Soft Matter

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

Soft Matter

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

&;ﬁm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/softmatter


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 12

Soft Matter

CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE

WWW. rsC.org/xxxxxx | XXXXXXXX

Capillary tube wetting induced by particles: towards armoured bub-

bles tailoring

Farzam Zoueshtiagh*“* Michael Baudoin,*** and David Guerrin“

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

First published on the web Xth XXXXXXXXXX 200X
DOI: 10.1039/b000000x

In this paper, we report on the strongly modified dynamics of a liquid finger pushed inside a capillary tube, when partially
wettable particles are lying on the walls. Particles promote the appearance of new regimes and enable the tailored synthesis of
bubbles encapsulated in a monolayer of particles (so-called "armoured bubbles”). This remarkable behavior arises due to the
collection of particles at the air-liquid interface, which modify the global energy balance and stabilize the interface. Armoured-
bubbles are of primary interest in industrial processes since they display increased stability, interfacial rigidity and can even
sustain non-spherical shapes. This work opens perspective for a low cost bubbles-on-demand technology enabling the synthesis

of armoured bubbles with specific sizes, shapes and composition.

1 Introduction

Particle covered interfaces between immiscible fluids are of
primary interest in a wide variety of industrial, medical and
technological applications: stabilization of bubbly liquids,
foams and emulsions ™, flotation-based extraction and sep-
aration processes5, drug encapsulation 6 food processing7 or
even surface nanostructuring®. Particles drastically alter the
behavior of interfaces and make them display solid-like be-
havior® such as interfacial elasticity, buckling instability '° or
cracks formation!'!. When droplets or bubbles are encapsu-
lated in such hybrid interfaces, the “armour” surrounding them
strongly modifies their interaction with their environment:
Droplets encapsulated inside a layer of partially wettable par-
ticles (so-called ’liquid marbles”) do not wet substrates '2,
thereby suppressing dissipation at the contact line, and also
become more stable toward coalescence with other drops 3.
Their bubble counterpart, the “armoured bubbles”, have the
singular property of sustaining stable non-spherical shape due
to the jamming of particles covering their surface'*. They
also exhibit increased stability toward dissolution since they
naturally evolve into faceted polyhedral shapes that make the
Laplace overpressure vanish'>. While it has been shown that
microfluidic and chemical techniques %% allow the produc-
tion of spherical droplets with colloidal armour, the tailored
production of armoured bubbles with non-spherical shapes,
controlled size and composition remains a challenge.

In this paper, we study the dynamics of liquid fingers
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pushed inside particle-covered capillary tubes. The propaga-
tion of liquid fingers in capillary tubes has been largely stud-
ied since the early work of Bretherton?!, Hoffman?? and Tan-

er?3. However, particles have not been considered as a way
of modifying the meniscus dynamics and promoting the emer-
gence of new regimes. Bretherton had shown that air blown
inside a liquid-filled capillary tube results in the formation of
an air finger through the deposition of a liquid film on the walls
behind the meniscus. Here we show that the presence of parti-
cles on the walls can lead to the mirror situation wherein liquid
pushed inside a capillary tube filled with air results in the de-
position of a liquid film ahead of the meniscus. This liquid
film is covered and stabilized by a single monolayer of closed
packed particles. Their jamming prevents the development of
Rayleigh-Plateau instability and allows the formation of an en-
capsulated gas finger with large aspect ratio. This gas finger
eventually collapses into an armoured bubble (see Fig. 1) due
to an increase of the resistance of the bubbly finger to motion.
This system therefore enables the synthesis of armoured bub-
bles, whose shape and size is prescribed by the geometry of
the capillary tube.

Since the appearance of this new regime depends on the
global surface energy balance, we investigate here the influ-
ence of the wetting properties of the walls and the particles
on the evolution of the meniscus. A model is developed and
provides a criterion for the formation of armoured bubbles.

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Cylindrical armoured bubble covered with a monolayer of 15 um polyamide particle surrounded by water inside a capillary tube of
diameter 1 mm.

2 Materials and methods

2.1 Experimental setup

A liquid finger is either pushed at constant flow rate Q =
3ul/min with a syringe pump, or at constant pressure head
AP = 0.2 kPa with a syphon system inside a glass capil-
lary tube of mean radius R,, = 501 um covered with Rilsan
(Polyamide 11) particles of mean radius R, = 15 ym +1 ym
(see Fig. 2). These particles were scattered in the tube prior to
experiments by gently blowing them with an air jet. The dy-
namics of the moving meniscus is recorded with a CCD cam-
era mounted on a microscope. To avoid diffraction of light by
the cylindrical walls, the tube is trapped between two micro-
scope slides and surrounded with an index-matching liquid.
Different wetting configurations were considered (i) by us-
ing liquids with different surface tensions (DI water, wa-
ter/ethanol mixtures, perfluorodecalin) and (ii) by chemically
treating the tubes walls to modify their surface energy.

