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Droplet impingement on vibrating surfaces is
ubiquitous in nature and industrial applications,
including impact on insect wings, plant leaves, or
turbine blades. Droplet dynamics of water impact on
stationary rigid superhydrophobic surfaces are well
understood [1]. It has been shown previously that
contact times ., i.e. the time between initial contact
between droplet and substrate and lift-off, is
independent of impact velocity [2]. Here, we show that
substrate vibrations, both active (forced vibration) and
passive (flexible substrate) can manipulate droplet
dynamics and contact times. Using high-speed imaging,
we studied the bouncing behavior of millimetric water
droplets impinging superhydrophobic surfaces with
impact speeds up to 2.2 m/s. During forced vibration,
the rigid substrate was vibrating at frequencies of 60 —
320 Hz and amplitudes of 0.2 — 25 mm. We
investigated the dependency of contact times on
vibration frequency, amplitude, and impact phase. To
study the effect of passive vibrations, we fabricated
flexible superhydrophobic polymer substrates with
stiffness ranging from 0.5 to 7630 N/m (rigid), and
corresponding natural frequencies of 12 to 300 Hz. The
impact force caused vibrating amplitudes up to 2.7 mm.

Substrate vibrations can strongly influence the
droplet shape and contact time during recoil and lift-off.
On a stationary rigid superhydrophobic surface,
droplets spread, completely recoil and then lift off. On
flexible surfaces, droplets can leave the surface in a
pancake-like shape before fully recoiling due to a
springboard effect. Upon impact, the droplet initiates, or
intensifies, substrate vibration. Spreading on the
flexible substrates is similar to that on a rigid surface.
During recoil, however, the vibration of the flexible
substrate accelerates the droplet upwards prior to it
being able to completely recoil, and the contact time is
reduced (Fig. 1).

We observed a similar lift-off behavior on some of
the rigid vibrating surfaces. However, droplet dynamics
and contact times on these rigid surfaces subject to
forced vibration were much more diverse than on
passive, flexible substrates. Depending on the phase,
frequency, and amplitude of the vibration, we identified
five different classes of droplet dynamics: Pancake

bouncing, tulip splashing, droplet re-attachment, crown
splashing, and jetting. Contact times can range from
t. = 0.5% (pancake bouncing) to f. = 1.6
(re-attachment and jetting), where {1 is the theoretical
contact time on a stationary substrate. The droplet
shape and thus contact time is a strong function of the
impact phase. We determined a critical impact phase at
which contact times transition rapidly from a minimum
to the maximum (Fig. 2). Taking into account the
probability of impact at a given phase we show that for
low frequencies (< 80 Hz) average contact times
increase, i.e. f; > ., while contact times decrease for
impact at higher vibration frequencies (> 100 Hz) (Fig.
3).

This study provides new insights into droplet
impact physics on passive and active vibrating surfaces.
We also develop guidelines for the rational design of
surfaces to achieve controllable droplet wetting in
applications utilizing vibration.
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Fig. 1: Droplet impact on a flexible superhydrophobic substrate. Droplet impact causes the substrate to
vibrate. The resulting springboard effect results in early droplet lift-off in a pancake shape and reduced
contact time.
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Fig. 2: Normalized contact times as a function of impact phase on vibrating rigid superhydrophobic
surfaces. For each frequency, contact times suddenly increase at a certain impact phase and decrease
thereafter.
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Thermal dissipation from microelectronic packaging
is increasingly challenging as heat flux of electronics
continues to rise. The promising performance of
evaporative cooling of small-area high-flux heat
sources has recently garnered significant attention
[1-3]. The passive cooling technique of evaporative
heat transfer often utilizes a porous medium that
wicks a working fluid to the hot spot by capillary
action. In this process, evaporative heat transfer
achieves effective thermal transport performances by
utilizing the latent heat of the working fluid.

The porous media used in recent wicking and
evaporation studies have included sintered particles
[4,5], micropillars [6], carbon nanotubes [7],
nanowires [8], and inverse opals [9,10]. These
microstructures are often varied in dimensional
characteristics failing in elucidating the structural
effects on evaporative cooling. Inverse opals (IOs)
possess crystalline arranged pores that are uniform
in size and are relatively new in wicking applications.
Inverse opals attain high level of porosity and surface
area to volume ratio, making them ideal for two-
phase thermal transport. Despite numerous
advantages, the evaporative heat transfer of IOs is

Figure 1. A cross-sectional SEM image of
representative copper inverse opals. For this sample,
600 nm diameter pores are arranged in a crystalline
order. The permeability of the inverse opal is
determined by the via that interconnects adjacent
pores. The scale bar of the insetis 2 pm.

been underexplored.

In this work, we suggest using copper |0s as an
advanced wicking medium [11]. We employ a
templated-assisted electrodeposition to fabricate the
copper 10s [12]. In the first step of the fabrication,
sacrificial spheres are deposited into crystalline
packing via self-assembly. Copper is then
electroplated into the empty voids between the
templated spheres. After dissolving the sacrificial
spheres, a copper scaffold is revealed to show the
inverted structure (Figure 1).

The wicking and evaporative characteristics are
examined by vertically placing the copper 10s inside
a sealed chamber for a controlled evaporation
environment. The copper 10 sample on a silicon
substrate is slowly lowered until it comes in contact
with the pool reservoir of isopropyl alcohol, which is
used as the working fluid due to its low surface
tension and desirable wettability on the copper
surface. The liquid is immediately wicked up through
the 10s. The rate of front propagation is monitored
with a camera at 30 fps. The copper 10 sample is
then heated with joule heating by controlling the
applied voltage and current with a DC power supply.
As temperature slowly increases, the thin film of
liquid evaporates, which is confirmed by observing
the receding propagated front. The large meniscus
contact region between the liquid reservoir and the
sample sustains a constant liquid-feeding through the
porous I0s. The surface temperature is confirmed
using an attached thermocouple. High resolution
thermal imaging from an infrared camera displays the
changes of the two-dimensional temperature. By
analyzing the differences in temperature, evaporative
heat transfer coefficients as well as heat fluxes can
be determined. The mass of the pool reservoir is
weighed by an electronic balance over time, which is
used to determine the mass flow rate of the working
fluid that undergoes wicking and evaporation.

In order to determine the effects of structural
characteristics of the copper I0s on the thermal and
hydrodynamic transport, the pore size and
interconnect via size (see Figure 1) will be
systematically controlled using a template method
and electroetching process, respectively. The
modulation of the pore and via size significantly
affects the permeability of the porous medium and



Figure 2. A top view SEM image of a copper inverse
opal after electroetching process. After several
electroetching cycles, increases in via size as well as
formation of nanotextures on the surface of each pores
are observed. The rough surface may contribute to
improved wicking behavior.

thus, the effective transport rates. Characterization
from scanning electron microscopy (SEM) will
confirm the changes in the morphology of the copper
IOs.

In conjunction with widening the interconnected via
size, electroetching also creates nanotextures on the
surface of the copper 10s (Figure 2). The roughened
surface will have an influence on the wettability of the
copper 10s, which can be examined by measuring
the dynamic contact angle of the sample. With inkjet
technology, picoliter sized droplets can be dispensed
onto the nanotextured and porous 10s. Controlling
the discharging frequency allows the advancing
angles to be observed. As the droplet quickly
evaporates, the contact angle decreases as a
function of time as it reaches the receding angle. A
high-speed camera operating at 100,000 fps is used
to capture the evolutional changes of contact angle
with time.

In summary, copper |0Os are promising nanowicks in
evaporative cooling devices due to its low-
maintenance and self-pumping mechanism.
Understanding the wicking performance of crystalline
copper |Os under thermal loading can help elucidate
its application and potential design in next-generation
heat pipes and thermal ground planes.
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Drop impacts are an increasingly popular
subject for study, especially given the quality of modern
high speed imaging techniques. Drops are of obvious
practical importance as well, whether in the fine mists
of industrial sprays, or falling as rain [7,12]. This project
is motivated by the former, specifically, agricultural
sprays. This area provides a myriad of opportunities to
study interesting drop phenomena. In addition to using
a variety of fluids between applications, there are often
multiple crops of interest, and the different anatomy of
individual crops provide their own challenges (e.g.
blossoms require different handling than fruit, vines, or
leaves) [11].

How water drops interact with plant surfaces
is well-known, leading to the eponymous rose-petal or
lotus effects, where drops can adhere or roll along the
surface, without truly wetting that surface. In those
instances, petals and leaves lend themselves well to
simple experimental investigations because, relative to
drop size, the impact surfaces are effectively flat. This
is not the case for flower stigma or grape clusters,
which have variable wetting morphologies and complex
structural geometries. One must also consider multiple
relevant time scales, and keep track of the forms of
energy. There is elastic deformation of both the drop
and structures, the formation of new surfaces and
interfaces, and drag of a solid surface through a liquid if
the drop carries through the structure.

The presented experiments utilize flexible
fibers mounted as a cantilevered beam to simulate the
reproductive anatomy of a blossom. Multiple studies
have been conducted with drops impacting individual
fibers, arrays of fibers, or cantilevered beams, as the
applications of the phenomena range from textile
treatment to piezoelectric energy harvesting [1-6].
Multiple experimental parameters are pertinent in this
scenario, including the ratio of the fiber diameter to that
of the drop, the kinetic energy of the drop, the impact
parameter (the eccentricity of the drop’s center with
respect to the fiber's main axis) of the drop, the liquid
properties of the drop, and the structural properties of
the fiber. This study focuses on the role of the structural
properties of the fiber, both its elasticity and its surface
interactions with the liquid drop.

