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Foam drainage control using thermocapillary stress in a two-dimensional microchamber.

V. Miralles!, B. Selva?, 1. Cantat®, M.-C. Jullien'
1MMN, CNRS, ESPCI Paris-Tech, 10 rue Vauquelin, F-75005 Paris, France.
2L0F, unité mixte Solvay—CNRS—Bordeaux 1, 178 avenue du Docteur Schweitzer, F-33608 Pessac cedex, France.
3 IPR, (UMR CNRS 6251), Université de Rennes 1, 35000 Rennes, France.

We investigate the drainage of a 2D microfoam in a vertical Hele-Shaw cell, and show that the Marangoni
stress at the air-water interface generated by a constant temperature gradient applied in situ can be tuned to
control the drainage. The temperature gradient is applied in such a way that thermocapillarity and gravity have
an antagonist effect. We characterize the drainage over time by measuring the liquid volume fraction in the
cell and find that thermocapillarity can overcome the effect of gravity, effectively draining the foam towards the
top of the cell, or exactly compensate it, maintaining the liquid fraction at its initial value over at least 60 s.
We quantify these results by solving the mass balance in the cell, and provide insight on the interplay between
gravity, thermocapillarity and capillary pressure governing the drainage dynamics.

The development of controlled materials containing gas in-
clusions covers a large variety of applications such as scaf-
folds for tissue engineering [1, 2], enhanced oil recovery
[3, 4], optics [5, 6] and phononic crystals [7] to cite a few.
Microfluidics gives access to structures unachievable at the
macroscopic scale [8, 9] and recent studies show that a major
difficulty in manufacturing such discrete materials is to con-
trol the foam stabilization [10-12], or destabilization [13, 14]
over time, involving three phenomena : i) drainage due to
gravity, ii) diffusion of gas through the liquid films, and iii)
coalescence of neighboring bubbles [15]. Although microflu-
idics has proven to be an efficient technology to generate
monodisperse bubbles [16], gravity drainage still affects the
organization of large number of these bubbles in vertical 2D
or 3D matrices - even at such small scales. Recent attempts
at foam drainage control have involved introducing activable
materials in the carrier phase, such as magnetic particles or
photo-sensitive surfactants [12—14]. In this paper, we investi-
gate a new way to control foam drainage using thermocapil-
lary Marangoni effects, which refers to a mass transfer along
an interface between two fluids due to a temperature-induced
surface tension gradient. We demonstrate that the application
of a constant temperature gradient to a 2D microfoam can stop
or reverse the natural drainage due to gravity. A mass transfer
balance using scaling arguments allows us to provide physi-
cal insight on our quantitative experiments. We believe this
study in a 2D model experiment to be a useful building block
towards foam drainage control in more complex situations.

Our experimental chamber is a Polydimethylsiloxane
(PDMS) Hele-Shaw cell fabricated using soft-lithography
[17], of dimensions L x w x e = 2000 x 1500 x 54.5 ,um3
respectively in the x, y and z directions, Fig.1. When the cell
dimensions or the cell orientation are modified, it is specified
in the text. Bubbles are generated at a flow-focusing junc-
tion [16, 18, 19] into a capillary tube that divides into five
intermediate microchannels, allowing for even spreading of
the bubbles in the Hele Shaw cell. The total volume of the
microchannels (inlet plus outlet) is 16 % of the cell volume.
Once the cell is entirely filled with bubbles, the capillary tube
is disconnected. The solution is free to exit the cell from the
bottom or from the top, depending on the force driving the

drainage. In the following we call outlet the intermediate mi-
crochannels towards which the liquid drains, and inlet the op-
posite ones. The number of bubbles inside the cell remains
constant throughout each experiment. In each experiment, the
initial liquid volume fraction is ¢y ~ 14% and the polydisper-
sity of the foam (standard deviation over the mean value of the
bubble radius distribution) is typically lower than 8 %. The
foaming solution consists of an anionic surfactant solution
(SDS, Sigma-Aldrich, at 9 mM) mixed with glycerol (5.68
wt%, Aldrich) and titanium dioxide (5.68 wt%, Sachtleben)
in deionized water (Millipore). Surfactant guarantee the pres-
ence of a lubrication film between the bubbles and the walls.
The surface tension of the solution is measured with a Wil-
helmy plate and found to be y = 30.8 + 0.1 mN.m~! at 20 °C,
while the dependency on temperature is d7y = —2.1 + 0.1 107*
N.m~ ' K~!. The dynamic viscosity and density of the solu-
tion are respectively 7 = 1.15 1073 Pa.s and p = 10° kg.m™>.
The forcing parameter is a well-controlled constant tempera-
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FIG. 1: Sketch of the experimental setup. The chromium heating
resistors (grey stripes) are connected to the voltage source via gold
wires (golden stripes). The Hele-Shaw cell is sealed above the heat-
ing resistors. The liquid (resp. air) is represented in black (resp.
white).