Microscope\ /v
o NG

OR—>

ﬁ) Capillary tube

Fig. 2 Experimental setup

i ' Particles
Air water interface

2.2 Capillary tube treatment

Tubes inner walls were treated either with piranha solution
(sulfuric acid + hydrogen peroxide), or coated with Self
Assembled Monolayers (SAMs) (silanization process) of
different organic molecules: perfluorodecyltrichlorosilane*
(PFTS) or hexamethyldisilazaneT (HDMS). Piranha solution
cleans the organic residues off the glass and leads to perfectly
wettable glass walls. SAMs are molecular layers which
modify the surface energy of the treated solid in a proportion
which depends on the organic molecule adsorbed on the
surface 2>, SAMs are classically used in labs on chips and
droplet microfluidics to turn high energy surfaces such as

* 1H,1H,2H, 2H-perfluorodecyltrichlorosilane CF;(CF,),(CH,),SiCl;
‘t Hexamethyldisilazane (CH;);SiNHSi(CH;)

glass or crystals into hydrophobic surfaces?6-28,

Capilllary tube cleaning: Glass capillaries were freshly
cleaned and oxidized to provide a dense array of reactive
silanol groups (=SiHO), which are anchoring sites for the
organosilane molecules. Capillaries were first degreased by
sonication in dichloromethane, then isopropanol for 5 min.
Glass substrates were perfectly dried under nitrogen flow, then
in an air oven at 120°C for 30 min. Then, the samples were
dipped into a freshly prepared piranha solution (H,SO,4, H,O,
2:1 v/v) at 100 °C for 15 min. They were rinsed thoroughly
with deionized water, then were dried under nitrogen stream.
To remove water inside capillaries, they were dried in an air
oven at 120°C for 1h. This cleaning procedure was used to
obtain perfectly wettable glass walls but also to prepare the
tubes for their silanization. The drying procedure in the last
step is very important for silanization since water excess is
problematic as it causes hydrolysis and polymerization of
organosilane molecules in solution.

Silanization®: Glass capillaries were coated with SAMs us-
ing two organosilanes bearing either methyl (HDMS) or per-
fluorated (PFTS) functions. By a well-known mechanism
(see Fig. 3), these molecules spontaneously react with the
silanol =SiOH groups on the glass surface providing a densely
packed and well-ordered hydrophobic molecular film. The
silanization reactions were carried out in a glovebox under
nitrogen atmosphere since HMDS and PFTS are water sen-
sitive. The cleaned glass capillaries were immersed for 2 h in
a 1073 M solution of organosilane in a mixture of n-hexane
and dichloromethane (70:30 v/v). Capillaries were cleaned
thoroughly in dichloromethane (2 times) by sonication, then
blown with dry nitrogen.

Wetting properties of the walls and particles: The wetting
properties of the walls and particles for each surface treatment
and liquid were characterized respectively by the static contact
angles 6,, and 6, for negative spreading parameters S, and S,.
The spreading parameter gauges the ability of a liquid to wet
a solid surface. When the spreading coefficient is positive, the

§ HMDS and PFTS were obtained from Gelest. Dichloromethane (99.9 %,
amylene stabilized) was obtained from Scharlau. n-hexane (99%, ACS grade)
and isopropanol (99.7%) were purchased from Carlo Erba. Sulfuric acid
(98%) and hydrogen peroxide (30% in water) were purchased from Sigma
Aldrich. All chemicals were used as received without further purification.
Deionized water (18 MQ.cm) was used to rinse substrates.
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liquid wets the surface completely. When it is negative, the
liquid wets partially the solid surface and thus the gas interface
meets the solid-liquid interface with an angle called the con-
tact angle. The wetting properties of the walls for the different
liquids used in our experiments (DI water, water/ethanol mix-
tures, perfluorodecalin) were measured by applying the same
chemical treatment to a glass wafer as the one applied to the
capillary tube and then measuring the static contact angle of a
sessile droplet deposited on the substrate. The wetting prop-
erties of the particles were characterized by the same method
after having coated the glass wafer with a thin film of Rilsan
obtained by melting down the particles. These wetting prop-
erties are summarized in table 1 1.

Table 1 Values of the static contact angle (when the spreading
parameter S is negative) with the walls 6,, and particles 6, for the
different liquids used in the experiments and different walls
chemical treatments. When the liquid fully wets the walls or the
particles, the spreading parameter is positive.