Drops were produced via flow through a
hypodermic needle, then detaching and falling. Fibers
were treated with polyurethane to increase the contact
angle. The contact angle was determined using the
method for contact angle on fibers developed in
reference [8]. The Young’s modulus using standard
methods. Untreated fibers were segments of FEP
microfluidic tubing, known to be hydrophobic. The

experiments were filmed, from the front, side, and
beneath, using a Photron Fastcam S5, and the videos
were analysed using standard image processing
techniques.

The experiments show that while a
hydrophilic fiber will always retain some fluid
post-impact, hydrophobic fibers only retain a significant
volume of fluid if the drop is of a critical capture velocity
as predicted by [1]. However, in those cases, because
the entirety of the drop remains on the fiber, the
efficiency of drop capturing is higher.

There is also a difference in the two cases in
the oscillatory behavior of the fiber post-impact when a
drop is not captured. Because the drop is in contact
with and deforming a hydrophobic fiber for a longer
time scale over the course of impact, the tip of the fiber
is deflected farther initially. Furthermore, the amount of
fluid left behind in the hydrophilic case results in higher
damping of the fiber post impact.

Future work will involve the use of blossoms
and industrial sprays to confirm that the described
physical processes influence the effectiveness of
chosen technology. If so, then available models will
serve as a useful guide for selecting spray systems with
the optimum drop characteristics for the application of
interest.
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Following a liquid drop impact on to a solid surface, the
liquid typically forms a thin lamella which spreads over
the surface [1, 2]. In this study, we focus on the
interaction between the edge of the spreading laemlla
and a micrometer-scale ridge on an otherwise flat
surface. Research into water droplet impacts onto
micropatterned solid surfaces is a growing area of
interest [3, 4].

The lamella-ridge interaction is especially relevant in
two areas that have recently been prominent in the
literature. Firstly, researchers have noted the ability to
reduce a droplet’s contact time by direct impact on a
thin hydrophobic ridge [5, 6]. In applications where the
drop incidence is stochastic, droplets will more
commonly impact the surface some distance away from
a ridge, after which a spreading lamina will impact the
ridge from the side.

The second area of specific relevance concerns the
interplay between spreading dynamics and the Cassie
and Wenzel states, which are more familiar from
quasi-static wetting experiments. In the Cassie state,
which is characteristic of superhydrophobic surfaces,
the liquid is pinned on top of the surface microstructure,
leaving air pockets adjacent to the surface. In the
Wenzel state, the liquid completely wets the
microstructure. Drop impact experiments have shown
that pillar array microstructures can be penetrated over
a limited area directly below the impact point, while the
lamella edge spreads on top of the pillars [7-9].

In this study, we are using numerical simulations and
high-speed photography experiments to elucidate the
mechanism and conditions under which the spreading
lamina surmounts a surface ridge. Three basic
outcomes have been observed when the lamella
comes into contact with the ridge (Fig. 1). Firstly, the
advance of the lamella may be arrested before the drop
reaches the far side of the ridge, an outcome known as
pinning. Wetting, the second outcome, occurs when the
drop advances and spreads over the surface beyond
the ridge, while remaining intact. The third outcome is
splashing, when smaller drops are generated with the
lamella edge in contact with the ridge. In this work, we
apply these classifications to the lamella when it is at
maximum spread.

O

Figure 1: Schematic demonstration of lamella-ridge
outcomes classified as pinning (upper), wetting
(middle), and splashing (lower).

A Lattice-Boltzmann computational model was used to
simulate impacts (Fig 2(a)). A key advantage to this
approach is the ability to effectively simulate the air
which escapes from underneath the drop as it comes
into contact with the surface. In this initial work, a two
dimensional model was used, so that the drop can be
thought of as an impacting cylinder.

Experiments (Fig. 2(b)) have been carried out using a
Photron Fastcam SA5 high-speed camera, with the
water drop impact viewed from side-on. Ridges were
created on PDMS substrates using soft lithography,
with height and width in the range 40-100 um. Drops
were typically 2-3 mm in diameter, with impact Weber
numbers ranging from approximately 50 to 250. Results
show good agreement between the qualitative
outcomes observed in experiments and simulations.
(Figure 2).

The key parameters for analysis are the initial drop
diameter (Dy), which is typically used to
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Figure 2: A spreading lamella comes into contact with a microscopic ridge, which causes it to lift off from the
surface. (a) Lattice-Boltzmann simulation. (b) Image from a high-speed video captured at ~7000 frames per

second.

non-dimensionalise length scales, the distance from
the drop impact point to the near edge of the ridge (Dg),
and the height and width of the rectangular ridge.
Analysis is initially being carried out using simple
energy conservation arguments — i.e by equating the
increased surface energy of the drop at maximum
spread with the kinetic energy at impact. Although
significant energy is lost due to viscosity during
spreading [10], this model correctly predicts the general
shape of the pinning-wetting phase boundary as a
function of Weber number and Dg / D,. Moreover, the
simplicity of the model means that it can be adapted to
explore possible quantitative agreement between the
two dimensional simulations and the experimental
outcomes.

These initial results have shown that simple models
can be developed to predict outcomes when a
spreading lamella meets a surface ridge. Experiments
are continuing with the aim of further elucidating the
wetting-splashing phase boundary in particular. Further
analyses are being developed to account for the
viscous losses and the specific dynamics of the lamella
as it comes into contact with the ridge. We also plan to
extend the Lattice-Boltzmann modelling to three
dimensions. The work could also be extended to other
geometries, such as pillars or parts of pillar arrays, in
order to understand how the drop ‘leaps’ from the
penetrated microstructure to spreading on top of posts
in an array.
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1. Introduction

Polycarbonate is used in protection pieces such as diving mask visors. However, the presence of dew impairs surfaces’
transparency by degrading light transmission. In order to improve visibility through these optical surfaces covered by
dew, the knowledge of wettability properties is essential [1]. It is possible to modify interface wettability conditions by
managing chemical and/or topographical properties [2, 3]. For anti-fogging treatments, the chemical approach is the most
widespread in industries. However, it is expensive and has a limited life time. The topographical approach, studied in
these works, has already been explored to optimize the condensers efficiency and thus favor water droplet formation [4].
Contrary to this kind of work, we search to limit the presence of droplets on a polycarbonate surface by creating a uniform
liquid film. Consequently, we developed surface texturing methods and a dew control and observation apparatus.

2. Surfaces texturing

The polycarbonate surfaces are textured by micromachining. Two approaches can be highlighted: direct and indirect
texturing. In the first case, the cutting tools modify surfaces by direct interaction. In the last case, a mold is textured and
surfaces are reproduced by molding injection [5]. For industrial applications, indirect approach is more pertinent. Indeed,
it does not generate additional step on the injection molding production line.

3. Dew tracking and observation setup
For controlled and repeatable observations [6], the samples are placed in a box controlled on temperature and relative

humidity (FIGURE 1). The humidity is produced by mixing an approximately dry air and a water-saturated air. This
method allows the box humidity to be set between 15 % and 60 % during condensation tests.

T

Cooling

Video camera plate Light

Schematic view of the experimental apparatus Picture of dew formation

Figure 1: Drawing of the experimental apparatus and an experimental dew picture on non-textured polycarbonate surface.

To control the dew formation location, the samples are fitted on a cooled surface allowing its to reach a temperature
lower than the dew point temperature (below this temperature water starts condensing).

The analysis of the condensation figures are realized with a video camera. A sequence of pictures taken at a normal
incidence (FIGURE 1), is analyzed as a function of time to localize, to count and to measure the radii and the orientations
of the droplets.
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4.

Results

The analysis of the condensation figures on non-textured and textured polycarbonate will be presented. The texturation
objective is to create filmwise condensation. An example showing condensation behavior on a surface textured with a
cavity pattern is presented FIGURE 2. Different types of textured patterns were tested and a study of the optimum pattern
parameters will be presented. Moreover, the condensation phenomenon of these textured surfaces will be described step
by step.

Textured area Untextured area

(a)

Figure 2: Pictures of polycarbonate surface textured with holes. (a) Before condensation (t=0 min). (b) During condensa-
tion test at t=2 h 20 min.
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Dropwise condensation is know be more efficient in
heat transfer than filmwise condensation. In case of
dropwise condensation, efficient removal of drops from
the condensor surface is crucial to maximize heat
transfer. In this paper, we explore the use of
electrowetting-functionalized surfaces to control the
condensation of water vapor and to enhance the
shedding of drops.

Using interdigitated electrodes submerged under a
surface of Teflon AF, we show that the distribution of
condensing drops can be actively controlled. Small
drops are found to align preferentially along the edges
of the electrodes, somewhat larger drops are found to
become centered in between adjacent electrodes.
These effects are can be explained semiquantitatively
by considering the electrostatic energy landscape
generated by the electrodes: balancing electrostatic
forces with pinning forces due to finite contact angle
hysteresis [2, 3] provides a reasonable description of
the threshold for mobilizing drops.

Drop mobilization is frequently accompanied by
coalescence. The abrupt increase in drop size upon
coalescence in combination with the AC excitation
using electrowetting enables efficient shedding of the
drops from the surface in the presence of gravity. The
drop characteristic size before shedding is found to be
substantially smaller than on non-electrified control
surfaces. This can be explained by the well-known
electrowetting-induced reduction of the effective
contact angle hysteresis in ambient air [3].