ture gradient oriented along the vertical x-axis [20, 21]. We
checked in [22] that it is not significantly altered by the flow,
so that d,y = (87y)(0,T) is also constant. We apply a neg-
ative 0, T in our experiments, so that the surface tension gra-
dient is positive and induces a Marangoni flow towards the
top of the cell, i.e. in the opposite direction to gravity. In the
following, we denote by 0,7 the absolute value of the temper-



ature gradient (for the sake of simplicity).

The experimental cell is placed on a stereomicroscope (Le-
ica MZ FLII) fitted with a white light source (Volpi In-
tralux 5100) in reflection configuration. The foam evolution
is recorded with a CMOS camera (PixeLink PL-B781) at a 2
Hz acquisition frame rate. The presence of titanium dioxide
makes the solution very diffusive (the characteristic optical
transport length is slightly larger than the wetting film thick-
ness along the lateral walls) and leads to high contrast images
where the thin films appear black while the menisci, called
pseudo-Plateau borders (pPB), appear white (see Fig.2c). This
visualization method ensures that the pictures are not distorted
by refraction or reflection on the interfaces [23].

FIG. 2: (a) Cross-sectional view of a pseudo-Plateau border (pPB).
Top views: (b) Parameters used to measure the liquid fraction ¢ over
time; (c), (d) and (e) time evolution of a foam of initial liquid volume
fraction ¢9 ~ 14%, at times t=0, t=2 s and t=15 s for 9,T = 7.0
K.mm™". Scale bars represent 200 ym.

Snapshots of the typical time evolution of the foam struc-
ture during an experiment are represented in Fig.2,c.d.e. In
our confined geometry, the foam structure is highly con-
strained, and the whole 3D foam structure can be deduced
from these snapshots [24, 25]. At an early stage (first regime),
the foam is wet and the bubbles adopt a pancake shape of ra-
dius R, Fig 2c. The mean curvature of their lateral interface,
which is not in contact with the plates, is k = 2/e + 1 /R ~ 2/e
for large bubbles. Then, the bubbles come into contact as the
liquid phase is drained out of the cell: Fig.2d shows the onset
of a second regime. As the liquid fraction decreases, the con-
tact point between bubbles is stretched and the bubbles adopt
a polygonal shape, Fig.2e. The bubbles are separated by the
pPB, which meet at threefold vertices. The contact area be-
tween two bubbles in this regime is approximately a line along
which the pPB in contact with both plates meet, Fig.2a. The
interface curvature thus remains close to 2/e, which is the cur-
vature of the pPB section, while the width of the pPB is equal
to e. As ¢ decreases, the curvature of the vertices in the (xy)
plane, 1/R,, slightly increases towards 1/R, ~ 2/e. In general,
this point would correspond to the onset of a third regime, in

which thin films form between the bubbles as the liquid con-
tinues to be drained [24, 25]. We never enter this third regime
and observe that the foam reaches a stationary state in which
the curvature of the vertices is constant, and drainage stops. In
this letter we focus on the first 60 s of the experiments where
coarsening can be neglected. In what follows, we also dis-
card the first few snapshots corresponding to the first regime
during which the bubbles come into contact. We quantify the
drainage dynamics in the second regime.

The foam exhibits no drainage front. Statistics over subre-
gions of the cell (centered at different positions along x, con-
taining about 10 bubbles) show that the liquid fraction deter-
mined with equation (1) is uniform with a precision A¢ ~ 1072
given by the pixel size. We show at the end of this Letter that
this is chiefly due to capillary pressure in the foam. In the fol-
lowing, ¢ accounts for the mean liquid fraction throughout the
cell. To calculate ¢, we first measure the fraction of the plate
in contact with the pPB, ¢*?, obtained from the ratio of white
to black pixels in the observation plane. We take advantage of
the constant width of the pPB (equal to e) to set the threshold
in the image processing (contact point between two adjacent
bubbles, Fig.2d). The relative size of the edges and the ver-
tices is quantified by the angles ¥; and ¥, defined Fig.2b.
These angles are calculated from the number of bubbles per
unit area, the measured ¢*°, and the assumption of a regular
hexagonal foam. We assume then that the liquid-gas interface
in the vertex is part of a torus, with one radius of curvature
equal to e/2, and the other one deduced from ¥,. Hence the
liquid fraction ¢ writes:

o= 1 —\/§(tan(‘~l’1)+ 200;}:{”)2)