Glass Glass treated  Glass treated  Particles
with HDMS  with PFTS
DI Water Sy >0 6, =062+1 0,, = 106+8 0, ="T1+3
Water-Eth. 6% Sy >0 6, =062+1 6,, = 8843
Water-Eth. 27% S, >0 6,,=5143 0,, = 80+1
Perfluorodecalin =~ S, >0 6,, = 10+4 6,, = 34+3 Sp>0
Ethanol Sy>0 §,>0 0,, =42+4 Sp >0

3 Experimental results

3.1 Liquid finger pushed at constant flow rate

Experiments have been performed for all wetting config-
urations described in table 1. In this section, the liquid is
pushed at constant flow rate Q = 3ul/min. We identified four
main regimes with respect to the walls and particles wetting
properties (see phase diagram in Fig. 4).

Regime 1 : Perfectly wettable particles ( S, > 0). Here,
particles are weakly affected by the motion of the meniscus

| The exact value of the spreading parameter when the liquid wets the surface
completely (S > 0) is difficult to determine since it requires the knowledge of
the solid-gas and solid-liquid surface energies. When it is negative however,
it is linked to the contact angle 6 and the surface tension Yz, according to the
formula: S = Y1 (cos6 — 1)

Regime 1: Immersed particles

Spreading
parameter
Sp>0

Sw>0 0 T/4 TU/2 311/4 ™
Spreading parameter  Contact angle Ow

Fig. 4 Phase diagram summarizing the four regimes observed
depending on the spreading parameters S;, and S, of the walls and
particles or the contact angles 68, and 6,, when the spreading
parameter is negative. The line separating regimes 2 and 3 has been
computed according to eq. (5). Since the values of the spreading
parameters is not known when it is positive for the material used in
our experiments, only data with §;, < 0 and S,, < 0 are represented
in this graph.

for both cases of perfectly (S,, > 0) and partially (S,, < 0)
wettable walls. For perfectly wettable walls (S,, > 0), a liquid
film is present ahead of the meniscus due to local evaporation
and condensation in front of the meniscus. In such a situation,

6, =71 .sthe passage of the meniscus across the particles has no or
9 _ 48, negligible effect since the particles are already immersed in

the liquid film prior to the meniscus arrival (Fig. 5 A and
Movie S1). For partially wettable walls however (S,, < 0),
there is no macroscopic liquid film ahead of the meniscus. As
a consequence, particles are attracted by the liquid as soon
as they are touched by the interface and then simply released
behind the meniscus (Fig. 5 B and movie S2).

Regimes 2: Perfectly wettable walls (S,, > 0) and partially
wettable particles (S, < 0, 6, € [0,7/2]). This regime leads
to the formation of armoured bubbles. At the beginning,
particles are collected at the surface of the meniscus until
it becomes entirely covered with a monolayer of packed
particles (see Fig. 6 B, movie S3). Then, the interface keeps
growing, through the development of a particle-covered liquid
film ahead of the meniscus. This results in the formation of a
long gas finger covered with particles (Fig. 6 C, movie S4).
This gas finger eventually collapses (see Fig. 6 D, movie S5)
and forms a long cylindrical armoured bubble (see e.g. Fig. 1).

Regimes 3: Walls with high wettability (S,, < 0, 6,,<7/2)

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Regime 1: Schematic and snapshots of experiments showing
the evolution of a liquid finger pushed at constant flow rate inside a
capillary tube covered with perfectly wettable particles (white dots
in the pictures). A. Perfectly wettable walls B. Partially wettable
walls.

A, Particles Meniscus Particle-covered
collection entirely covered liquid film

> C

Gas finger pinch-off

C. Liquid Particle covered interface  Air

D. Gas finger pinch-off

Fig. 6 Regime 2: Liquid finger pushed at constant flow rate inside a
perfectly wettable capillary tube covered with partially wettable
particles. A. Schematic of the evolution of the air-liquid interface.
B. Particles are collected until they cover the whole meniscus. C. A
liquid layer covered with a monolayer of particles grows ahead of
the meniscus leading to the formation of an encapsulated gas finger.
D. The pinch-off of the gas finger results in the formation of an
armoured bubble (Fig. 1). Particles appear in dark in picture D since
the lighting conditions were different.
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and partially wettable particles (S, < 0) with 6, € [0,6,] .
Particles are first collected at the surface of the meniscus
until it becomes entirely covered with a monolayer of packed
particles (see Fig. 7 B), similarly to Regime 2. Then, new
particles contribute to the growth of the particle-covered
interface through a reduction of the apparent contact angle
with the surface down to a limiting value, 6;. Once this
limiting value is reached, new particles which come into
contact with the meniscus are immersed inside the liquid
finger (see Fig. 7. C and Movie S3).