All these observations point towards a significant
enhancement of the heat transfer as compared to
conventional dropwise condensation.
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We study the breakup of a high-viscosity drop impacting on a
thin film of low-viscosity liquid, which also has lower surface
tension, o. The thin film effectively produces free slip of the
drop liquid along the solid and makes it deform into a
prominent crown shape, shown in Figure 1. The breakup of
this crown is fundamentally different if the surface tension of
the film is lower than that of the drop. Previous experiments
[1,2] proposed that this crown-breakup resulted from a spray
of fine droplets ejected from the thin film. These droplets hit
the interior of the crown, forming spots with lower surface
tension, driving the formation of a myriad of holes.  Figure 1
compares the breakup when the surface tension of the film is
lower in part (a) vs the film having the same surface tension
as the drop in (b). The two sequences are qualitatively
different, with multiple holes causing the breakup on the left
vs edge- breakup on the right.

Herein we use high-speed video techniques to test the validity
of this break-up mechanism using close-up imaging to identify
individual spray droplets. The video footages show how the
fine droplets emerge from the breakup of the thin sheet of film
liquid. Subsequently these spray droplets hit the crown and
promote the hole formation. The holes form in two steps.
First, the divergence in the surface stress thins the crown
locally; secondly, this thinner section ruptures. This is
shown in the close-up top view in Figure 2, where individual
drops are tracked and shown to form the holes. We therefore
conclude that the breakup is indeed due to Marangoni
instability.

To further investigate this, we have varied three main
parameters: The viscosity of the drop pq, the surface tension
of the thin film and thereby the strength of Ac and finally the
thickness of the film on the solid surface 8. Throughout the
impact experiments, the release height is kept constant at H=
5.4 m, leading to an impact velocity of U = 9.5 m/s on the thin
liquid film. The drop falls through a 4 m long tube to
minimize sideways drift owing to air motions during the long
free-fall. The first images in the sequences in Figure 1, show
that the drops are flattened by air-resistance, making the
bottom radius of curvature much larger than their equivalent
spherical shape, which would give D~ 5 mm. We vary Ac
from 0 to 42 dyn/cm by changing the ratio of
isopropanol and water in the mixture used in the thin film
which is deposited on the solid. We also test different
glycerin/water mixtures in the drop to change p4 from 500 to
1200 cP. Results are also obtained by varying the thin film
layer thickness from 1 to 2 mm.

We use the close-up images, similar to those in Figure 2, to
measure the growth-rate of the holes, for both the thinning
and the rupture stages. We find a wide range for the
growth-rates of the holes, with velocities in the range 1 - 5
m/s.

FIGURE 1. Comparison between crown breakup (a) when
there is a difference in surface tension between the impact
drop and the thin liquid film and (b) when the surface tension
in the drop and thin film is the same. The scale bars are 5 mm
long. The drops are both glycerin, but the film in (a) is
isopropanol and in (b) is glycerin.
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This depends on various parameters, such as the thickness
of the crown sheets, which is difficult to ascertain in our
measurements. This crown thickness depends on the
trajectory and shape evolution of the crown, which in turn
depends primarily on the drop viscosity and the film thickness
on the solid.

FIGURE 2. Top view sequence of a 500 cp glycerin/water
drop impacting on a thin film of isopropanol, with a strong
surface tension difference. The scale bar is 5 mm long.

FIGURE 3. The impact of a glycerin drop which has been
colored with blue food dye. The thin sheet of isopropanol
has risen above it and is starting to rupture. The scale bar is 5
mm long.

In Figure 3 we have colored the drop with blue dye, to show
clearly where the drop liquid has formed the crown and the
thin sheet above it must have originated from the film on the
substrate. The isopropanol film rises far above the drop
crown and is pulled towards the centerline by the air-flow.
Once the sheet ruptures, this air-flow also projects the fine
spray droplets into the crown to hit the inside wall.
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We study the evaporation of a 2D symmetric,
incompressible, Newtonian liquid droplet on both flat
and curved heated substrates. We deploy the
one-sided model [1] which, together with the lubrication
approximation, results in an evolution equation for the
local height of the droplet. Without making any
pre-assumption for the shape of the drop, we formulate
the problem for the two modes of evaporation: (i)
pinned contact line and (iij) moving contact line with
fixed contact angle. For each evaporation mode, we
solve the problem numerically for both flat and curved
solid substrates.

We first analyze the evolution equation for the case of
flat solid substrates. For the pinned contact line case,
we observe that after a time interval the contact angle,
i.e. the angle between the solid and the interface at the
contact line, dynamics become nonlinear and,
interestingly, the local contact angle goes to zero in
advance of total evaporation of the drop, which may
signal depinning. For the moving contact line case, in
which the singularity at the contact line is treated by a
numerical slip model, we find that the droplet nearly
keeps its initial circular shape and that the contact line
recedes with constant speed.

We then analyze the problem for various periodic and
guasi-periodic substrate profiles. For the case of a
pinned contact line, we find the results to be very
similar to the flat case. For the case of a moving contact
line, we study the dynamics of the contact line and the
apparent contact angle, i.e. the angle that the liquid
appears to make with the solid surface when viewed at
such a coarse resolution that the substrate appears flat
(the angle between the horizon and the interface at the
contact line). We find that the overall evaporation is
faster compared to the flat substrates and the contact
line exhibits an “apparent stick-slip” [2, 3] behavior,
wherein it spends considerable time moving very
slowly, giving the appearance of being pinned, followed
by a shorter, high-speed region in which the speed of
the contact line shows a spike.

For the simplest case of a periodic substrate, we find
that the apparent contact angle is periodic in time. For
doubly periodic substrates, we find that the apparent
contact angle is again periodic and that the problem
exhibits a phase-locking behavior. For multi-mode
guasi-periodic substrates, we find the contact line
behavior to be temporally complex and not only limited
to an approximately step-like motion.
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Superhydrophobicity, or extreme water repellency, is a
subject that has been studied for nearly a century.
Alongside the chemical nature of a material, surface
roughness plays an important role in achieving
superhydrophobicity. The role of surface texture was
famously explored by Cassie-Baxter and Wenzel over
70 years ago [1, 2]. However, only recently has the role
of roughness in superhydrophobicity been studied
dynamically [3]. Given the advancements in high speed
cameras, a wide range of dynamics can now be
resolved. Understanding the  dynamics of
superhydrophobic wetting is important because the use
of superhydrophobic materials in applications which
control and repel water often relies on dynamic effects.

One key discovery in this field was the ability to
produce asymmetries in the spreading rim of an
impacting droplet. Liquid droplets impacting hard
smooth surfaces at low Weber numbers tend to form
symmetric (circular) spreading patterns. However on
pillar array surfaces, ‘fingers’ can be formed in the outer
spreading profile of the droplet (Fig. 1). Recent
research suggests that the impacting droplet expels the
underlying air held within the microstructured surface.
This air flow follows preferred paths which could
explain the direction of finger formation, usually on-axis
relative to the surface pattern [4, 5]. We are interested
in studying this ‘finger formation and the effect the
surface array geometry has on the preferred direction.

This presentation will discuss a systematic study of
droplet impacts on micropillar array patterns. Pillar

designs consist of 20 um diameter circular posts,
spaced in regular square arrays with pitches ranging
from 40 um to 100 um. With the aid of high speed video
and video processing techniques, the dynamics of
surface wetting are studied. Key features that we are
studying include finger formation, jetting, bubble
entrapment, asymmetric spreading and surface
impregnation. Finger formation only occours above a
critical Weber number. Another interesting thing to note
is the central bubble region (Fig. 1).

Optically transparent polydimethylsiloxane (PDMS)
surfaces are created via soft lithography. A Photron
Fastcam SA5 is used in conjunction with an optical
beam splitter to record droplet spread in plane. A
Photron AX50 is sychronized to record droplet spread
in side profile. Droplets are produced from a custom
made 3D printed needle alignment system and
illuminated via shadowgraph techniques. Custom
Matlab software is used to perform background
subtraction, binarizing, noise reduction and finally
region properties. Using this method common variables
can be calculated quickly, such as droplet diameter,
velocity, and maximum spread.

Use of image stitching of microscope images and
optical profilometry ensure samples are of high quality.
Using image processing we can identify all of the
objects on the surface. A bad sample is noted to have
peaks above (bent pillar) and below (missing pillar) the
expected pillar area (Fig. 2).

Figure 1. Images of droplet at maximum spread from impact experiments on a surface consisting of 20 um
circular pillars, pitch 40 um and height 15 um. The droplet diameter prior to impact is 2.8 mm. a) Weber number
100, slight protrusions from outer rim. b) Weber number 116, protrusions from outer rim begin to reach criteria
for fingers. c) Weber number 132, clear fingers are seen along axis of underlying array.



30 5
Il Good Sample
25 - [l Bad Sample
:-E\ « o o
@ (0 -
820 e .
Q
£ °
%15 = ° %h
[y
o O0CQ
5 104 000
o )
o000l
5-
0+ R | | M—
0 200 400 600 800 1000

Area object (um2)

Figure 2. Frequency histogram of objects detected on
the surface of a pillared sample. A bad sample,
denoted in red, shows objects above and below the
size of pillars, identifying missing and broken pillars as
shown in inset a). Blue denotes a good sample, in
which only objects of the expected size of the pillars are
found, i.e. no broken or bent pillars, inset b).

Shown in Fig. 3 is a plot of the finger factor of identified
fingers against their angular diverence from the
underlaying array axis. The finger factor is a
dimentionless number showing the ratio of the length of
the finger extending from the rim to its width. A criteria
for a finger is that the finger factor is greater then 1, so
that the protusion extends from the rim a distance
greater then its width.

