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Using air to displace a viscous fluid contained in a Hele-Shaw cell can create a fingering pattern at the
interface between the fluids if the capillary number exceeds a critical value. This Saffman-Taylor instability
is revisited for the inverse case of a viscous fluid displacing air when partially wettable hydrophilic particles
are lying on the walls. Though the inverse case is otherwise stable, the presence of the particles results in a
fingering instability at low capillary number. This capillary-driven instability is driven by the integration of
particles into the interface which results from the minimization of the interfacial energy. Both axisymmetric
and rectangular geometries are considered in order to quantify this phenomenon.
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The Saffman-Taylor instability [1-3] is a classical,
interfacial instability that occurs when a low viscosity
fluid displaces one of higher viscosity in a Hele-Shaw cell
[4]. The instability generates a fingering phenomenon at the
moving interface that leads to complex tree patterns. Aside
from the beauty of the structures, the attention devoted to
this instability can be attributed to its widespread relevance
in applications such as flows in porous media [5-7], flame
propagation [8,9], and growth of bacterial colonies [10].
The instability results from the decrease of the flow
resistance as the fluid of lower viscosity replaces the
more viscous fluid; the inverse situation, wherein a highly
viscous fluid is pushed into a cell filled with a weakly
viscous fluid, is stable. Despite the large number of
investigations of interfacial instabilities, the displacement
of air by a viscous fluid in the presence of particles has not
been reported in the literature. Nevertheless, this case is of
importance in cleaning processes when bacteria, spores,
dust, or particles are present on surfaces.

Here, we demonstrate the formation of fingering patterns
emerging from the injection of a liquid into a cell filled with
air in the presence of microparticles on the walls. This
corresponds to the reverse situation compared to the
common Saffman-Taylor instability. This instability relies
on the integration of partially wettable particles to the
meniscus driven by the minimization of interfacial energy.
A reverse Saffman-Taylor instability in the presence of
surfactants has been previously reported in the literature by
Chan et al. [11] and then by Fernandez et al. [12], but, in
contrast to these studies, the fingers observed in our studies
with particles are not limited in depth.

Air-water interfaces can induce strong capillary forces
able to remove microparticles initially deposited on a wall
surface. In nature, this phenomenon happens frequently
when a raindrop falls on a lotus leaf. Because of the
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hydrophobicity of the surface and gravity, the water drop
rolls off of the slanted leaf while also removing dust
particles. This self-cleaning process is referred to as the
“lotus effect” [13,14] and is of primary interest to a wide
variety of industrial processes including tube [15,16] or
microelectronic silicon wafer cleaning [17], separation of
minerals in the mining industry [18], particle flotation [19],
or even stabilization of bubbly liquids, foams, and emul-
sions [20-22]. Once the microparticles are removed from
the surfaces, they are adsorbed and transported by the air-
water interface. We show here how the presence of these
particles can dramatically affect the stability of an interface.

This “particle-driven” fingering instability is first studied
in a radial Hele-Shaw cell (see Fig. 1) which is constructed
of two circular glass plates of radius 50 mm. They are
centered and placed on top of each other at a separation
distance of H, that was varied between 0.1 and 1 mm. The
plates were cleaned prior to each experiment with iso-
propanol alcohol, distilled water, and acetone. Then, Rilsan
(polyamide 11) particles with an average radius of 15 ym
were sprinkled onto both glass surfaces to give a concen-
tration C, as measured from microscopy images of the
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FIG. 1. Schematic of the experimental setup: water is injected
into air using a syringe pump either between two parallel plates
(radial Hele-Shaw cell) or inside a rectangular tube. Micro-
particles were deposited on the surfaces prior to water injection.
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particle-covered plates. This concentration C corresponds
to the ratio of the surface covered by the particles to the
total surface. The uniformity of C was evaluated and is
reported with each result. The particles have a density of
1.03 g/cm?* and are hydrophilic (S, <0, 6, = 71° £ 3°,
with S, the spreading parameter and ¢, the static contact
angle between the particles and deionized water [16]).
Water is injected into this cell through a hole drilled at the
center of the bottom plate at constant flow rates Q (2, 20,
200 or 2000 ml/h) and the evolution of the liquid-air
interface was recorded with a charge-coupled device
camera. For the experiments described above, the capillary
number, Reynolds number, and Bond number are defined,
respectively, as Ca =y, U/ys,, Re=p,UH/u;, and
Bo = p,gH?/y5., where p;, u;, and yg; are the density,
viscosity, and surface tension of the deionized water.
Gravitational acceleration is g and the values of Bo range
from approximately 1073 to 10~! depending on the plate
separation. Both Ca and Re depend upon the velocity of the
interface U = Q/(2zxrH), which is a function of the radius
r. At the inlet where r = 2 mm, the maximum values are
Ca= 1073 and Re ~ 10? and, at the outlet (» = 40 mm), the
minimum values are Ca~ 107® and Re ~ 107*.

