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Abstract. We have studied the drainage of foams made from Newtonian and non-Newtonian solutions of
different viscosities. Forced-drainage experiments first show that the behavior of Newtonian solutions and
of shear-thinning ones (foaming solutions containing either Carbopol or Xanthan) are identical, provided
one considers the actual viscosity corresponding to the shear rate found inside the foam. Second, for these
fluids, a drainage regime transition occurs as the bulk viscosity is increased, illustrating a coupling between
surface and bulk flow in the channels between bubbles. The properties of this transition appear different
from the ones observed in previous works in which the interfacial viscoelasticity was varied. Finally, we
show that foams made of solutions containing long flexible PolyEthylene Oxide (PEQO) molecules counter-
intuitively drain faster than foams made with Newtonian solutions of the same viscosity. Complementary
experiments made with fluids having all the same viscosity but different responses to elongational stresses
(PEO-based Boger fluids) suggest an important role of the elastic properties of the PEO solutions on the
faster drainage.

PACS. 82.70.Rr Aerosols and foams — 47.60.+i Flows in ducts, channels, nozzles, and conduits — 47.56.+r

Flows through porous media

1 Introduction

An aqueous foam drains under gravity: the liquid flows
downward through the foam, and the foam liquid content
irreversibly decreases with time [1]. At long times, most of
the liquid is drained out of the foam, leaving it extremely
dry and fragile. Drainage therefore plays a key role in the
life time of the foam, and its understanding is thus crucial
for foam applications.

Recently, two foam drainage regimes have been identi-
fied [2-8], which are related to different boundary condi-
tions at the surface of the bubbles (i.e. mobile or immo-
bile surfaces). Each regime corresponds to specific location
of the viscous dissipation (or hydrodynamic resistance)
in the foam structure. In the case of immobile rigid sur-
faces, the main resistance comes from the liquid channels
(Plateau borders, PB) [2,3]; while in the case of mobile
fluid surfaces, the main resistance arises from the nodes
(junctions of Plateau borders) [4,5]. The difference in the
geometry of these structures induces different macroscopic
drainage behavior. Changing from one regime to another
can be accomplished by changing the intrinsic rigidity of
the surface layer at the foam bubble surface, but also by
changing the bubble size [6-11]. The type of regime is
determined by a “surface mobility” parameter M, which
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incorporate the different physical parameters that control
foam drainage (M = %:, where p is the bulk shear viscos-
ity, ps the surface shear viscosity and r the radius of cur-
vature of the PB); this parameter describes the coupling
between the flow inside the PBs and at their surfaces [7,
9,11,12]. Measurements of the resistances to flow in the
PBs and nodes, show that the resistance decreases with
the surface mobility in the PBs, while the flow resistance
in the nodes increases, and that both resistances are equal
at the drainage regime transition [11].

The liquid bulk viscosity is included in the parameter
M, and it should then also influence the foam drainage
regime [12]. Up to now, there has been only a few exper-
iments where the bulk viscosity was varied [13,14]. Re-
cently, free-drainage experiments of viscous fluids, showed
that a drainage transition can actually be induced by
increasing the bulk viscosity, but no complete system-
atic studies were performed [8]. Investigating how foam
drainage actually depends on viscosity, and the role that
the bulk viscosity has in determining the foam drainage
regime remain important issues.

Moreover, from the practical point-of-view, additives
are often added to foaming solutions to eventually modify
the foam properties, and to optimize the foam stability.
These additives frequently change the solution viscosity,
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even providing solutions which are no longer Newtonian.
In particular, it is usual to observe shear thinning behav-
ior (decrease of the viscosity with the shear rate) with
foaming fluids containing polymers [15]. Also, solutions
containing specific long flexible polymers manifest non-
linear viscoelastic properties, such as large elongational
viscosities and non-zero normal stress differences [15].
These specific rheological properties are responsible for
many macroscopic effects, often already detected at low
polymer concentrations, and which are not found for
Newtonian fluids of similar shear viscosity [16]. Therefore,
we have also investigated the role of theses polymers in
foam drainage.