As the Weber number increases, the finger factor
increases as expected due to the increase in the
maximum spread. However, contrary to previous
studies, our results show that under certain conditions
finger formation is preferred at a 45° angle to the
principal axes of the array [4, 5].
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Figure 3. Finger factor vs divergence from array axis
obtained from maximum spread images (insets) on a
surface with 20 um circular pillars, 60 um pitch and 15
um height. Yellow denotes a droplet with Weber
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number 100, where prominent fingers form along the
axis i.e. at 0° to the array. Red denotes a droplet with
Weber number 132, where all protrusions from the rim
have a higher finger factor, i.e. thin and long. The most
prominent fingers are concentrated at an angle to the
array.

Ongoing analysis of the correlation between the array
geometry and direction of fingers should lead to a
library of design parameters for specific outcomes.
Additionally, we can extract time evolution data to study
to formation of these fingers in a dynamic way.

The topic of droplets impacting micropattern
surfaces is extensive and we have many
different avenues of future research. Previous
studies have show the formation of jets,
formed within the first few milliseconds of
impact. It is believed that these jets could
nucleate the formation of fingers at maximum
spread. We are also interested in the
dynamics of droplets retracting on these
surfaces. Upon retraction the outer rim can
become pinned to the surface pattern. As the
retraction phase can greatly increase the
contact time of a drop this investigation is key
for optimum functional materials.
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Pickering emulsions are liquid dispersions stabilized by
solid particles. They have seen a surge in interest
during the past two decades, owing to their enhanced
stability against coalescence over surfactant-stabilized
emulsions and due to a broad range of emerging
applications [1], from the controlled release of
substances for drug delivery [2,3], to the templating of
new materials [4].

Recently, fluorinated Pickering emulsions have been
combined to droplet-based microfluidics [5,6,7], which
is a powerful technology for the miniaturization and
automation of biochemical assays at high-throughput
[5,6,8]. This technology allows the production and
controlled manipulation of micron-size droplets carried
by an immiscible phase within microchannels. The
interface of droplets is stabilized by a surface-active
agent, letting each isolated droplet to be considered as
an independent microreactor.

To date, three main advantages make fluorinated
Pickering emulsions attractive over
surfactant-stabilized emulsions within droplet-based
microfluidics: First, they have the property of reducing
transport processes of small molecules between
droplets [9]; Second, they provide a rigid layer at the
interface to which adherent cells can bind [10]; Third,
additional functional groups grafted at the nanopatrticle
interface provide functions such as molecular
recognition increasing interface functionalities [10,11].
However, Pickering emulsions also introduce new
challenges not encountered before with surfactant
stabilized systems. For example, the non-specific
adsorption of enzymes on the nanoparticle surface
leads to a loss of enzymatic activity.
PEG-functionalized nanoparticles have been recently
proposed as a solution to this issue [12].

Another limiting factor of solid-stabilized emulsions is
the adsorption dynamics of particles to the interface:
Significantly higher timescales (~0.6 s) are required to
stabilized droplets against coalescence [13], in contrast
to surfactant stabilized emulsions (~0.035 s) [14];
translating into smaller throughputs for
particle-stabilized droplets assays and thus, limiting a
main advantage of droplet-based microfluidics
technology.

The required stabilization time can be reduced by
increasing the concentration of particles in the
continuous phase to an excess, that is, in an amount
that is significantly larger than it is required for the
complete coverage and stabilization of the droplets.
However, this leads to the undesired loss of particles,
and it can also affect the flow properties of the emulsion
through a thickening effect [15].

Nie et al, proposed an “Inside-Out” approach for

Pickering emulsions fabrication: the particles are
introduced in the droplets phase allowing to minimize
the waste of particles [16]. However, this approach is
not suitable for most of droplet-based microfluidic
applications where the biochemical material inside
droplets needs to be isolated. Furthermore, fluorinated
silica nanoparticles cannot be effectively dispersed in
the aqueous phase, which limits the application of the
“inside-out” approach for this system.

In this study, we proposed a solid-stabilized droplet
production method which plays with the confinement
conditions that are manipulated in a microfluidic chip.
The aim is to promote a faster particle adsorption to the
interface and to minimize the waste of particles.

As shown in figure 1, the results between methods are
compared by measuring stability after coalescence
through stochastic collisions in coalescence chambers
as described previously by Baret et al [14].
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Figure 1. Droplets stability as a function of normalized
particle concentration for three droplet-production
methods: ( ) Confinement method #1 (- -H- -)
Confinement method #2 (- - A- -) Standard droplet
production. (time scale ~0.015 s)

The stability parameter (p(1)), which is the proportion of
unfused droplets over the total number of droplets is
studied as a function of the particles concentration in
the continuous phase normalized by the minimum
number of particles required to form one hexagonally
close packed layer of particles at the droplet interface.
Our results show that particle adsorption is significantly
improved by confinement effects and provide an
additional insight in the understanding of adsorption
dynamics of particles to the aqueous/oil interface.
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To better understand how the evaporation of sessile
drops and small puddles is controlled by the vapor
phase transport mechanisms of mass diffusion and
buoyancy-induced (natural) convection, the
evaporation rates of eight liquids evaporating under a
broad range of ambient conditions were correlated with
physical and geometrical properties. The correlation
provides a simple equation involving conventional
parameters for diffusive and convective transport and is
applicable to conditions for which vapor transport limits
the rate of evaporation. Examination of the correlation
equation provides valuable insight into how the roles of
diffusive and convective transport change with physical
and geometrical parameters; and the correlation is
much easier to implement than a computational model
based on the coupled conservation equations of mass,
energy, and momentum for the two phases. In addition,
the correlation provides a simple method for predicting
evaporation rates and thus can be a valuable tool to
help validate complex computational models and to aid
in the analyses of applications involving sessile drop
evaporation.

The correlation fits evaporation rate measurements
with an RMS relative error of 6%. The experimental
conditions were designed in order to yield large
variations in the rates of diffusive and naturally
convective transport of the vapor. The experimental
conditions contain a factor of 16.7 variation in liquid
volatility as indicated by the equilibrium vapor
pressures, a factor of 52.2 variation in mass
diffusivities, a factor of 3,557 variation in the density
difference ratios (the driving force for natural
convection), and a factor of 22 variation in drop radii. In
terms of the Rayleigh number, the correlation fits data
covering a range from 3 to 125,000. As a result, the
correlation is applicable to a very broad range of
conditions.

There are two mathematical forms that have been
commonly used to correlate natural convection-driven
evaporation. Both forms were developed for the
evaporation of water. One form relates the Sherwood
number (Sh), which is a dimensionless mass transfer
coefficient for evaporation, to the Rayleigh number
(Ra), which generally represents the relative effects of
buoyancy and viscosity. A comprehensive review of
published Sh-Ra correlations was conducted by Bower
and Saylor [1]. The second popular correlation form is
the Dalton model. This model relates the evaporation
rate to the product of a set of velocity-dependent
coefficients and the difference in partial vapor
pressures of the evaporating liquid at the drop surface

and in the ambient air, and the inverse of the latent heat
of evaporation. A review of Dalton-type correlations
was conducted by Jodat et al. [2], and they noted the
inability of the Dalton based correlations to account for
changes in the vapor density difference. Consequently,
they proposed a modified Dalton model for natural
convection. As discussed in [3] the Sh-Ra and the
Dalton correlations were applied to a large set of
evaporation rate data of hydrocarbons evaporating in
air. While neither correlation performed satisfactorily,
the Sh-Ra correlation performed much better than the
Dalton correlation. As a consequence, our efforts to
develop a more comprehensive correlation involved
expanding and modifying the Sh-Ra correlation.

The new correlation fits measurements of two series of
experiments which were designed to control the relative
effects of vapor phase diffusion and buoyancy-induced
convection. In all of the experiments, the drop was
contained on a flat aluminum substrate and the drop
was pinned by surface tension to a confined area in
order to maintain a constant, controlled size. In one set
of experiments, the rates of evaporation into air of eight
hydrocarbons were measured for a broad range of drop
radius from 1 to 22 mm. (The large drops are more
aptly described as puddles.) This set of experiments
was conducted at atmospheric pressure and is referred
to as the Radius/Component (R/C) experiments. A
second set of experiments was conducted for which the
drop was placed in a sealed enclosure, which enabled
the pressure and the ambient gas surrounding the drop
to be controlled. The evaporation rates of two
hydrocarbons, hexane and methanol, evaporating into
four different gases at pressures from 1 to 6
atmospheres were measured. The gases were
selected to provide a broad range of diffusivities and of
differences between the vapor and gas densities. This
second set of experiments is referred to as the
Pressure/Gas (P/G) experiments.

The correlation was applied only to cases for which the
molecular weight of the evaporating component was
greater than or equal to the molecular weight of the
ambient gas, and thus the correlation applies only to
downward-directed natural convection and not upward
convection as occurs when the vapor is lighter than the
ambient gas. All of the experiments were conducted at
room temperature, 23°C, in order to avoid currents in
the ambient gas due to thermally-induced natural
convection.