As fluid is injected between the plates, the air-water
interface starts to expand radially. Microparticles encoun-
tered by the moving interface are captured and progres-
sively cover the meniscus. When a critical radius r, is
reached, destabilization of the interface occurs and the
formation of fingering patterns begins [see Fig. 2(a)]. To
better understand this phenomenon, the critical radius was
measured for different particle concentrations C, gap
widths H, and flow rates (quantified by the capillary
number Ca at the critical radius r.); the data are shown
in Fig. 2(b).

In the present case, the interface instability seems to
occur once the meniscus is entirely covered with particles.
To verify this hypothesis, we estimated theoretically the
critical radius at which this happens from a simple balance
of the surface occupied by the particles once they are
collected by the meniscus and the space available on the
meniscus as it expands radially (see Supplemental Material
[23] for the detailed calculation). For wall contact angles ag
lying between 0 and 7/2, the critical radius is predicted to
be between

n> — 8C
ro i =N ? and rC/H:%. (1)
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The measured value of the contact angle at the wall is 10° £
4° in the absence of the particles, but contaminants
introduced with the particles may alter this value. In this
formula, ¢ is the specific surface area of the particles on the
interface, that is to say the fraction of the surface that the
particles occupy on the meniscus due to their shape and
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FIG. 2. (a) Images showing a time sequence of the interfacial

instability in a radial Hele-Shaw cell with a plate spacing of
150 um, C = 0.78, flow rate Q = 200 ml/h (Ca = 6.57 x 107%),
and [y, ty, 1,13 = 0,3,7,31 s]. (b) The critical radius at which
the instabilities start in the radial Hele-Shaw cell. The horizontal
error bars represent the standard deviation for the concentration
with a confidence level of 96%. The vertical error bars represent
the minimum and the maximum of the critical radius.

arrangement, in close packing configuration, once the
meniscus is entirely covered with particles. There is no
reason for the particles to be organized in a specific way;
thus, ¢ is equated with random packing of spheres on a flat
surface: ¢ = 0.8 [25,26]. This value may slightly fluctuate
depending on the exact shape and organization of the
particles. Since we cannot visualize the particles’ organi-
zation on the meniscus, the critical radius is estimated for
values of the specific surface area lying between 0.7 and
0.8. Figure 2(b) shows that the calculation of r. closely
matches the experimental results at low capillary numbers
(Ca < 107*), when interfacial phenomena largely dominate
the dynamical phenomena, supporting the hypothesis.
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Indeed, it is well known [16,19,27] that hydrophilic
particles are naturally collected by a liquid-air interface
to minimize the interfacial energy. However, once the
expanding interface becomes entirely covered by particles,
integrating additional particles into the interface is not
possible while also maintaining a purely radial growth.
Instead, either the air-liquid interface will start expanding in
a different way to incorporate new particles or the particles
will remain in the gas or enter the liquid phase. The former
case is always observed in the present experiments.

For concentrations C < 0.8, the integration of particles is
achieved through the development of a fingering pattern
that increases the interface to volume ratio as compared to
the radial configuration. At very high particle concentra-
tions (C > 0.85), the integration of particles is generally
achieved through the deposition of a liquid film ahead of
the meniscus, similar to what was observed previously in
cylindrical tubes [16] and will not be further discussed here.
For high capillary numbers, departure from our prediction
is indicative of the role played by the fluid flow in the
formation of the fingering patterns. Indeed, our model
assumes that the evolution of the fingers is a quasistatic
process solely driven by interfacial phenomena, which is no
longer valid at higher capillary numbers.

We further investigated the structure of the patterns
(finger widths and numbers, symmetry) as a function of the
experimental parameters C, H, and Q (see Fig. 3). The
width and number of fingers mainly depend on the plate
separation distance H and the particle concentration C,
while the symmetry of the patterns is mainly determined by
the flow rate Q. At a low capillary number, some labyrinth
patterns similar to those produced by the drainage of a
granular-fluid system in two dimensional confinement [5]
are formed. Indeed, the finger growth is solely driven by the
particle collection. As long as the particles are uniformly
distributed, no preferential direction of finger growth is

observed. At a higher capillary number, the finger growth is
essentially radial, similar to the viscous fingers produced by
Saffman-Taylor instabilities, due to the increasing impor-
tance of radial viscous flow stresses.