In this paper, we implement our previous preliminary
work on the role of viscosity [14]. Together with a de-
tailed analysis of how drainage depends on viscosity for
Newtonian fluids, we add and compare new results on
foams made with shear thinning fluids (adding polymers
such as Carbopol and Xanthan), on foams made with elas-
tic fluids (adding PolyEthylene Oxide) and on foams made
with a set of Boger fluids (fluids having all the same shear
viscosity, but different elongational ones).

2 Foam production and forced-drainage
method

Foams are produced by bubbling nitrogen into the sur-
factant solution through porous glass cylinders. Different
porosities are used in order to change the bubble diame-
ters, D: four diameters have been studied, D = 0.5, 1, 2
and 4 mm. The nitrogen flow rate is adjusted to create
homogeneous foams with small bubble size polydispersity,
and traces of perfluorohexane (CgF14) are added to limit
the bubble coarsening [17].

In this study, we have performed forced-drainage ex-
periments [2]. First, a foam sample is allowed to dry under
normal gravity conditions. Once the foam is dry, the same
foaming solution is poured over the stationary foam at the
top of the sample at controlled flow rates (. We use the
surface velocity Vi = Q/S, where S is the sample section
to quantify our flow rates. In this configuration, a liquid
front between a wet and a dry foam moves downward at a
constant velocity V; [2,3]. The motion of the front is moni-
tored by electrical conductimetry [6,14], and multiple light
scattering [8]. Typically, the front is followed over 30 cm,
in the center of a foam column which is 70 cm height, to
eliminate top and bottom boundary effects. The column
cross section is 16 cm?, so that there are always more than
10 bubbles in an horizontal section which ensure that wall
effects are also negligible.

In forced-drainage models, the front velocity can be
calculated considering that the liquid flows principally in-
side the interconnected network of PBs, linked together
at the nodes. In a first limiting case, assuming immobile
air-liquid interfaces, the flow in the PBs is then Poiseuille-
like and the viscous dissipation essentially occurs in these
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PBs. The relation between V¢ and Vj is given by [2,3]

9 1/2
Vi = <"gf K> Vi (1)

where g is the acceleration of gravity, p the solution den-
sity, L the length of a PB, u the bulk viscosity and K.
is a dimensionless number describing the permeability of
the rigid PB network. Regarding this permeability, first
note that it is a useful quantity which directly describe
the drainage velocity (for given bubble size and viscosity
conditions), and secondly, it is also related to the hydro-
dynamic resistance of a PB, R, as R0 ~ 1/K , [5,9,11].
Ko has been theoretically estimated to be K.y = 1/150 ~
6.6 x 1073 [3]. Assuming that the bubbles are monodis-
perse and are Kelvin tetrakaidecahedra, L can be related
to the bubble diameter D wvia the relation: D = ¢;.L, with
c1 ~2.17.

Oppositely, in a second limiting case, the bubble sur-
faces are mobile and the surface velocity is non-zero. Un-
der such conditions, the flow in the PBs becomes more
plug-like, and it has been proposed that the dissipation is
then dominated by the one inside the nodes [4,5], lead-

ing to:
2/3
12
Vi = (pgu KnO) Vvsl/3 (2)

where Ko is the permeability of the node network (the
resistance R, of a node is here also proportional to the
inverse of the permeability, R,o ~ 1/K,, [5,11]). Prelim-
inary numerical simulations [18] and experimental mea-
surements [4,5,8,11] show that K, is of the same order
of Kco.

Experimentally, both limit regimes have been observed
for different surface chemical compositions and different
bubble sizes [3,4,6,7,11,19,20]. When the exponent « of
the drainage curve (V; ~ V) is equal to 0.5 (within an
error bar of +0.03) a permeability K. can be calculated
from the power law prefactor by using equation (1). In that
limit, the nodes play no role, K, (<K.) is not defined.
When « is close to 1/3, a node permeability K,, > K.
can be deduced from the power law prefactor. The condi-
tions needed to obtain a given regime have recently been
clarified: in a large range of experimental conditions, the
surface mobility parameter M = £~ turns out to be the

control parameter [7,11,20]. In the limit of dry foams,
r = coD/e, € being the liquid fraction, and ce = 0.9 [5].
pD+/e
. . . . MS . .
that it incorporates an interfacial parameter (emphasizing

the role of 2D shear resistances), the bubble size, the bulk
viscosity and the liquid fraction. The parameter M was
first introduced by Leonard and Lemlich [12], and its role
was discussed further recently by Desai and Kumar [21],
Nguyen [22] and Koehler et al. [23]. For small M, the cou-
pling between the surface and bulk flows is small, and the
hydrodynamic resistance of the PBs dominates over the
node resistance (in agreement with Eq. (1), V% NVi/Q).
Experiments and simulations show that increasing M de-
creases the resistance R, of a PB, as a shear flow devel-
ops at the surface [7,11,22,23]. The effective permeability