To successfully correlate the evaporation rate data, it is
important both to include the important physical and



geometric parameters and to use a function that can
approximate the measured data. The R/C data had
been correlated previously using a modified form of the
Sh-Ra relationship [3]. However, this correlation does
not adequately predict the evaporation rates over the
expanded range of the P/G data. As a consequence,
we refined our basic premise regarding the general
form of the correlation function. The fundamental ideas
which guided our development of the correlation are:

*  Whereas there are many complex details that
influence evaporation behavior, the net effect on
the evaporation rate of a sessile drop can be
predicted based on the drop radius, a small number
of thermophysical properties, and the ambient
temperature and pressure.

o For conditions for which thermal energy
transfer does not limit the evaporation process,
the evaporation rate of a pure sessile drop is
controlled by the vapor transport mechanisms
of convection and diffusion.

e Convection and diffusion are coupled.

o Diffusion spreads out the vapor distribution and
thereby reduces the density difference ratio,
which is the impetus for buoyancy-induced

convection.
o The term representing the strength of
convection should be moderated by

parameters for diffusion and vice-versa.
* The strength of convection is indicated by the

Rayleigh number.

o As the Rayleigh number tends to zero,
suggesting a lack of convection, the correlation
should reduce to a purely diffusive evaporation
rate.

o We allow the Rayleigh number to be split into
its dimensionless components and allow each
dimensionless component to influence the
correlation independently.  Thus  while

Ra = Grpr = [(p,,;;pa)] [gv_R:] [ﬂ each parameter in

brackets is allowed to influence the correlation
independently.

e To keep the -correlation function simple, the
diffusion-limited evaporation rate is modeled using
the Weber’s disk equation, which is the solution to
the steady-state Laplace equation for a circular
disk [4].

* The evaporation rate is equal to the sum of the
diffusive and the convective vapor transports and
so the correlation should be a sum of two terms,
one which represents convection-influenced
diffusion and the other which represents
diffusion-influenced convection.

The effectiveness of the correlation is demonstrated by
Fig. 1, which compares the results of the correlation to
the Sherwood numbers based on the measured
evaporation rates. The uncertainty in the measured
values are represented by error bars. If the correlation
perfectly fit the measured data, all of the points would
fall on the dotted line. With a few exceptions the data
do fall within the length of an error bar of the line.
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Figure 1. Plot comparing the dimensionless
evaporation rates computed by the correlation, She,,
versus the dimensionless measured evaporation rates,
Sh,. The solid symbols are data from the P/G
experiments and the open symbols are data from the
R/C experiments.

For low Ra values, the correlation suggests that
evaporation is dominated by diffusion, as expected. As
Ra increases, the correlation suggests that diffusive
and convective transport contribute approximately
equally to the overall evaporation rate.
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When a drop of liquid first contacts a solid substrate,
the theoretical initial contact angle is 180° with the
contact region being a single point. In most practical
conditions, this is however not the equilibrium situation.
What typically follows is an expansion of the contact
zone and a lowering of the contact angle. As the
contact angle reaches the static one defined by the
evaporation-induced (for volatile liquids as here) and
Young’s contributions, the spreading dynamics slows
down, reaching it only asymptotically. In the volatile
case, evaporation will eventually lead to a recession of
the contact line, during which the contact angle
remains roughly constant.

The initial expansion stage is known as spreading and
two major theories have been developed in the past to
predict the contact line velocity and contact angle
evolution over time: Hydrodynamic Theory (HT) (e.g.
[1]) and Molecular-Kinetic Theory (MKT) (e.g. [2]).
What both theories fundamentally differ upon is how
the local contact angle is modified when it is in motion,
i.e. the dependency of contact angle on contact line
velocity. One of the goals here is to test both models
on a low viscosity (0.7cSt), low surface tension liquid
(16.2 mN/m) such as 3M™ Novec™ HFE-7500.

The experiments consist in gently depositing a drop of
HFE-7500 on a clean glass wafer and tracking the
contact line using Mach-Zehnder interferometry. The
resulting images are analyzed with the algorithms
detailed in [3, 4]. From these, we extract the drop
height profiles over time and in particular the contact
angle and location at all points of the three-phase line.
From this location, an estimate for the contact line
velocity is obtained. We need to stress here that both
measurements are fully local, no global fitting of the
perimeter with a circle nor of the height profile with a
parabola was performed. As it was shown in [7],
Marangoni effects can give rise to appreciable local
curvatures near the contact line, and hence introduce
significant errors in contact angle measurements when
extracted from parabolic fittings. In the present context,

such large local curvatures are deemed to occur due to
the presence of a Cox-Voinov zone, with a logarithmic
increase of the film slope, although the role of the
Marangoni effect cannot be fully excluded either. Note
that, due to the methodology employed for the
interferometric image analysis, the measured contact
angle is some kind of average over a small region near
the contact line. The size of this region has not been
fully quantified yet but is here expected to be of the
order of some tens of microns.
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Figure 1: Contact angle versus contact line speed for a
drop of HFE-7500 spreading on a glass substrate

In Figure 1, this measured contact angle is shown
versus the contact line speed for different experiments,
together with the fits for both theories. First, we notice
that for speeds below 0.1mm/s a kind of transition
behavior between the fast-spreading stage and the
evaporation stage occurs. In this intermediate stage,
the drop becomes non-axisymmetric leading to large
discrepancies in the data. In the present study we
discard this part and focus on the fast-spreading stage,
for which we notice that all data collapse nicely and
can be fitted with both theories equally well, although



HT seems to catch the large speed behavior better.
Two fits are shown for HT, one with the static angle ©q
equal to zero and one where it was fitted to the data
(for speeds above 0.1mm/s) resulting in ©y = 2.5°. For
MKT, the full formulation was applied and this yielded
the best results for ©y = 3.5°. This suggests that the
evaporation-induced angle, which is indeed of this
order ([7]), can be used as a replacement for the
Young’s one in the present context. This has already
been shown to be the case for the Gibbs’ criterion for
pinning in [6]. Nevertheless, as the precision on the
fitted static angles is quite small due to the large
speeds in the fitted region, a fit with a zero contact
angle is well within the uncertainty.
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Figure 2: Local angle versus distance to the contact
line at different times after deposition.

In Figure 2, a close-up of the local slope profile is
shown versus the distance to the contact line. This
profile clearly deviates from the classical static profile
where the maximum angle would be obtained at the
contact line itself. Here, the maximal angle is clearly
seen at a distance of more or less 60uym from the
contact line. This profile is strongly reminiscent of the
profiles measured by [5], which can perhaps be
associated to viscous bending of the droplet shape.
Preliminary fits of these profiles with the HT law: ©°=a
In(x) + b, yield the full lines in the figure. As can be
seen, the correspondence is rather satisfactory. To the
best of our knowledge, the evaporation channel has
never been combined to MKT to describe droplet
spreading. In this respect, note that appropriate care
must be taken when interpreting this kind of
experiments, especially for liquids with low viscosity.

In the present contribution, the spreading dynamics of
HFE-7500 was investigated. Both Molecular Kinetic
Theory and Hydrodynamic Theory are able to predict
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rather well the contact angle relaxation in a range from
15° to 4°. Evidence suggests that the evaporation-
induced angle can simply replace the Young’s one in
the adopted formulation, but this is not conclusive for
the moment. We also measured the presence of a
possible viscous bending zone close to the contact
line, as is theoretically predicted by Hydrodynamic
Theory. In the future, a more thorough theoretical
analysis of the measured profile will be performed.
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Relative contributions of molten steel and core melt
droplets to heat transfer from the droplets to ambient
water at typical regimes of the droplet cooling and
solidification are considered on the basis of transient
heat transfer models for single droplets.

It is shown for the first time that fine fragmentation of
steel droplets overheated significantly with respect to
the steel solidification temperature makes these
droplets more dangerous for the steam explosion
triggering, and this effect cannot be neglected in
nuclear safety analysis.

On the contrary, the solid crust on the surface of core
melt droplets is formed before the first pressure drop in
the steam envelope. As a result, the probability of
fragmentation of these droplets is relatively small and
there is no increase in the overall heat transfer due to
the expected large total surface area of fine particles.
[1-4].

The predicted behavior of uranium dioxide droplets is
confirmed by the published data of laboratory
experiments [5, 6]. It is interesting that experiments
with alumina droplets indicate possible explosion
because of predominant solidification of the central part
of these droplets. This wunusual behavior of
semi-transparent droplets is explained by the optical
effect of total internal reflection of thermal radiation at
the droplet surface [7, 8]. This phenomenon is not
observed for opaque core melt droplets.

In the safety analysis of nuclear reactors, it is
recommended to revise the existing theoretical and
computational models of steam explosion, paying more
attention to the role of fine fragmentation of steel
droplets.
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Drying droplets have become very
important for the production of various
evaporation  induced  nanostructures.
Cetyltrimethylammonium bromide
(CTAB) is known to play a vital role for
building nanostructures using evaporation
driven self assembly of nanomaterials
formed in CTAB matrix [1]. We monitor
the pattern formation from the drying
droplet formed by CTAB-water system
(Fig (a)). CTAB in water form a variety of
liquid crystalline phases starting from
spherical micelles at low concentration to a
lamellar phase at high concentration [2].
The structure of these liquid crystalline
phases can be tuned by the addition of salts,
such as NaBr. Characteristics of liquid
crystalline phases can easily be inferred
using a polarizing optical microscope
(POM). In this work we prepare an
aqueous solution of CTAB in the presence
of NaBr salt. Pattern formation in drying
droplets on CTAB solution deposited on a
glass substrate i1s studied using polarizing
microscopy. When water evaporates from
the droplets, ring like pattern appears as
seen in Fig. (b) And at the final stage of
drying dendritic aggregates are observed.
We analyze the POM images obtained
from the drying droplet using a Jones
Matrix calculation. Interestingly, simulated
image matches very well with that obtained
from POM.
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Fig(a) Drying droplet of CTAB+ Water(b) Drying droplet of
CTAB+Water+NaBr
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Liquid propagation on structured surface has received
broad interest due to the rich interfacial phenomena as
well as wide applications in coating, cooling processes,
dewetting, and self-cleaning. It is a broad consensus
that the liquid droplet spreading on a smooth substrate
obeys power-law time relation [1-3].

