanol is added to the system (SDS-DOH3) the
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surface tension continues to slightly decrease during hundreds of
seconds.
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Fig. 8 Surface tension vs time for SDS12 (thick black line) and
SDSH12-DOH3 (thin red line). The equivalent height in the foam
corresponding to Q, = 10 ml/min is shown on the top.

Let us come back to the Figure 7 keeping in mind that the ad-
sorption of DOH is slow. If we assume that the adsorption kinetics
is similar in the foam and in the pendant drop, we can convert the
time dependent surface tension into a function of the altitude in
the foam (z = v,r). The surface tension reaches its equilibrium
value at an altitude z ~ 10 cm for Q, = 10 ml/min. The change
in surface tension at long times is very small (around 0.4 mN/m),
but the concentration of DOH has a much stronger effect on
than y. Indeed at 0.1 g/l DOH the equilibrium surface tension is
equivalent to that with 0.3 g/1, but i is one order of magnitude
smaller? (see Figure 7). Thus, even if a few milliseconds after
starting the adsorption experiment (Figure 8), the surface ten-
sion almost reached its equilibrium value, it says nothing about
the value of the surface viscosity after such a short time. Even a
small variation of DOH surface concentration due to adsorption
kinetics can drastically change the surface viscosity. Therefore,
we think that the slow adsorption is the reason why the interfaces
behave as fluid. As shown in Figure 7, a surface shear viscosity
as small as y; = 1.9 x 1077 kg/s (corresponding to the equilib-
rium value for SDS with 0.1 g/1 DOH, i.e. with a slightly smaller
surface concentration of dodecanol than in our foaming solution
SDSH12-DOHS3 at equilibrium) leads to Bo ~ 0.5 at the bottom of
the foam and may explain that the liquid drains as if it has fluid
interfaces, which is what we observe.

Before the conclusion, let us note that, in principle, the slow ad-
sorption of DOH should affect both terms on the right hand side
of Equation 15 (the influence on the osmotic pressure gradient is
negligible see Appendix B). Indeed, a variation of the dodecanol
content affects the surface viscosity but it will also lead to surface
tension gradients at the interface. This means that a global gradi-
ent in surface tension can exist between the top and the bottom
of the foam as the interfaces of the bubbles above are older than
those below. However, convection due to the drainage flow tends
to accumulate surfactant at the bottom of a bubble, which is con-
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trary to the macroscopic surface tension gradient 7. The relative
importance and influence of the two mechanisms is difficult to
estimate, so no quantitative analysis is proposed.

Finally, it seems that in rising foam experiments the rigid for-
mulations lead to drainage with fluid boundary conditions as at
the bottom of the column the foam is wet and the DOH has not
had time to adsorb onto the interfaces. This emphases that, in
bubbling experiments, the permeability is set at the bottom of the
foam. This is because the liquid is incorporated in the foam at the
bottom so a faster drainage limits the whole water uptake.

5 Conclusion

We have studied the liquid fraction profile in rising foam. We use
a classical model of foam drainage with Darcy’s law. The pres-
sure gradient includes both gravity and osmotic pressure, and
through the permeability we account for the mobility of the in-
terfaces using recent expressions obtained from forced drainage
experiments. The model describes experimental data on systems
with mobile interfaces very well. We show that the liquid fraction
depends very weakly on the ordering at the bottom of the foam
and that in bidisperse bubble distributions the larger bubble sizes
control the foam drainage.

The model predicts higher liquid fractions if the interfaces are
rigid. However, in our experiments systems which behave as rigid
in forced drainage, behave as mobile ones. This can be explained
by considering that the relative rigidity of an interface is influ-
enced both by the surface viscosity and the liquid fraction (via
the Boussinesq number). Bubbling to make foam means new in-
terfaces and high liquid fractions at the bottom of the column.
The combination of unfinished adsorption of dodecanol and large
Plateau border radii make for fast drainage. The fast drainage at
the bottom of the foam fixes the liquid flux leading to dryer foam
than could have been expected.

Through these results we recall once more that the concept
of mobile or rigid interfaces should treated with caution as it is
not only dependent on the physical chemistry of the interfaces,
but also on the problem under consideration. Thus a system that
behaves as rigid in one problem can behave as mobile in another.
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A Experimental uncertainties of ¢

Electrical conductivity measurements provide us with an accurate
estimation of the liquid fraction, the position of electrodes can
also be measured from photographs with sufficiently high preci-
sion. The main source of errors in our experiments is the distri-
bution of bubble sizes. Typically the bubble size distribution is
monodisperse but it still has a certain standard deviation 6. To
estimate the influence of this slight polydispersity on our predic-
tions we took the experimental data shown in Figure 3 and added
theoretical liquid fraction profiles for three different bubble radii:
R3» and R3p + 0 (see Figure 9).

One can see that the experimental data lie between two limits.
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Fig. 9 Liquid fraction profile for SDS12 foam produced at 10 ml/min gas
flow rate. Black points represent experimental data, the lines show
calculated profiles for different bubble sizes: R3, = 523um (black line),
R3y — 6 =473um (red dashed line), R3; + 6 = 573um (green dashed line)

So the dispersion of bubble sizes can indeed explain the scattering
in the experimental points.

B Gradient of the osmotic pressure

We could also imagine that the change of surface tension influ-
ences the osmotic pressure gradient. To evaluate this effect, we
take into account the surface tension gradient and write the os-
motic pressure such as:

S 2 (Emax — 5)2 (&max — 8)2 2
VII=YV |a———— |+ |[a——————| V7. a7
v { VER VER l
The numerical estimations show that the second term can al-
ways be neglected in our experiments, and that we can use the
equilibrium value of the surface tension to calculate the osmotic
pressure.
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