M can then be written as: M = ¢y ; one can see here
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K. (K. ~ 1/R.) is thus not constant, and increases with
M. This increase has been observed in experiments where
M was changed by changing the bubble diameter, and
a good agreement has been found between experiments
and the predicted variations of K.y [7,11,20,22,23]. At
high enough M, the resistance of the PBs become smaller
than the resistance of the nodes, and a drainage transition
occurs. In the transition range, simple power law adjust-
ments of forced drainage data (V¢ vs. V5) provide an expo-
nent « between 1/3 and 1/2. In such cases, equations (1)
and (2) cannot be used, but it is however possible to an-
alyze the data by considering both contributions of PBs
and nodes: the PBs and nodes hydrodynamics resistances
are assumed to be in series [9], and this allows the sep-
aration of the two contributions (which consistently turn
out to be of the same order) [9,11]. One can thus extract
(not only in the limits where the exponent o = 1/2 or
1/3), the values of the hydrodynamic resistances R., R,
(or permeabilities K., K,) of both PBs and nodes. It is
then possible to determine the contributions of flow across
the different foam structural elements and get insights into
the microscopic details of the liquid flow.

Another surface mobility parameter N where
Deg is an effective surfactant diffusion coefficient (includ-
ing both interfacial and bulk contributions) and E the
surface elasticity [24] has also been proposed, describing a
different surface — bulk coupling (associated with surface
tension gradients instead of surface shear in M), which
may be important, for instance, when the bubbles are
small.

As p is included in both M and N, comparing ex-
periments where p is varied to previous results where the
bubble size, or the surface viscoelasticity have been varied,
could help in gaining a better understanding of drainage
regimes transitions. Finally, let us stress that no specific
drainage model or equations have been proposed yet for
non-Newtonian fluids.

— K Desr

3 Materials and characterization

The chemicals were purchased from Aldrich, excepted
when stated otherwise. Depending on the polymer added,
we start either from a solution of an anionic surfactant,
Sodium Dodecyl Sulfate (SDS) or from a solution of
a cationic surfactant, tetradecyltrimethylammonium bro-
mide (TTAB); the choice is made to prevent polymer-
surfactant complexation at the surface and uncontrolled
modification of the bulk and interfacial properties at the
same time. We have added to all solutions a co-surfactant,
dodecanol (DOH), to obtain high surface shear viscosities,
and a well controlled and constant low interfacial mobil-
ity. For all solutions, the surfactant concentration is equal
to 10 times the critical micellar concentration (cmc), and
the surfactant/dodecanol weight ratio is fixed at 1000.
Glycerol-water volume percentages x were varied from
10 to 70%, and used with TTAB and DOH. Xanthan (from
IDF) is a negatively charged natural polysaccharide, with
a rigid backbone (molecular weight M, is ~10°g/mol).
Foams were made with mixed aqueous solutions of this

197

Table 1. Composition and shear viscosity of the Boger fluids
used in this study.

PEO Composition Viscosity
molecular weight PEO  Glycerol Water (mPa.s)
(g/L) Yo(w/w) Yo(w/w) %o(w/w)
6 x 10° 0.270 20.00  79.730 4.99
1 x10° 0.150 5.00  74.850  4.56
5 x 10° 0.080 15.00  84.920 4.70

polymer (concentrations between 0.15 and 0.3 g/L), of
SDS (negatively charged surfactant, as the polymer) and
of DOH. Another polymer, Carbopol (from BF Goodrich)
was also used with SDS and DOH. Carbopol is a branched
polyacrylic acid homopolymer, widely used as solution vis-
cosifier (small amounts strongly increase the viscosity),
and is known to form microgels in bulk. Carbopol concen-
tration was varied between 0.2 g/L to 1 g/L. Polyethy-
lene oxide (PEO) with different molecular weights
ranging from 10% to 5 x 10° g/mol were used. The PEO
concentration ¢ was fixed to 3 g/L, excepted for the largest
molecular weight where ¢ was 0.75 g/L. PEO was used
with TTAB and DOH, because it is known to form surface
and bulk complexes with SDS. Finally, the composition of
the so-called Boger fluids (PEO solutions in glycerol-water
mixtures) is listed in Table 1.