For a non-volatile liquid droplet spreading at
macroscopic scales, the correlation between the
dynamical contact angle 6: and capillary number Ca =
MVelly was experimentally studied by Hoffman in a
capillary, where y is the viscosity of the liquid, VcL is the
velocity of the macroscopic contact line (M-CL), and y
is the surface tension [4]. Moreover, the spreading
behavior of a droplet on a substrate with ultra-fine
structures has also been presented. It has been
reported that the obstacles within the solid surface can
obviously pin the movement of the M-CL the initial
stages of the spreading [5]. In another hand, a
structured surface can enhance the droplet spreading
[3, 6, 7]. In particularly, a uni-directional liquid
propagation will be reduced by an asymmetric
micro-structural surface [8-10]. However, there is few
study which focused on the droplet spreading behavior
induced by the interaction with a single micro obstacle
on the substrate during the liquid propagation.

Here, the aim of this experimental study is to
investigate the acceleration of the M-CL of a droplet
spreading on a smooth substrate induced by interaction
with a single particle.

In order to observe the motion of droplet spreading on
the substrate, the interferometry was employed which
was consisted of the laser (wavelength: 532 nm),
spatial filter, collimator, polarizer, and a high-speed
camera (Photron, Fastcam-Mini; resolution: 1028x728
pixels; frame rate: 250 frames per second) and an
objective lens with 500x magnification. The test fluid is
silicone oil with the kinematic viscosity of 2cSt, which
volume Q = 2.4 + 0.5 yL. The perpendicular distance
between the needle and the substrate was kept at 1.5

mm, and the horizontal distance between the needle tip
and the particle was varied from 3.5 to 5.0 mm. Under
these situation, Ca was smaller than 10°, and the
particles are almost static. The process of cleaning the
substrate was finished in a plasma cleaner (Harrick,
PDC-32G) for 10 min.

Table 1 physical properties of particles used in this study.

_ Size Intrinsic
Geometry Material m contact
(] angle
Gold nickel alloy
Sphere coated acrylic 30, 40, 26 +5°
Regular ticl 50
haped . particles
[SJarticIe Cylinder SU-8 permanent 50+ 5 19+5°
Triangle epoxy negative R
prism photoresist 50+5 19£5
Irregular
shaped Irregular Teflon 40+ 10 40 £ 5°
particle

200 pm
—_

R

particles
t = to [s]

Figure 1 Explosive acceleration of macroscopic contact line of droplet
via interaction with small particles scattered on a substrate

The spherical particle, cylinder particle, triangle prism,
and irregular shaped particle were used in our
experiments, which physical properties were shown in
table 1. A typical example of interaction between the
liquid and particles was illustrated in Figurel.

We found that: 1) At early stage of the droplet
spreading, a droplet spreading on a smooth substrate




obeying power law time dependence between the
spreading radius and time with an inclination 1/10
which was described with Tanner’s law, and then the
inclination will changed into 1/8 prior to the interaction
of the particle, which was reported by Lopez [2] and
Cazabat and Stuart [3]. 2) When the M-CL makes
contact with a single particle settled on the substrate,
the movement of the M-CL near the particle is pinned.
And then the M-CL is accelerated obviously. 3) After the
interaction with particles, the M-CL's velocity is
accelerated during a short time to attain the maximum
Vmax. In addition, the ratios of Vmax to Vo are around 10 +
20%, where, velocity Vo, prior to the interaction of
different particles.

In summary, for the silicone oil with the kinematic
viscosity of 2cSt, we determined that the velocity of
M-CL will be accelerated obviously by the interaction of
the micro particle and the liquid. In one hand, for the
fixed particles, the maximum of the velocity of M-CL
was achieved is almost 10 times larger than the velocity
prior to the interaction. In another hand, for the
hydrophilic particles, the acceleration of M-CL was
induced by regular cross-sectional particles and an
irregular cross-sectional particles. This study provides
new knowledge about the acceleration of the M-CL
velocity of a droplet spreading on a smooth substrate
induced by interaction with the particle and proposes a
system to control the movement of the M-CL and
droplet transportation using simple geometry without
any energy input.
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Introduction

The phenomenon of drop impacting porous media is
ubiquitous in nature and is associated with
mechanisms found in various industrial applications.
When a liquid droplet impacts a permeable surface, it
spreads on the surface and is absorbed into the porous
material due to capillary action. The spreading behavior
of the impinging droplet on the surface is known to
depend on the properties of the liquid, i.e. density,
viscosity and surface tension, impact conditions such
as drop size and impact velocity, and the surface
wettability and roughness [1]. Also, absorption is
governed both by the properties of the liquid and of the
porous medium, i.e. porosity, pore size, wettability [2].
Once the deposited droplet is completely depleted from
the surface, the liquid further redistributes within the
porous medium due to capillary forces, while
evaporation occurs at the surface [3]. In case of
saturation of the porous medium, the remaining water
lies at the surface in a pool, and, in the event of further
impacts, a water film can build up. For a better
understanding of the absorption process inside porous
media, observing directly the liquid content
redistribution in the porous medium is required.
Absorption in porous media has been studied with
several non-destructive techniques, namely X-ray,
neutron and gamma-ray radiography, magnetic
resonance imaging (MRI) and nuclear magnetic
resonance, and destructive techniques.

In this study, we aim to capture the full absorption and
film forming process of trains of impinging droplets on
natural porous stones by using neutrons. Neutron
radiography allows visualizing the moisture content
distribution in porous stones. In track, we measure the
mass of deposited water to validate the neutron
measurements. The deposition and absorption process
of trains of impinging droplets is continuously charact-
erized during deposition, absorption, evaporation and
redistribution, in terms of total mass in/above the stone
and moisture distribution, in a time-resolved manner.

Methodology

Samples

Three stones with varying porosity and uptake
characteristics are selected: two sandstones (Meule
Bentheimer and one limestone (Savonniéres), Figure 1.
The porous stones are cut in cubes of 20 x 20 x 10 mm?
for characterization and drop impact tests.

lP'hotos of Benfhmer (Iet),‘ Meule (center) and
Savonniéres samples.

Figure 1.

Droplet generation

Water droplets are generated at the flat tip of a needle
by pushing a syringe pump. The droplets have an initial
diameter of 2 mm, reproducible with a relative error of
10%. When the droplet is released, it accelerates by
gravity reaching an impact velocity of 0.5 m/s,1.0 m/s
and 3.0 m/s, at rate of 4, 8 or 16 drops per minute.

Neutron radiography

The absorption process into the porous stone is
captured by neutron radiography. Neutrons are
attenuated by the hydrogen of water, but penetrate the
porous stone. The experiment for the absorption of
drop impact is performed at the NEUtron Transmission
RAdiography (NEUTRA) beamline of the Paul Scherrer
Institut, Villigen, Switzerland. The NEUTRA beamline is
operated with neutrons within a thermal spectrum [4].
The necessary exposure time for each image is 3
seconds and the nominal spatial resolution of the
neutron radiography is 47.2 ym/pixel. Figure 2 shows a
schematic overview of the neutron beamline and the
experimental setup for drop impact.
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Figure 2. Schematic of NEUTRA beamline configuration

Using Beer-Lambert law, the variation of attenuation of
the neutron beam yields the moisture content, further
details on image analysis and post-processing can be
found in [4]. Figure 3 shows the comparison between
mass obtained from neutron images and deposition.
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Figure 3. Validation by comparing total mass (mg) versus
time comparing the total mass from neutron imaging (thick
red) with actual water mass deposited (thin black). Total mass
of water resting on the stone in blue, in the stone in dark blue.

Results

We present here only the results for Savonniéres but
results of all 3 stones are presented at the conference.
In general, the uptake is faster for Savonniéres with
more water in the stone and less on the surface. Meule
and Bentheimer undergo less moisture uptake in the
same time and hence the surface water pool develops
faster.
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Figure 4. Moisture content (in thickness [mm] per pixel) for
train of water droplets on Savonniéres at the rate of 4 drops

per minute for three impact velocities from top to bottom after
3, 33, 93 and 180 seconds.
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Figure 5. Vertical moisture content profiles for train of water

droplets on Savonniéres at the rate of 4, 8 and 16 drops per
minute for three impact velocities from top to bottom of 0.5, 1
and 3 m/s. Pink line represents the stone surface.

In Figure 4, moisture content distribution is given after
deposition of 1, 3, 7 and 13 droplets for three impact
velocities. With time, water is transported in the stone
further and further from the point of impact. In time
water distribution has an elliptical shape that is quite
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independent from the impact velocities.

Figures 5 and 6 provide moisture content profiles
versus time above and below the stone surface. Faster
droplet rate leads to the development of water
accumulation and thus water pool and film on the
surface.

F= 8 drops/s F= 16 drops/s

F= 4 drops/s

water thickness [mm]

0 5 0 - 5 ) 5 0
width [mm] width [mm] widih [mm]

Figure 6. Horizontal moisture content profiles above and
below the contact line for train of water droplets on
Savonniéres at the rate of 4, 8 and 16 drops per minute for
three impact velocities from top to bottom of 0.5, 1 and 3 m/s.