A Particles Monolayer ~ Contact angle Limit contact
collection  of particles decrease angle
A O OO0 % (o Ne) O On'y O
ew‘ * * e\;kv 9|
; # Particles -
B. Liquid Meniscus Air

C. Liquid Meniscus Air

Fig. 7 Regime 3: Liquid finger pushed at constant flow rate inside
capillary tubes with highly wettable walls covered with partially
wettable particles whose contact angle 6), is under the critical value
0. defined by eq. (5). A. Schematic illustrating the evolution of the
meniscus. B. Snapshots of the capillary tube showing the collection
of the particles encountered by the meniscus and the reduction of the
contact angle. C. Evolution of the meniscus once the contact angle
has reached a limiting value 6.

Regime 4: Walls with low wettability (S,, <0, 6,, > 7/2) and
partially wettable particles (S, < 0). In this case, the parti-
cles accumulate along the contact line and obstruct its motion.
Since the flow rate is imposed, the meniscus eventually by-
passes the particles. This gives rise to the formation of air
pockets trapped between the tube’s wall and the liquid inside
the capillary, and whose surface is covered with particles (see
Fig. 8 and Movie S7).

|| 6. is the critical contact angle defined by eq. (5)

A czalll':ci:il(e); Jamming Bypass Air pocket
O O j O Z
Particles Liquid Meniscus Air
B. Particles accumulation Bypass Air pocket

Fig. 8 Regime 4: Liquid finger pushed at constant flow rate inside a
capillary tube with low wettability covered with partially wettable
particles. A. Schematic illustrating the evolution of the meniscus. B.
Snapshots showing the formation of an air pocket. The dashed white
line indicates the position of the meniscus. C. Final state after the
passage of the meniscus.

3.2 Liquid finger pushed at constant pressure

Further experiments were conducted in regime 2 to determine
the evolution of the encapsulated bubbly finger resistance to
motion and gain physical insight of the reason for its collapse
into and armoured bubble. In these experiments a long liquid
plug is pushed at constant pressure head AP = (0.2 kPa inside a
perfectly wettable capillary tube covered with Rilsan particles
(see Fig. 9 A. and B. and Movies S8 and S9). In the absence
of particles, experiments in the literature > indicate that a plug
pushed at constant pressure experiences a gradual increase of
its velocity due to a progressive decrease of its resistance to
motion. Instead, in the present experiment, a gradual decrease
in the plug’s velocity is observed along with a stick-slip mo-
tion of the plug when the length of the encapsulated finger
becomes sufficiently large (see Fig. 9 C.).

4 Discusion and theoretical modeling

In this section, the different regimes observed experimentally
are discussed and simple energetic considerations are devel-
oped to provide basic understanding of the observed tenden-

This journal is © The Royal Society of Chemistry [year]
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Fig. 9 Evolution of a liquid plug pushed at constant pressure in a
wetting tube covered with partially wettable particles. A. Initial
configuration: the front meniscus is covered with a monolayer of
particles. B. Spatiotemporal diagram displaying the grey values
along the center line of the channel as a function of time. Velocities
and lengths of the encapsulated gas finger are respectively obtained
from the slopes of the boundaries of the grey part of the graph and
the distance between them. The grey dashed line delimit the left part
of the bubble. C. Spatiotemporal diagram showing the evolution of
the right part of the encapsulated gas finger when its length is equal
to 1.6 cm. The velocity of the gas-finger is given by the boundary
between the grey part (particles) and the dark one (liquid). The steps
indicate stick-slip motion.

(stick s

11 Hoffman-Tanner law

cies. ** In all the experiments described above, the Reynolds
number Re = p;UR,,/ 1, Capillary number Ca = ;U /g, and
Bond number Bo = p,gR%v /Yo remain small:

Re <1072,Bo <107 and Ca <1070

with p;, l; and Y51, the density, viscosity and surface tension
of the considered liquid respectively, U = Q/(nR?), the char-
acteristic velocity of the liquid finger and g the gravitational
acceleration.”™ This means that, away from the contact line
(where the triple line introduces a flow singularity), surface
tension effects are dominant over those of inertia, gravitation
and viscosity. The shape of the meniscus is therefore only de-
termined by the minimization of surface energy. Furthermore,
since the capillary number is extremely small, the dynamic
contact angle differs only slightly from the static contact an-
gle™ and thus, the evolution of the meniscus can be consid-
ered as quasi-static (that is to say a succession of equilibrium
states).