The viscosity p of the solutions is measured with a
PAAR-Physica rheometer (MCR300), in a double gap
Couette geometry, varying the shear rate between 1 to
200 s~!. The viscosities of the glycerol-water solutions
are all independent of the shear rate, as expected for a
Newtonian fluid, and fall in the range 1 to 30 mPa.s.
Figure 1 shows the flow curves (viscosity vs. shear rate)
for the polymer solutions. For the solutions containing
Carbopol (Fig. 1a), a moderate shear thinning behav-
ior is observed at all concentrations. Pure Carbopol so-
lutions have viscosities about 10 times higher than mixed
Carbopol-SDS solutions, the surfactant inducing either a
change in the bulk conformation of the polymer or a dis-
persion of the microgels. The shear thinning behavior is
more marked with Xanthan than with Carbopol (Fig. 1b),
as a result of the greater rigidity of the polymer backbone.
Data for PEO solutions of different My, are presented in
Figure 1c. The shear viscosities are almost independent
of shear rate, excepted for the two largest M, polymers,
where also a slight shear thinning effect is observed. The
viscosities of the Boger fluids are almost independent of
shear rate, even for the large PEO molecular weights and
their values are reported in Table 1. Following these re-
sults, the Carbopol and Xanthan solutions can be consid-
ered as examples of shear thinning foaming fluids, whereas
the PEO and Boger solutions represent the solutions hav-
ing in addition some elastic properties and high elonga-
tional viscosities [15,16].

We have also measured the solution surface tensions,
to check for eventual modifications of interfacial proper-
ties: a surfactant-polymer complexation at interfaces usu-
ally strongly decreases the surface tension, when compared
to the pure surfactant system. The measurements are
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Fig. 1. Bulk shear viscosity u as a function of the applied shear
rate for (a) solutions containing SDS, DOH and Carbopol, (b)
SDS, DOH and Xanthan, and (c) TTAB, DOH and PEO.

performed with a classical pendant drop tensiometer. For
glycerol-TTAB solutions, no significant variations are de-
tected up to 50% glycerol, and the surface tension 7 re-
mains close to 32 mN/m. Ounly for the percentage x = 70%
is the surface tension slightly lower which is probably due
to the amount of glycerol becoming dominant. For the
solutions containing Carbopol, Xanthan and PEO, only
slight decreases (up to 2 mN/m for the highest concentra-
tions) have been observed. These data confirm that there
are no, or only very little, surface complexation in our
solutions, and no modification of the surface properties.
Thus all the effects observed can only be due to modifica-
tion of bulk properties, the interfaces being always in the
low mobility limit.

4 Results
4.1 Newtonian foaming fluids: Glycerol-water mixtures

First, we recall that the solutions used here contained
constant amounts of TTAB and DOH, chosen in order
that the surfaces have large surface shear viscosities and
large compression elasticities, hence intrinsically rigid sur-
faces. For a bubble diameter D = 1+ 0.1 mm, the forced-
drainage curves for different glycerol percentages x have
been modelled by power laws with exponents a. We have
found that « remains close to 0.5 (0.5 £+ 0.02) up to
x = 40%, then decreases: @ = 0.43 for x = 50% and
a = 0.34 for x = 70%. For all the data up to x = 50%),
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Fig. 2. Plot of V{?/V; vs. 1/ for foams made of solutions con-
taining glycerol, Carbopol, Xanthan or PEO. Bubble diameter
D is 1 mm. For each system, the viscosity is varied either by
changing the polymer concentration, or its molecular weight.