Conclusion

This paper presents an experimental investigation of
absorption and film forming during trains of liquid
droplets impacting porous stones. Neutron radiography
is used to quantify moisture absorption in three natural
stones of varying porosity and moisture uptake
characteristics. Film forming is found to be dependent
on both transport properties and saturation degree of
the stones. Moisture distribution within the porous
stones, which are here all rather isotropic, is found to
be dependent on impact velocity, and thus maximum
spreading, for the first droplets of the train. Afterwards,
the pooling of water yields similar moisture distribution.
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Introduction

The phenomenon of drop impacting porous media is
ubiquitous in nature and is associated with
mechanisms found in various industrial applications.
When a liquid droplet impacts a permeable surface, it
spreads on the surface and is absorbed into the porous
material due to capillary action. The spreading behavior
of the impinging droplet on the surface is known to
depend on the properties of the liquid, i.e. density,
viscosity and surface tension, impact conditions such
as drop size and impact velocity, and the surface
wettability and roughness [1]. Also, absorption is
governed both by the properties of the liquid and of the
porous medium, i.e. porosity, pore size, wettability [2].
Once the deposited droplet is completely depleted from
the surface, the liquid further redistributes within the
porous medium due to capillary forces, while
evaporation occurs at the surface [3]. In case of
saturation of the porous medium, the remaining water
lies at the surface in a pool, and, in the event of further
impacts, a water film can build up. For a better
understanding of the absorption process inside porous
media, observing directly the liquid content
redistribution in the porous medium is required.
Absorption in porous media has been studied with
several non-destructive techniques, namely X-ray,
neutron and gamma-ray radiography, magnetic
resonance imaging (MRI) and nuclear magnetic
resonance, and destructive techniques.

In this study, we aim to capture the full absorption and
film forming process of trains of impinging droplets on
natural porous stones by using neutrons. Neutron
radiography allows visualizing the moisture content
distribution in porous stones. In track, we measure the
mass of deposited water to validate the neutron
measurements. The deposition and absorption process
of trains of impinging droplets is continuously charact-
erized during deposition, absorption, evaporation and
redistribution, in terms of total mass in/above the stone
and moisture distribution, in a time-resolved manner.

Methodology

Samples

Three stones with varying porosity and uptake
characteristics are selected: two sandstones (Meule
Bentheimer and one limestone (Savonniéres), Figure 1.
The porous stones are cut in cubes of 20 x 20 x 10 mm®
for characterization and drop impact tests.

Figur‘elr.hotos of Bentheimer (Ie), Meule (center) and
Savonniéres samples.

Droplet generation

Water droplets are generated at the flat tip of a needle
by pushing a syringe pump. The droplets have an initial
diameter of 2 mm, reproducible with a relative error of
10%. When the droplet is released, it accelerates by
gravity reaching an impact velocity of 0.5 m/s,1.0 m/s
and 3.0 m/s, at rate of 4, 8 or 16 drops per minute.

Neutron radiography

The absorption process into the porous stone is
captured by neutron radiography. Neutrons are
attenuated by the hydrogen of water, but penetrate the
porous stone. The experiment for the absorption of
drop impact is performed at the NEUtron Transmission
RAdiography (NEUTRA) beamline of the Paul Scherrer
Institut, Villigen, Switzerland. The NEUTRA beamline is
operated with neutrons within a thermal spectrum [4].
The necessary exposure time for each image is 3
seconds and the nominal spatial resolution of the
neutron radiography is 47.2 ym/pixel. Figure 2 shows a
schematic overview of the neutron beamline and the
experimental setup for drop impact.
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Figure 2. Schematic of NEUTRA beamline configuration

Using Beer-Lambert law, the variation of attenuation of
the neutron beam vyields the moisture content, further
details on image analysis and post-processing can be
found in [4]. Figure 3 shows the comparison between
mass obtained from neutron images and deposition.
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Figure 3. Validation by comparing total mass (mg) versus time
comparing the total mass from neutron imaging (thick red)
with actual water mass deposited (thin black). Total mass of
water resting on the stone in blue, in the stone in dark blue.

Results

We present here only the results for Savonnieres but
results of all 3 stones are presented at the conference.
In general, the uptake is faster for Savonniéres with
more water in the stone and less on the surface. Meule
and Bentheimer undergo less moisture uptake in the
same time and hence the surface water pool develops
faster.
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Figure 4. Moisture content (in thickness [mm] per pixel) for
train of water droplets on Savonniéeres at the rate of 4 drops

per minute for three impact velocities from top to bottom after
3, 33, 93 and 180 seconds.

F= 4 drops/s F= 8 drops/s F= 16 drops/s

Figure 5. Vertical moisture content profiles for train of water
droplets on Savonniéres at the rate of 4, 8 and 16 drops per
minute for three impact velocities from top to bottom of 0.5, 1
and 3 m/s. Pink line represents the stone surface.

In Figure 4, moisture content distribution is given after
deposition of 1, 3, 7 and 13 droplets for three impact
velocities. With time, water is transported in the stone
further and further from the point of impact. In time
water distribution has an elliptical shape that is quite
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independent from the impact velocities.

Figures 5 and 6 provide moisture content profiles
versus time above and below the stone surface. Faster
droplet rate leads to the development of water
accumulation and thus water pool and film on the
surface.

F= 4 drops/s

F= 8 drops/s F= 16 drops/s

Figure 6. Horizontal moisture content profiles above and
below the contact line for train of water droplets on
Savonnieres at the rate of 4, 8 and 16 drops per minute for
three impact velocities from top to bottom of 0.5, 1 and 3 m/s.

Conclusion

This paper presents an experimental investigation of
absorption and film forming during trains of liquid
droplets impacting porous stones. Neutron radiography
is used to quantify moisture absorption in three natural
stones of varying porosity and moisture uptake
characteristics. Film forming is found to be dependent
on both transport properties and saturation degree of
the stones. Moisture distribution within the porous
stones, which are here all rather isotropic, is found to
be dependent on impact velocity, and thus maximum
spreading, for the first droplets of the train. Afterwards,
the pooling of water yields similar moisture distribution.
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The impact of a drop on a solid surface is important in many
manufacturing processes. Often it is undesirable to have
bubbles entrapped under the impacting drop, for example
during inkjet fabrication of electronic displays. It is therefore
of interest to understand the dynamics and size of the
resulting bubble sitting at the solid-liquid interface.

We use ultra-high-speed interferometry at up to 5 million fps
to measure the air-layer profile under an impacting drop.
Our focus is on the effect of increasing the drop viscosity on
the air-layer dynamics. Earlier theoretical and experimental
studies have primarily focused on low-viscosity drops, such
as water, where only the viscosity of the air is important by
providing a lubrication pressure to counteract the inertia of the
liquid at the bottom of the drop [1-4]. This lubrication
pressure in the air produces a dimple in the bottom of the
drop, making the first contact of the drop, with the solid
substrate, occur around a ring, which entraps the air-disc.

Figure 1 shows the typical optical setup, used in our
interferometry experiments. The impact is on a microscope
slide and is viewed from the bottom glass surface. = We use
the Kirana camera, which can take 180 frames at 200 ns
inter-frame time. Each frame is illuminated with a separate
red laser diode, with wavelength of 640 nm. The difference
in air-layer thickness, between a dark and a bright fringe, is
therefore 160 nm. It has been found that the shape of the
drop influences the size of the air-disc and as our drops are
larger than the capillary length, it is important to measure the
bottom radius of curvature of the drop as it approaches the
solid. We employ a second high-speed video camera
(Phantom v710) to view the impact from the side, which
allows us to measure this bottom radius for every impact.

In many of the experiments we have an unambiguous
reference thickness, where the drop liquid touches the plate.
In this case we can use the monochromatic red light and the
B/W Kirana camera. However, for highly viscous drops the
thickness where the first contacts occur is unclear, as is
shown in the inset of the bottom panel of Figure 1. Therefore,
we needed an independent measurement of the absolute
thickness of the air film for some cases. This was
accomplished by using two-color interferometry. A blue LED
(peak wavelength 460 nm) in addition to the red laser
provided illumination and a Phantom v710 color camera was
used at 30 kfps to make these measurements. The red and
blue channels can be considered as independent
measurements of the air layer and comparing the air layer
profile from each channel yields the absolute thickness of the
film. The two profiles differ by less than 10 nm. Once the
thickness where the film ruptures is identified. The
monochromatic interferometry can be used at higher frame
rates than allowed by the color setup to observe the formation
of the central dimple.
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FIGURE 1. Top: Experimental setup for the high-speed
interferometry. Bottom: The air-layer profile under the center
of an impacting drop. Image taken with two-color
illumination. Modified from [5].

Figure 2 shows the air-layer profile for drops impacting at

V ~ 1 m/s for a range of viscosities from 10 ¢St up to 1 million
cSt. The viscosity of the drop affects the air disc in
non-trivial ways. For a given velocity, the centerline height
of the air-layer when the droplet makes contact decreases
with increasing velocity. As the viscosity is increased, the
radial extent of the air disc first increases and then
decreases. These effects deviate from theory [3-4] and thus
new scaling laws are required to predict the air disc size.
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FIGURE 2. Air-layer profiles of silicone oil drops with an
impact velocity of ~1 m/s for viscosities ranging from 10 cSt to
1 million cSt. The area under the curve is air and the drop is
above the curve. Modified from [5].