When the first particles come into contact with the menis-
cus, the system spontaneously selects the configuration which
minimizes the total interfacial energy E. The latter is the sum
of the gas-liquid (GL), gas-wall (GW), liquid-wall (LW), gas-
particle (GP) and liquid-particle (LP) energy:

E = Y61AGL + YowAcw + YiwArw + YpAcp + YLrALP

where ¥y and A are the tension and area of the correspond-
ing interface, respectively. The global constraint of minimum
energy leads to 3 local constraints: (i) the liquid-gas inter-
face satisfies Young-Laplace’s equation and adopts a spheri-
cal shape, and the triple lines (ii) on the wall and (iii) at the
particle surface satisfy Young-Dupré’s equation:

., cosB _ Yep—p (1)

YL YoL

c0s 6. — Yow — Yiw

with 6,, and 6,, the wall and particle static contact angles,
respectively. As a result of condition (iii), perfectly wet-
table particles (S, > 0) are immersed in the liquid (regime 1)
whereas partially wettable particles (S, < 0) are trapped at the

F% As a first approximation, particles are supposed to be perfectly spherical in

the following calculations while this is not the case experimentally. Higher
order effects could therefore appear in this case such as particle-particle in-
teraction due to the asymmetry of the particles. Nevertheless, they would not
fundamentally modify the liquid film deposition mechanism proposed here.

+x In regime 2, the characteristic velocity of the liquid film is of the same order

of magnitude as the velocity U. Indeed, the liquid film velocity is equal to the
sum of the meniscus velocity and the expansion velocity of the liquid film.
The latter depends on the concentration of particles on the walls prior to the
experiment. In the experiments performed here, the characteristic velocity of
the liquid film is typically 15% higher than the velocity of the meniscus and
thus does not modify the estimation of the capillary number provided in this
section.

2223 predicts a dynamic contact angle < 3° for a per-
fectly wetting liquid moving at a capillary number Ca ~ 1075,

6| Journal Name, 2010, [voll1-11
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interface (regime 2, 3 and 4). For wettable walls (6,, < /2,
regimes 2 and 3), the same condition applies for the successive
particles until the meniscus is entirely covered with a mono-
layer of particles. For walls with low wettability (6,, > 7 /2)
however (regime 4), particles captured at the contact line pre-
vent the liquid from coming into contact with new particles
due to jamming (see Fig. 8 A) and so, the lowest energy state
cannot be reached. Particles accumulate along the contact line
and obstruct its motion. As the flow rate is imposed, the lig-
uid finger is pushed forward and the contact line eventually
bypasses the pile of particles resulting in the formation of air
pockets on the tube’s wall (see Fig. 8 C).

We will now discuss regimes 3 once the meniscus is entirely
covered with a monolayer of particles. When new particles
come into contact with the meniscus, three different situations
can occur: (i) particles are immersed in the liquid phase, (ii)
they are integrated into an extended meniscus, or (iii) they stay
in the gas phase. Since in regimes 2 and 3 the particles are
partially wettable, interfacial energy is always lower in con-
figuration (ii) as compared to (iii). Thus, situation (iii) cannot
occur in the absence of additional constraints.

Now the following calculations are aimed at forecasting the
system selection between configurations (i) and (ii) by deter-
mining the least energetic configuration according to values of
contact angles 6,, and 6,,. To calculate the energy difference
SFE between configurations (i) and (ii), one can determine the
energy required for the transition between these two states.
This transition can be decomposed into two steps (see Fig.

Configuration (i): Configuration (ii): particle integrated
immersed particle into an extended meniscus

i 55
RN

Liquid Air
Contact angle
variation $6<0

0+56.8 ™\

OE* :
Space for the 6 E
integration

of a new particle

Fig. 10 Transition between configuration (i) and (ii).

10): (1) the surface of the meniscus increases to leave enough
space to integrate a new particle (variation of energy SE™) and
(2) the particle migrates at the air-liquid interface (variation of
energy 0E7):

0E =8E" +8E~ 2)

In configuration (ii), the absorption of a new particle
by the meniscus requires the expansion of its surface by

88 = nRIZ,/ ¢, where ¢ is the specific surface area as de-
fined by Torquato®° (¢ ~ 0.8 for spheres in a 2D configura-
tion). Indeed due to their shape, the particles occupy only
a fraction of the air-liquid interface. For partially wettable
walls, this expansion leads to a decrease of the contact angle
by 865 = [cos®(6;;/2(sin(6;;)(2—sin(6))) — 1))] [R5 /R}].
which in turn yields an increase in interfacial energy by:

SEt — TY6LRS, {] B cos(ew)}

¢ cos(6;;)

where 0 is the apparent contact angle sustained by the pres-
ence of particles at the interface (see Appendix A for details
of this calculation). On the other hand, the integration of a
new particle to the interface leads to a decrease of interfacial
energy by:

SE™ = —ygLmR3 (1 — cos(6,)]

since a partially wettable particle lies in its less energetic con-
figuration when it is trapped at an air-liquid interface with a
contact angle 6,. Thus, configuration (ii) is energetically fa-
vorable if :

~ cos(6y)
cos(6;%)

W

1
8E = myGLR), {— (1

P ) —-Q —Cos(Gp))z} <0.