we have plotted V;?/V; as a function of 1/p in Figure 2.
The theoretical prediction (Eq. (1) with K. = 6.6 x 1073)
is represented by the dashed line. Despite o = 0.5 up to
almost 50% of glycerol, it turns out that a significant de-
viation from the theory already appears at lower glycerol
concentrations, and that the foams drain faster than ex-
pected. The same results can be presented in a different
way, with the use of the permeabilities. The PB permeabil-
ity K. is plotted vs. p in Figure 3 (normalized by the value
found for the pure TTAB/DOH solution at = 1 mPa.s,
K. =8x107%). For a = 0.5, K, is simply deduced via
equation (1); while for = 50%, both a PB and a node
contribution needs to be considered and the V; vs. V; needs
to be fitted using a more complex equation form with two
power law contributions [9,11] (then an associated node
permeability K, = 7.8 x 1073 is found). One can then
see that, in agreement with the curve of Figure 2, the
PB permeability K. is not constant and increases with p,
meaning that the resistance of the PBs decreases. It de-
creases finally so much with the viscosity that, for the 70%
glycerol, only a node contribution is found: o = 0.34, from
which we get a single permeability K,, = 12.0 x 1073,

We recall that, in these experiments, the bubble size
(D ~ 1 mm) and the surface properties are kept constant,
so that any change should be related to bulk properties.
These data for Newtonian fluids will be used as a refer-
ence, to which the behavior of non-Newtonian fluids can
be compared.

4.2 Solutions with Carbopol

For all the forced-drainage experiments with solutions
made of SDS, DOH and Carbopol, and with a bubble size
D =1+0.1 mm, we have found that the drainage curves
can be modelled with power laws with a exponent « from
0.45 to 0.5. In order to compare these results to those for
Newtonian fluids, one first has to determine which single
value of viscosity has to be ascribed to each Carbopol con-
centration. From the bubble size D, the measured average
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Fig. 3. Plateau border permeability K., normalized by the
permeability of foams made with a TTAB/DOH solution of
viscosity 4 = 1 mPa.s, as a function of bulk viscosity pu.
The foams are made with solutions containing either glycerol,
Carbopol, Xanthan and PEO.

liquid fractions and liquid velocities v at each concentra-
tion, it is possible to determine the PB section r (using
r = coD+/€), the shear rate % within these PBs (¥ ~ v/r),
and thus finally the effective viscosity from the curves of
Figure 1. We find that the local shear rates % in the foam
are in the range 3 to 8 s~1. Once plotted as a function of
these effective viscosities (Fig. 2), we find that the results
for the Carbopol coincide well with the data for the glyc-
erol solutions. Consequently, the Carbopol permeability
data fall on the same curve than the glycerol data (Fig. 3).
This shows that our estimation of the effective shear rates
(and thus viscosity) inside the foam are correct, and that
the shear-thinning behaviour of Carbopol solutions does
not change the physical mechanisms of drainage.

4.3 Solutions with Xanthan

Xanthan solutions have a more pronounced shear-thinning
behaviour than Carbopol solutions. For the three lowest
concentrations of Xanthan, the forced drainage curve ex-
ponent is close to 0.5: @ = 0.48 + 0.02. We calculated
and reported in Figures 2 and 3 the quantities V?/V;
and K., using effective viscosities deduced from the local
shear rates (as for the Carbopol solutions). Here again, the
Xanthan results are close to those for glycerol and
Carbopol. For the highest concentration of Xanthan, ¢ =
0.3 g/L, we have found an exponent o« = 0.35, as for
glycerol with x = 70%. Here the local viscosity is pu =
15 mPa.s. Using equation (2), we have calculated a node
permeability K,, = 10.5x 1073, close to that measured for
glycerol. Again therefore, the shear-thinning behaviour of
the foaming solution does not change the drainage mech-
anisms.
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Fig. 4. Drainage front velocity as a function of the surface
flowrate Vi = Q/S, for bubbles with different diameters (0.5, 1,
2 and 4 mm) with glycerol (open symbols) and PEO solutions
(full symbols). In the first case the percentage of glycerol is
x = 45%; in the second, the concentration of PEO is ¢ = 3 g/L
(M, = 10° g/mol). Both solutions have the same shear vis-
cosity, u ~ 4.6 mPa.s. The arrow indicates the increase of the
bubble size.