2
(@)D G-3) @
Ly 2 Ly 3 2

The evolution of the liquid fraction over time is plotted in
Fig.3. When subjected to gravity only, the drainage occurs to-
wards the bottom outlet, and ¢ decays until it reaches a plateau
at ¢ ~ 4.5%. For a precise value of the temperature gradient,
9,T = 3.1 Kmm™!, the Marangoni contribution exactly bal-
ances the effect of gravity on drainage: the liquid fraction is
maintained constant at its initial value. Upon increase of the
temperature gradient, the drainage direction is reversed: the
evolution of ¢ is similar to the pure gravity case, but the liquid
is drained towards the top of the cell. The drainage can be
quantified by solving the liquid transport in the foam, using
scaling arguments. As the liquid fraction is uniform at each
time step within experimental accuracy, the dynamics of the
system can be predicted by a global mass balance in the cell.
To perform such a mass balance, the flows at the inlet and out-
let have to be determined. During the first regime, the bubbles
in the inlet channels come into contact as the liquid drains out
through the cell. Hence, we assume that there is no liquid
reservoir -and so zero flux- at the inlet. At the outlet, as the
bubbles are in direct contact with the liquid exiting the cell, we
assume that the capillary pressure gradient tends to zero (no



FIG. 3: Time evolution of the liquid fraction ¢ (cell placed vertically)
for 8xT = 0 (o), 2.1 (w), 3.1 (v), 5.5 (+) and 7.0 (o) K.mm™. Solid
lines show the best exponential fit for each dataset. The dashed line
shows the saturation at ¢ ~ 4.5 %. Each datapoint, at a given time,
is obtained by taking the mean value over five experiments. Error
bars lie within 10 % for all the experimental curves, and are not rep-
resented for a better clearness. Inset: capillary pressure drop in the
foam (P - straight line) and its derivative with respect to ¢ (g Pcap
- dotted line), as a function of ¢ [25]. Note that the blue (resp. red)
curves correspond to a drainage towards the cold (resp. hot) side of
the cell.

capillary flow). Lastly, we presume that the liquid transport is
dominant in the pPB. A simple dimensional argument leads to
the following expressions for the thermocapillary and gravity
contributions to the velocity of the liquid phase: 7" = adyye/n
and 7 = —Be*pg/n, where ¥, stands for the projection along x
of the average velocity in the liquid phase, o and g are posi-
tive dimensionless parameters [26]. The thermocapillary and
gravity fluxes across a section (yz) of the cell are given by
Q™ = 7" ewp and Q% = Wewep. The mass conservation equa-
tion in the cell thus reads d(ewL¢)/dt = +(Q™ + Q%), where
the sign +/- corresponds to fluid exiting respectively at the
bottom (i.e. [#"| < [#%]) or top of the cell (|#| > [#%]). In both
cases, we get:
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where # = nL/[ae(dy/dx)] and £ = nL/[Bpge’] are charac-
teristic drainage times due to thermocapillarity and gravity re-
spectively.

Fitting our data points with an exponential decay before
the saturation, we measure 7; = 15 = 18.2 + 0.2 s for gravity
only and 7y € {49.3+0.5;26.9+0.3;162+0.2} s ford,T €
{2.1;5.5;7.0} K.mm™' respectively, Fig.3. We deduce 3 =
47+0.21073 from #5. In order to make an independent mea-
surement of «, the cell is placed horizontally to eliminate the
influence of gravity, inset Fig.4. When plotting In(¢/¢g) as
a function of #/t,, all the curves collapse on the same straight
line of slope -1 for @ = 3.7 £ 0.1 1073, Fig.4. Reinjecting
these independently-measured values of a and 8 in #;, we
find respectively #; € {49.3+0.5;269+0.3;162+02} s
for 0,T € {2.1;55;7.0} Kmm~™! for experiments where
both gravity and thermocapillarity intervene, in good agree-

ment with our best fits. The balance between thermocapil-
larity and gravity is given by t§ = t;h, which yields 9, T = 3.1
K.mm™!. This shows that our minimal mass balance argument
is sufficient to shed physical insight on the drainage dynam-
ics at short times (see Suppl. Mat. for negligible additional
effects). In particular, this validates the assumption of negli-
gible capillary flux at the outlet and negligible total flux at the
inlet.
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FIG. 4: In (¢ / ¢o) as a function of #/7;. Data correspond to (¢),
(w), (+) and (o) presented in Fig.3 (cell placed vertically), and to six
experiments performed with the cell placed horizontally (see inset):
0T = 1.0 (2), 1.2 (x), 2.2 (+), 3.5 (), 7.0 (¢) Kmm ™', and (a)
corresponds to an experiment with C;,TAB surfactant at 9,7 = 7.0
K.mm™'. Data (o) and (¢) correspond to a cell 2500x1500x32 um3
placed horizontally, respectively for 8,7= 3.5 and 7.0 Kmm™". In-
set: time evolution of ¢ for the five experiments 0,7 = 1.0 (2), 1.2
(x), 2.2 (), 3.5 (0), 7.0 (¢) K.mm ™! (cell placed horizontally). Each
datapoint, at a given time, is obtained by taking the mean value over
five experiments. Solid lines show the best exponential fit for each
dataset.