3)
This function is always negative at the beginning when 6 =
6,, and results in a decrease in the apparent contact angle 6,
until it reaches a limit value 6; corresponding to 6E = 0:

cos(6,) .
1= 9(1 —cos(6,))?

Then, new incoming particles are immersed into the liquid
phase (regime 3). However, if F(8),,6,,) > 1, that is to say:

cos(6;) =F(6,,6,) =

“

&)

1— 6,
0, > 6. = acos [1— LS(W)]

¢

equation (4) has no solution and thus the contact angle de-
creases down to 0. At this stage, the interface can only ex-
pand ahead of the meniscus with the development of a liquid
film which recovers the wall (regime 2). Calculations (see Ap-
pendix B) indeed show that this liquid expansion is energeti-
cally favorable when criterion (5) is verified or when the walls
are perfectly wetting (Sw > 0) and the particles partially wet-
ting (S, < 0). This minimization of the surface energy thus
explains the growth of the particle-covered interface through
the deposition of a film ahead of the meniscus observed in
regime 2.

This liquid film is stabilized by particles jamming in the
monolayer, which prevents the development of Rayleigh-
Plateau instability. The air finger pinch-off is only enabled

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [voll, 1-11 |7



Soft Matter

by the large pressure head increase resulting from the increase
in the resistance of the encapsulated finger to motion. Indeed,
the motion of liquid plugs and fingers in micro-channels can
be described through an Ohm-like law, AP = Qr;,, where AP is
the pressure drop along the channel and ry, is the liquid plug’s
or finger’s resistance to motion2’. In section 3.2, experiments
performed at constant pressure indicate a drastic reduction of
the velocity of the encapsulated bubbly finger when its size in-
creases through the collection of particles lying on the walls.
This reduction of the velocity indicate an increase in the re-
sistance r,. At constant flow rate, this resistance increase will
lead to a large increase in the driving pressure head, which
eventually provokes the pinch-off of the gas finger. The pre-
diction of the final size of the armored bubble would require
the knowledge of (i) the pressure required for the pinch-off of
the bubble and (ii) the evolution of the pressure head result-
ing from the increase of the bubble resistance to motion. This
increase of resistance might have different origins such as the
friction of particles with the walls or the viscous dissipation
in the liquid film separating the bubble from the tube. Further
experiments would be required to determine the comparative
contributions of these phenomena.

5 Conclusion and perspectives

In this paper, we study the strongly modified dynamics of a
liquid finger pushed inside a capillary tube when particles are
lying on the walls. Different regimes are observed according
to the wetting configuration. One of these regimes leads to
the controlled formation of armoured bubbles covered with a
monolayer of particles, whose shape and lateral size is pre-
scribed by the geometry of the capillary tube. This system
enables a serial production of such armoured bubbles. Indeed,
once an armoured bubbles is formed another starts growing in
the remaining part of the tube, and so on until all the particles
lying on the walls have been collected. These encapsulated
bubbles can then be extracted from the capillary tube by push-
ing them with a higher flow rate. Once out of the tube, they
keep their cylindrical shape since the jamming of particles pre-
vents the reduction of the bubble surface (see Fig. 11). This
works opens perspectives for low cost automatic production of
armoured bubbles with specific geometries. The production of
a large number of identical armoured bubbles would neverthe-
less require a parallelization and an optimization of the present
experimental setup to obtain bubbles with predictable lengths.

The present method might also be extended to the pro-
duction of encapsulated bubbles in a colloidal crystal*!3? or
ordered two dimensional arrays3? if neutral particles are re-
placed by strongly interacting ones. For macroscopic parti-
cles, these interactions can result from the balance of grav-
ity and surface tension, the so-called “Cheerios” effect3*33.
At smaller scales (micrometer to nanometer range), gravity

is negligible and so interaction can be induced by electrical
charges3'-3¢, irregular shape3’, roughness3®, or inhomoge-
neous wetting properties of the particles>>. They could also
be triggered by interface curvature as demonstrated recently
by Wiirger3°.