4.4 Solutions with PEO

For all the solutions containing TTAB, DOH and PEO,
the exponents from the drainage curves are close to 0.5.
So, it is here also relevant to look at the variation of V;?/V;
with of 1/u. As for the other solutions, we take an aver-
age value over typical local shear rates found in the foam.
For the smallest PEO molecular weights, drainage veloci-
ties are close to those for glycerol-water mixtures with the
same p. However, for larger molecular weights (thus higher
viscosities), the behavior of the PEO solutions is signifi-
cantly different, and the drainage is faster than for all the
other solutions having the same bulk viscosity (Fig. 2).
This translates into differences in permeability K. (Fig. 3):
for PEO, K, can be twice as large as that for Newtonian
or shear-thinning fluids.

In order to find the origin of these differences, we have
varied the bubble diameter. Changing the bubble size is
a way to change the average flow velocity, and therefore
to change local hydrodynamic stresses (both shear and
elongational) in foams. Note that the foam liquid fraction
above the front also changes, from 0.7% (for the largest
bubbles and the smallest flow rates) to around 20% (for
the smallest bubbles, and largest flow rates, just before the
occurrence of convective instabilities). We have selected 2
solutions having the same bulk viscosity (1 = 4.6 mPa.s):
a 45% glycerol solution and a 3 g/L PEO solution with
M, = 10° g/mol. The bubble diameter is then varied
from 0.5 to 4mm (Fig. 4). For the smallest bubbles, the
PEO-based foams always drain faster than the glycerol
based ones. However, the difference between drainage ve-
locities continuously decreases as the bubble diameter is
increased, and finally vanishes for the largest bubbles,
D =4 mm.
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Fig. 5. Drainage curves for the foams made with Boger so-
lutions. The results for the pure surfactant solution and for a
Newtonian solution with glycerol (z = 45%) are also plotted
for comparison. Bubble diameter is 1 mm.

Note that we see here an effect of bubble size, already
found in previous studies: the exponent of the drainage
curves, close to 0.5 for intermediate bubble size (1 mm
diameter), decreases towards 0.35 for smaller and larger
bubbles, confirming that drainage regime transitions can
be induced by bubble size changes [8,11].

4.5 Boger fluids: PEO/glycerol /water mixtures

When changing the PEO molecular weight, one changes
both shear and elongational properties of the solutions. In
order to disentangle these contributions, we have studied
a series of foams made with Boger fluids. These fluids are
dilute PEO solutions in glycerol-water mixtures of variable
composition (see Tab. 1). The interest here is that their
shear viscosities are identical, whereas the elongational
ones are changed.

The drainage curves for the three Boger fluids are
reported in Figure 5, together with the result for the
Newtonian solution with the same shear viscosity
(TTAB/DOH with 45% glycerol). Here again, the expo-
nent « is close to 0.5 (main resistance always within the
PBs). The foams with PEO of small M,, (0.6 x 10° g/mol)
drain with the same velocity than with the equivalent
Newtonian fluid (45% glycerol). But when the PEO molec-
ular weight is increased, the drainage is significantly faster.
One can also see that the increase in drainage velocity
is larger when the PEO molecular weight increases from
0.6 x10° to 10, than when it increases from 10° to 5 x 106:
the velocity does not increase linearly with M,,, and tends
to saturate as My, increases. In relation to this saturation,
it is striking to note that for the highest M, investigated
here, it is almost possible to increase the velocities up to
the ones obtained with a glycerol-free surfactant solution
having a bulk viscosity of 1 mPa.s (thus about 5 times
smaller than that of the Boger fluid, dashed line in Fig. 5).
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We finally point out that, for a fixed bulk viscosity, the
maximum increase of the PB permeability K. with Boger
fluids is close to the one found with the PEO solutions:
K is multiplied by a factor close to 2, when compared to
the results for Newtonian fluids.