In order to check the robustness of the model, we performed
complementary experiments with another soluble surfactant ,
and with cells of different thicknesses and lengths (see Suppl.
Mat.), and lead to values of @ and S consistent with the ex-
pected model.

The saturation value is independent of the forcing parame-
ter and is related to the emergence of a non negligible capillary
pumping at the outlet, Fig.3 and inset Fig.4. More precisely,
the capillary flux obeys a similar law to the gravity flux and
writes Q°? = (ew¢)(Be?/n)d, P, d,P being the driving force.
Its expression is thus . The dependence of P with ¢ can be de-
termined using eq.22 of [25], see inset Fig.3. dyP remains of
the order of a few kPa for ¢ larger than the saturation value and
then diverges rapidly for smaller values. This transition below
¢ ~ 4.5 % corresponds to the appearance of thin films separat-
ing the bubbles (third regime). This regime is not observed,
as neither gravity nor thermocapillarity are strong enough to
overcome the capillary pressure: instead, ¢ saturates at this
limit value.

The influence of the capillary pressure is subtle. We can
show that during the drainage process, the capillary flux in
the cell is small but non-zero far from the outlet, and ensures
the liquid fraction homogeneity. A local mass balance im-
poses ewdp(x,1)/0t = 0(Q8(x) + Q"(x) + Q°P(x))/0x. We



denote 6¢(x, ) the small spatial variations of the liquid frac-
tion relatively to its mean value in the cell ¢(¢). Since we
measure experimentally 6¢/¢ < 0.1, we can assume Qf, Q"
and ¢ to be independent of x. In contrast, for d,P of the
order of 1 kPa, as observed during the drainage phase (in-
set Fig.3), we get (9,P)(0.¢) ~ 10°6¢ Pa.m™' over a typ-
ical length scale of order 1 mm. Hence the capillary pres-
sure gradient is non negligible compared to the hydrostatic
pressure gradient, pg ~ 10* Pa.m™!, even for 6¢ as small as
1072: 6¢ can be neglected in all terms excepted Q°”(x) in
the local mass balance. An integration from x to L yields
Q“?(x) = (1-x/L)(Q*(L) + Q™(L)). Dealing with the pure
gravity situation, we can predict 96¢/dx = (1 — x/L)pg/dsP
in the cell, which leads to 6¢ ~ 6.1073, a value well below
our experimental uncertainty. A variation 6¢/¢ of 10 % is
predicted for L ~ 3.5 mm, above which some capillary cor-
rections need to be introduced in the model. In other words,
though the capillary pressure is negligible at the outlet where
the foam is in contact with the solution, it is high enough in
the core of the cell to redistribute the liquid towards the inlet
and to avoid the formation of a drainage front. As more liquid
exits the cell, the capillary pressure gradient becomes of the
same order as gravity or thermocapillarity even at the outlet,
thus stopping the drainage.

To conclude, the main result of this work is that applying a
thermocapillary Marangoni stress at the air-water interface is
an effective way to control foam drainage in a microscale 2D
geometry. More precisely, thermocapillarity can accurately
counterbalance the effect of gravity, or overcome it, draining
the liquid in the other direction. We rationalize our approach
by writing down the mass conservation in the cell, which
sheds light on the physics at play by defining characteristic
drainage times. We wish to emphasize that this work can be
used as an elementary step in a bottom-up approach towards
drainage control in more complex systems and can pave the
way to controlled discrete materials. First, the 2D Hele-Shaw
cell and microscale of the experiments allow for full knowl-
edge of the foam geometry, and therefore liquid fraction and
drainage dynamics. Secondly, our experimental results can
be accounted for using a purely hydrodynamical approach,
contrary to previous studies involving surfactants with a more
complex rheology [27, 28]. This study can be refined or ex-
tended to polydisperse 2D, 3D, or macroscopic foams, with
non-constant temperature gradients and/or surface elasticity:
we believe it to be of both basic and practical interest to many
fields.
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