These singular bubbles are interesting for their static prop-
erties (stability, original shape); but their strongly nonlinear
dynamics also opens new perspective for the design of origi-
nal acoustical materials such as contrast agents.

Fig. 11 Stable cylindrical armoured bubble extracted from the tube.
It is obtained by pushing the long armored bubble formed in the
capillary tube with a higher flow rate into a larger cell. In these
preliminary experiments, the buoyancy force resulted in the division
of the long armored bubble into smaller bubbles.

Appendix A: Decrease of the apparent contact
angle induced by the presence of particles on the
walls

This appendix is giving the details of calculations for the vari-
ations of energy, 6F = SE™ + 8E~ expressed in equation (3).
Here, we will only consider particles with small radius R,
compared to the radius of curvature of the meniscus R, and
thus neglect the interface curvature at the scale of a particle.
This hypothesis is well verified in our experiments since
R,/R. <2 x 10~2. We will also suppose that the evolution is
quasi-static, as justified in the main text.

Increase of energy due to the decrease of the contact angle
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In absence of particles, the contact angle at the liquid-air-
wall triple line is given at rest by Young-Dupré’s equation :

Yow —Yw
YoL

(6)

cos B, =

where Yow, Yw and Ygr are the gas-wall, liquid-wall
and gas-liquid tensions respectively. This equation can
be simply deduced from a minimization of the interfa-
cial energy. The integration of an additional particle to
the air-liquid interface requires an increase of the menis-
cus surface O0Agy through a reduction of the contact
angle 66;. This surface increase, 0Agr, yields to an in-
crease of interfacial energy 0E™ = dE,,/d6;; 86 where
E. = YorAcL + YowAcw + ViwArpw is the sum of the
gas-liquid, gas-wall and liquid-wall interfacial energy in
absence of particles and 65 is the wall apparent contact
angle at a certain point of the evolution. We must therefore
determine the expression of 6 and E,, (6} to estimate E ™.

Computation of §6;

Due to their shape and arrangement, the particles cover only
a fraction, ¢, of the air-liquid interface, called the specific sur-
face area. The air-liquid surface increase 0Ag, required for
the integration of a single particle is therefore:

8AgL=TR}/9. (7)

<

Fig. 12 Schematic of the meniscus.

Suppose that the wall apparent contact angle at a certain
point of the evolution is equal to 6 (with 6,; = 6,, just prior to
meniscus surface increase, i.e. when the first additional parti-
cle reaches the meniscus which has its surface fully covered by
particles). The surface of the meniscus Agz can be expressed
as a function of 6, according to (see Fig. 12):

Ag. = 2nRh=27R,x (1 —sin(6))) R, (8)
27R% (1 —sin6*
— T W( 5 S*]n w) (9)
cos” 0%

with R = R,/ cos(6;;) the radius of curvature of the meniscus,
R,, the tube radius and % the height of the meniscus. From this
formula, we can compute the decrease of contact angle 06,
resulting from the increase of interface §Agy :

27R? (1 —sin(6) +56))
cos?(6;;,+ 865)

AL+ 0AgL = (10)

Since 0Agr < Agr, and 66, < 65, the first order taylor series
expansion gives :
2R

1] ==22805 (1)

0AgL = [sin 6 (2 —sin6);) — s
w

Finally the combination of equations (7) and (11) gives :

3 nx RZ
50, = 0 O ek (12)
2 [2sin 6 —sin” 65 — 1] R3¢

Computation of E,,(6,;) and its derivative

To compute, the relation between the interfacial energy E,,
and the contact angle 6, we will consider a cylindrical cap-
illary tube of length L and radius R,, partially filled with a
volume V of liquid and a volume 7mR2L —V of gas (see Fig.
12). The interfacial energy E,, is given by :

Ey = YorAcL + YowAcw + YwALw
with the interfacial areas A;y and Agw given by :

V R,
m(l Sm9 Sm9 +a)%)

Agw = 27'ERWL ALW (14)

Apw =27nR,,

Expression of E ™"

Combination of equations (7), (12), (13) and (14) gives :

dE,,
SET = 2 56
dG*
A A

_ d(¥w G;Veﬁ: Yow LW)59*+}’GL5AGL
{ 27R2 (Yow — Yiw) }
2sin 6 + (sin® 6+ 1)

cos’ o RIZ, YGLn )

2 [2sin 6 — (sin? 6+ 1)] R:¢ ¢

Since Yow — Yw = Yorcos 6, and [1 — 2sin’ 0 + sin* ;] =
cos* 6%, equation (15) can be simplified into:

[1_cos9w] (16)

*
cos 0%

2
Y6LTR,,

SET =
(0
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In regimes 2 and 3, walls are respectively perfectly and highly
wettable (0 < 6 < 6,, < m/2) and, as expected, SE™T is
positive.