5 Discussion

5.1 Surfactant solutions with glycerol, Xanthan and
Carbopol

Regarding their effects on drainage, foaming solutions con-
taining glycerol, Carbopol or Xanthan share the same
properties, whether these fluids are Newtonian or not.
The surface viscoelasticity being kept high and constant,
the drainage velocity varies with p but does not follow
equation (1). As u is increased, o decreases down to 0.34,
and the PB permeability K. increases (meaning a contin-
uous decrease of the hydrodynamic resistance of the PBs).
These features are similar to the drainage regime transi-
tion seen when surface viscoelasticity or bubble size are
varied [6,8,11]. So the coupling between surface flow and
bulk flow in the PBs can also be tuned by the bulk vis-
cosity, as expected since the control parameters M and N
depend on u, and a transition in drainage regime is clearly
found as p is increased. For the bubble size tested here,
the critical viscosity range, corresponding to the crossover
from one regime to the other, appears to be between 12
and 20 mPa.s.

At this stage, a first analysis consists to compare the
observed variations of K, with u, to the available mod-
els [21,23]: models predict the dependence of K. with M,
Ke(M) = Ko (1 + sM) with s = 2.4, from which we
also get Kc(u) (note that as there are no predictions for
Ke¢(N), similar comparisons cannot be done). From the
value of K. for u = 1 mPa.s (K.~ 8 x 107%), we extract
a value of M = 0.2, corresponding to a surface viscosity
ps = 6 x 107* g s~1. This value of g is in agreement with
previous determinations from other forced-drainage exper-
iments [7,11,19]. As p is varied within a decade (adding
either glycerol, Carbopol or Xanthan), M spans a range
from 0.2 to 2. The measured variation of K, is significantly
smaller than predicted by the models when M varies in
that range: it is still possible to fit the permeability data
by a functional form K.o(1+ su) (solid line in Fig. 3), but
s is finally a factor 1.75 smaller than the prediction. One
can also note that according to the model, the transition to
the regime « = 1/3 should have taken place with viscosi-
ties p =~ 10 mPa.s, for which M > 1. Finally, beyond the
transition, once « = 1/3 for large p, the measured perme-
abilities K,, are 4 times larger than those reported before
(K, ~ 3x1073) [4,5,11]. This suggests that the viscosity-
induced transition does not fit well with this model, and
thus with the underlying microscopic mechanism linked to
the parameter M.

It is interesting to note that there are similarities be-
tween the drainage transitions observed when p is in-
creased and when the bubble size is decreased (for in-
stance, the same K, = 10 x 1073 is found in both cases
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above the transition) [11]. High viscosities or small bub-
ble sizes correspond to high values of N, and one can
thus wonder if these transitions could be controlled by
this parameter. Quantitatively, N remains quite small
under these experimental conditions (on the order of
1073-10%), so the corresponding surface tension gradi-
ents should have negligible effects. Nevertheless, as dis-
cussed in [25], some effects apparently controlled by N
seem indeed to occur while N is as small as here. Of
course, this discussion cannot lead to the conclusion that
N controls the high viscosity or the small bubble drainage
regimes. The microscopic mechanisms involved in this
viscosity-induced drainage transition, and the drainage
features for high bulk viscosities, still require an expla-
nation. Data reported here, as well as those on single
PB [19] where the effect of Newtonian bulk viscosity has
also been studied, will now be useful for comparisons to
future models.

5.2 Surfactant solutions containing PEO

The foams made with PEO solutions of large enough
molecular weight drain faster than foams made with
Newtonian liquids of the same shear viscosity. This is a
rather counter-intuitive result, since PEO solutions resist
both shear and elongational deformations, and one might
expect slower drainage due to cumulative shear and elon-
gational dissipation. Indeed, in solid porous media, long
flexible polymers such as PEO increase pressure drops
whatever the flow rate imposed [26]. The effect seen here
appears to be specific to foams: the main difference be-
tween a foam and a solid porous media is that the foam
pore sizes (PBs sections) are not constant. The PB sec-
tions, their geometry (as well as those of the nodes) de-
pend on the liquid fraction, and are dynamically adjusted
to the flow properties. This adaptability of the liquid net-
work is certainly a first important ingredient for explain-
ing our observations. It is interesting to note that isolated
foam films drain faster when made with PEO solutions
than with Newtonian fluids of similar viscosity [27]. Here
also, the shape of the thin film and of its meniscus changes
during liquid flow.