The patterns formed in this radial Hele-Shaw configu-
ration are relatively complex (see Fig. 3). There is an
interplay between the number of fingers and their width and
the fingers’ progress intermittently and at varying rates (see
Videos S1 and S2 [28]). To simplify this problem, we
investigated the relation between the finger width L
produced by this instability as a function of the particle
concentration in a simpler geometry (rectangular borosili-
cate capillary tube of height H = 0.40 mm and width
W = 10H), where the finger width is expected to be
relatively constant. The inner walls were first degreased
by sonication while suspended in acetone, then isopropa-
nol, and finally in dichloromethane for five minutes each.
Next, the tubes were dried under nitrogen flow and
submerged in a freshly prepared piranha solution (sulfuric
acid H,SO, + hydrogen peroxide H,O,) at 100 °C for one
hour. The channels were rinsed thoroughly with deionized
water and dried in an oven at 120 °C for one hour. Then, the
inner walls were covered by Rilsan (Polyamidel1) particles
by gently blowing them into the channel with an air jet.
Water was injected through the tube at a constant flow rate
Q =0.1 ml/h, corresponding to a capillary number
Ca=1,0/(ygLWH) = 2.38 x 1077, while recording the
dynamics of the moving meniscus as described previously.

As water is injected into the tube, particles initially are
collected by the meniscus at the relatively short times of 7,
and #; as seen in Fig. 4(a). For longer times #, and #3, an
instability occurs and leads to the formation of a liquid
finger as also observed in the radial Hele-Shaw geometry.
Unlike the latter geometry, however, the fingers of water in
the rectangular channel retain a uniform width L, at each
concentration C. The measurements of Lp, as given in

FIG. 3.
between the plates H.

Diagram of the different instability patterns as a function of the concentration of the particles C, the flow rate Q, and the gap
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FIG. 4. (a) A time sequence of images showing the interface
instability in a rectangular capillary tube with a particle concen-
tration of C = 0.3 and capillary number Ca = 2.38 x 10~7. The
air appears dark gray and the water is light gray. (b) Measured and
predicted finger width as a function of the concentration of the
particles in the rectangular tube. The horizontal error bars
represent the standard deviation for the concentration with a
confidence level of 96%. The vertical error bars represent the
minimum and the maximum of the finger width. (c) Semiarmored
bubbles form when the finger width exceeds the width of the
channel: Lp/W > 1.

Fig. 4(b), indicate an inverse relationship with the concen-
tration C. It is interesting to note that when the finger width
Lp exceeds the width W (L,/H>10), the meniscus
touches the opposite wall and semiarmored bubbles,
attached to the walls, are formed periodically as seen in
Fig. 4(c) and Video S3 [29].

As before, we suppose that the interface becomes
unstable once covered by the particles and that the
subsequent formation of fingers is driven by interfacial
energy considerations. A theoretical liquid finger width,
which corresponds to the limit size allowing all particles
encountered by the meniscus to be captured, can be derived
(see Supplemental Material [23]): L, = ¢pzH/4C — H/2
for a liquid-air-wall contact angle of ap =0 and Ly =
¢H/2C — H/2 for a liquid-air-wall contact angle of

ap = n/2. Comparisons of the measurements with the
predictions for L; are shown in Fig. 4(b) as a function
of the particle concentration C for different model param-
eters ar and ¢, as these two parameters likely vary
depending on the cleanliness of the surface and the
distribution of the particles on the meniscus. The model
captures the qualitative trends of the experimental data and
the data are accurately bounded by the predictions of the
limiting case of @y = 0 with ¢ = 0.8, providing support for
the idea that the finger width is simply fixed by an
interfacial energy minimization process at low capillary
numbers.

To conclude, we have demonstrated that the presence of
partially wettable particles on the walls can dramatically
affect the dynamics of a liquid that is injected into a Hele-
Shaw cell filled with air. Generally, a fingering pattern
forms, even though the displacement of air with a viscous
fluid is typically stable, unlike the classical Saffman-Taylor
instability. The destabilization of the interface occurs due to
interfacial energy minimization, which requires that all
particles intersected by the meniscus are collected. As a
consequence, the critical radius at which the instability
occurs and the width of the fingers can be calculated by
simply balancing the space available on the meniscus with
the area needed to accommodate additional particles
encountered by the liquid-air interface during its motion.
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