Decrease of energy due to the integration of a particle at
the meniscus

When a particle comes into contact with an air-liquid in-
terface, the system adopts the minimal energy configuration,
in absence of additional constraint. A partially wettable parti-
cle will therefore be trapped at the air-liquid interface with an
angle given by Young Dupré’s equation around the particle:

cos 6, = Yep — WP a7
YoL
Before After
Gas . Gas LA,
Al 5
- OF | / il
\}< .,
AEp i LP
Liquid Liquid

Fig. 13 Migration of a particle to the meniscus.

Therefore, the migration of a particle from the liquid phase
to the interface corresponds to a decrease of the interfacial en-
ergy E~. This variation can be computed by subtracting the
interfacial energy before and after the migration of the particle
(see Fig. 13):

OE™ = [vepAGp+ 1PALp] — [YGLAZ(];L + YLPAIIiP} (18)
From Fig. 13, we easily obtain:
SE” = Yep [ZnRIZ,(l —cos(6p))] + e [277:Rf,(1 +cos6))]
~Yor [wR%sin’ 8] — yp [47R) (19)
Combining equations (17) and (19), we obtain:
SE™ = —yG RS [1 —cos 6]’ (20)

This expression is effectively always negative whatever the
value of the contact angle 6.

Expression of §F

The difference of interfacial energy between configurations
(1) and (ii) is now simply obtained by replacing expressions
(16) and (20) into equation (2):

SE=08E"+8E = }/anRf, F (1

A cos 9W> — (1 —cos 9,,)2]

cos 0 o

This function is always negative at the beginning when
0, = 6,,. The minimization of interfacial energy therefore in-
duces the integration of new particles to the interface through
a decrease of the apparent contact angle 6 until it reaches a
limit value 6; corresponding to 6E = 0:

B cos(6y)
" 1= (1 —cos(8,)
From then, next particles met by the meniscus enter the liquid

phase (regime 3). However, since equation (4) has a solution
only if F(6,,6,,) <1, that is to say:

cos(6;) = F(6,,6,) (22)

(23)

1— 6
0, < 6. =acos ll M],

¢

the contact angle will decrease down to 0 when 6, > 6,
(regime 2). Then, the interface can only expand ahead of the
meniscus through the development of a liquid film which re-
covers the walls.

Appendix B: Expansion of the interface through
the deposition of a liquid film ahead of the menis-
cus (regime 2)

Configuration (b) : growing
of the interface to
E’ incorporate the particle

—

Configuration (a) :
immersed particle

Particle —

Fig. 14 Expansion of the meniscus.
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In this section, we will determine whether the expansion of 2
the air-liquid interface ahead of the meniscus for the integra- 3
tion of new particles is energetically favorable. We therefore
have to compare “configuration (a)” where the particle is im- g
mersed in the liquid phase and “configuration (b)” where it 6
is incorporated into an extended air-liquid interface. The dif-
ference of interfacial energy between these two configurations 7

SE' = E® — E* can be simply calculated through careful com-
parison of these two states (see Fig. 14):

1 .
SE’ 27er,(1 —cosOy)Yep + nRi (5 — SmZ((-)p)yGL)

2 2
- 2717R2(1+0050)+7I—Rp — |4nR? Ry !
» P 0 Yow Y+ 0 Yow

2
= [2(1—cos6)) (Yop — Yp) +sin” 6y 13
nR2
- Tp [Yow — (Yow + YoL)] (24%
15
By combining equations (24), (6) and (17), one obtains:
16
1
SE' = yGLnR; {—ESW — (1 —cos Gp)z] (25) 17

= yGLan, [% (I —cosB,)—(1—-cos Gp)z] (26) 12

20
Note that this expression could have been obtained directly

from previous calculation since it is a particular case of equa- 21
tion (21) when 6} = 0: ;i
SE' = S8E(6; =0). ;‘5*

Careful examination of equations (25) and (26) shows that 26

OE' is always negative when the walls are perfectly wettable 27
(S > 0) or when the walls are partially wettable (S,, < 0) and 28
0, > 6, with the expression of 6, given in equation (5). Thus

in these two cases (corresponding to regime 2) the air-liquid 29
interface covered with particles will expand through the depo-

sition of a liquid film ahead of the meniscus. 30

31
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We propose a simple method enabling the synthesis of stable cylindrical armoured
bubble embedded in a monolayer of partially wettable particles.