PEO solutions and Boger fluids have non-linear re-
sponses to elongational strains. Their high elongational
viscosities originate from the viscous resistance occurring
when the polymer chains are stretched. The fact that for
the elastic fluids, drainage is faster than with Newtonian
fluids suggests that elongational properties play a role.
This is even more clear with the Boger fluids results: when
we have increased only the elongational fluid properties
(all the rest being constant), the drainage speed increases.

There are usually no elastic effects at low elongational
deformation rates. Let us consider the simple case of sink
flow through a contraction in a cylindrical pipe: the elon-
gational rate depends on the liquid velocity, on the pipe
section radius and on the contraction angle [28]. By ap-
plying this picture to foams, one can crudely estimate
elongational rates between 1 and 10 s~!. Note also that
the elongation might be only located in a thin fluid layer
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near the PB surfaces (as often found in such contraction
problems); then the correct length scale associated to the
elongation could be much smaller than the PB radius, im-
plying even higher elongational rates in the foam. Recent
results by Pelletier et al., with the opposing jets method,
show that non-Newtonian effects occur much sooner than
previously expected, and that deformation of the coil can
occur at very low strain rates, typically a decade lower
than the strain rate predicted for the coil-stretch tran-
sition [29]. Pelletier et al. found that for polyacrylamide
solutions of My, = 10%g/mol, the critical strain is typically
around 5 s~1 [29]. This suggests that elongational strains
could be just high enough in PBs during forced-drainage
to change flow mechanisms.

We can then only speculate on how the elastic proper-
ties of the fluid can modify the microscopic flow, and thus
the macroscopic drainage velocities. It is possible that an-
other ingredient to add is that the elongational viscosity
increases with the elongational strain rates [15,28]. This
property, known as “tension-thickening”, stabilizes liquid
filaments against abrupt changes in diameter [15]. Such di-
ameter changes imply locally a maximum of elongational
rate, and thus local higher stresses due to this tension
thickening effect: the flow then react by smoothing out the
section change to reduce the stresses [15]. This tension-
thickening effect provides a link between the adjustable
PB geometry and the elastic properties of the fluid. In a
foam made with an elastic fluid, the PB shape and cross
section, as the liquid filament ones, could adapt to re-
duce local elongational stresses, occurring as soon as there
are wide section changes (especially within the drainage
front), by smoothing these sections changes. Such mod-
ifications of the geometry must then have an impact on
the liquid velocity (for a given injected flowrate and due
to mass conservation, the liquid velocity is higher if the
channel section is smaller). Note that as the node shape
is also adjustable, geometrical changes balancing elonga-
tional stresses probably also occur in the nodes, and this
may also affect the final velocity. These effects obviously
do not exist in solid porous media. This adaptation is also
not needed for a Newtonian fluid, for which there are no
elongational stresses.

Preliminary experiments on a single PB held on a solid
frame, and with a high speed camera, actually show that
the PB shape is modified in the presence of PEO: in
agreement with these ideas, the change of cross section
is smoother with PEO, the contraction is smaller and the
length over which the section changes is larger.

The effect of bubble size shown in Figure 4 remains
difficult to explain and more work is needed to clarify this
issue.

6 Conclusions

We have studied the role of the bulk viscosity on foam
drainage. It is first found that a drainage regime transi-
tion can be induced by increasing the bulk viscosity. The
way the transition is approached and crossed is well iden-
tified, and turn out to be different from what is found
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when surface properties are varied. The viscosity-induced
transition in fact appears more similar to the transition
seen when the bubble size is decreased.

If non-Newtonian foaming solutions are used, the prop-
erties of drainage are not affected by the shear-thinning
behavior of these solutions. If one ascribes an effective
viscosity, corresponding to the estimated local shear rate
inside the foam, the velocity of drainage is the same than
for Newtonian fluids at the same viscosity.

Experiments with solutions containing PEO and PEO-
based Boger fluids led to unexpectedly high foam drainage
velocities, the elastic properties of these fluids having a
counter-intuitive impact on drainage. We have proposed
here some elements of understanding, identifying which
properties of the foam itself and of the solutions may
have to be taken into account. Nevertheless, this effect
remains to be explained in details, and further works are
in progress.

This work has been supported in part by the Centre National
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(ESA); we also thank O. Pitois and V. Bertola for useful dis-
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