After the initial formation of the central dimple in the bottom of
the droplet, the viscosity of the droplet freezes the shape of
the dimple and the drop spreads on an extended thin air
layer. This gliding is fundamentally different than the film
skating predicted by [3] for low viscosity drops, which is
stabilized by surface tension versus viscosity.

As the drop glides on the air-layer, ruptures occur in random
locations allowing the droplet to wet the substrate. Figure 3
shows an example of a 10,000 ¢St drop impacting at 2.3 m/s.
The central dimple is seen with closely spaced fringes. The
air-film has extended to a radius of 590 um at a thickness of
160 nm or less. There are numerous locations within the air
film where the drop has contacted the substrate (seen as dark
spots in the image).

The rate at which the localized contacts wet the substrate
was measured. Surprisingly, the initial rates of wetting
across all of the viscosities used were between 0.25 and 0.60
m/s. This extreme wetting behavior is several orders of
magnitude faster than expected from current theories [6] for
the highest viscosities.  This initial wetting behavior seems to
be independent of viscosity and thus we look to other possible
causes such as rarified gas effects, van der Waals forces or
the liquid draping onto the surface.

Detailed results, comparisons with the literature and further
insights will be presented.
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FIGURE 3.

Interferometric view of a 10,000 cSt drop
impacting at 2.8 m/s. The central dimple has closely spaced
fringes while there is an extended very thin air-layer
surrounding the dimple. The radius of the film is 590 um and
the bottom radius of the drop was 1.3 mm. Numerous
ruptures of the air layer (dark spots) are seen throughout the
film. Modified from [5].
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Evaporating salty droplets are ubiquitous in nature, in
our home and in the laboratory. However, the transport
processes in such apparently simple systems differ
strongly from ““sweet" evaporating water droplets since
the liquid flows completely in the inverse direction due
to Marangoni stress at the surface. Such an effect has
crucial consequences to the salt crystallization process
and to the evaporation process itself. In this work we
show unprecedented measurements that, not only
confirm clearly the details of the inverted flow patterns,
but also permit us to calculate the surface tension
gradients responsible for the reversal. Contrary to what
has been often reported in the literature, such a
reversal does not prevent the coffee-stain effect, but
particles accumulate and get trapped at the liquid-air
interface driven by the surface flow. We therefore
demonstrate that the accumulation of particles at the
contact line in coffee-stains is not related with the
direction of the flow.

Evaporating sessile droplets have been intensively
studied in recent years, especially after the seminal
work of Deegan et al.[1] In most practical applications,
the droplet does not only contain a pure solvent and
solid particles, but it could contain many other
components. If such components are surface-active,
the transport processes inside the droplet can be
drastically affected. That is the case of bi-component
droplets [2—4] or surfactant solutions [5, 6].
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Figure 1. Experimental particle trajectories and velocity
components clearly revealing the inverted convective
circulation inside a water droplet containing 100 mM
NaCl.

The effect of non-volatile soluble solutes like salt is
paramount since most solutions of biological interest
include different salts to match the ion concentration
and pH of those in the human body. Salty droplets are
also of particularly high interest for the pharmaceutical

industry, where the formation of crystals with controlled
properties is crucial. Salt solutions in contact with
metallic surfaces provoque corrosion, and although
ubiquitous, its mechanism is still poorly understood [8].
Interestingly, when the liquid partially wets the
substrate, crystallization and growth of the deposit
patterns typically nucleate at the contact line [10]. The
internal flow is also known to affect the solute
distribution, as recently reported by Soulie et al. [8],
who also identified that the peripheral salt enrichment
could lead to Marangoni flows inside the droplet. The
existence of a different flow profile inside an
evaporating droplet brings immediately the question:
Will the stain left behind still show a ring shape?

In this paper we show experimental and numerical
evidence of the existence of solute-induced Marangoni
flows in evaporating salt solution droplets and
demonstrate the existence of a new type of ring-
shaped stain driven by Marangoni flow and not by a
bulk-driven capillary flow as shown by Deegan et al.
[1]. To show this unambiguously we first measure the

5mM

Figure 2. Confocal microscopy images of 1-uym-diameter
polystyrene colloids aggregating at the droplet’'s contact
line in the last stages of an evaporating water droplet
containing 5 mM NaCl. Note the particles being
aggregated along the droplets interface



full three-dimensional flow inside the evaporating salty
droplet using 3D particle tracking velocimetry [7]
(Figure 1), secondly we use confocal imaging to
quantify the growth of the particle deposits for different
salt concentrations (Figure 2). Finally, we compare the
experimental results with numerical simulations that
capture the solvent evaporation, the evaporation-
induced liquid flow and the quasi-equilibrium liquid-gas
interface (Figure 3).

In conclusion, we will show experimentally and
numerically that a solutal Marangoni flow is
responsable for the ring-shaped stain in evaporating
droplets containing solutes with “anti-surfactant” effect
[11]. This is not only the case of sodium chloride, but
similar results have been observed for sodium iodide.
The same flow inversion has been observed in
evaporating Ouzo droplets [12], in which the
enrichment of water provoques a positive surface
tension gradient towards the contact line and therefore

Figure 3. Numerical simulations showing (top) the salt
concentration in arbitrary units as a distance from the
contact line and (bottom) the streamlines generated by
the solutal Marangoni effect. Confirming the trend
observed in the experiments.

the inverted flow profile. This effect must have a crucial
role in the formation of salt crystals, and probably also
in their eventual migration towards the center of the
droplet [10].
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Multiple emulsions are complex multiphase structures
that are of significant interest in pharmazeutical, food,
and cosmetic industry. They allow the encapsulation of
active molecules in the internal dispersed phase. This
gives potential applications as drug carrier systems, or
the masking of flavours and encapsulation of vitamins
in food industry. Also, the protection of sensitive media
is of high intrest. In contrast to a conventional
two-component emulsion like water in oil (WO) or oil in
water (OW), the multiple emulsion system consists of
bothe OW and WO emulsions simultaneously. Thus, a
potential sensitive medium is protected by an additional
layer, drugs are encapsulated and the release can be
controlled. The disadvantage is that this type of
emulsion is highly unstabe as it consists of two
thermodynamically unstable interfaces. Multiple
emulsions are sensitive to shear stress which can lead
to ruption and thus the release of its content.

Conventional emulsification processes for multiple
emulsions are a high shear method for the internal
emulsion as high energy is required to generate small
droplets. Classic emulsification methods as colloid
mills, high pressure homogenization or ultra sound can
be used.

For the outer emulsion low stress is required as shear
forces cause internal streaming in the droplets. Thus
the collision frequency is increased which results in
higher coalescence rates. Also the droplets are
elongated which increases the interface available for
encapsulated droplets to escape [1]. Classical methods
used are stirring at low rpm and membranes.

The use of membranes allows a shear sensitive
method to produce multiple emulsions. Especially for
the outer emulsion this process allows the production of
high quality emulsions as narrow drop size
distributions and high encapsulation efficiencies can be
achieved This is of interest for various applications
using shear sensitive media like bacteria.

Additional advantages is the low energy cost compared
to conventional emulsification methods and the ability
to use shear sensitive media if required.

For most applications of multiple emulsions a controlled
release is required. Especially for pharmazeutical
purposes it is essential that drugs are not released
before arriving at the destined area. Therefore the
study of multiple emulsion stability is of great
importance.

Schuch et al. [2] investigate the effect of inner
dispersed phase concentration on the multiple
emulsion breakup. They visually show the drop
deformation and found that shearing has no influence

on inner drop collisions. The deformation and relaxation
time of droplets was not influenced by the internal
emulsion’s dispersed phase concentration.

Our assumption is that the internal emulsion stability
influences the encapsulation efficiency of the double
emulsion. Therefore WO emulsions with different
surfactants and surfactant concentrations are created.
Lower surfactant concentrations make coalescence
phenomena more likely. Also, the surfactant
concentration between the water-oil interface of the
inner emulsion has an influence on the oil-water
interface of the outer emulsion. The surfactant
concentration of the outer emulsion remains constant.
Thus, only effects appearing due to concentration
changes in the inner emulsion are included in the
analysis. With PGPR and Span 80 two different WO
surfactants are used to see if the surfactant type has an
additional effect on the emulsion stability.

For our experiments we used Tween 80 (Sigma
Aldrich) as OW surfactant, and Span 80 (Sigma
Aldrich) and PGPR (aliacura) to stabilize the internal
WO emulsion. The oil phase was middle chain
triglyceride (MCT) (Endima) and the watery phase
bi-destilled water. 0.5 m% NaCl (Sigma Aldrich) was
added as a marker to the internal water phase to
determine the encapsulation efficiency.

The ratio of oil to water was 2:1 for the WO emulsion
and 2:1 water to WO emulsion for the double emulsion.
The surfactant concentration was varied from 1 .. 10
m% of the continuous oil phase.

Double emulsions were prepared by membrane
emulsification and were compared to emulsions
created via ultra-turrax and stirring. The membranes
used were obtained by ROBU and had a porosity of P3,
P4 and P5. The functionalization to create the WO
emulsion was done as described by Kroll et al. [3] using
a 0.1 M HDTMS (Sigma Aldrich) solution.

Viscosity and drop size distribution of the WO emulsion
are measured before performing the second
emulsification step.

After the second emulsification step shear stress is
applied to the multiple emulsion. The emulsion is
sheared in a range from 1 .. 1500 s™' using a double
gap with samples taken at defined intervalls.The gap
size is 100 ym. To analyse drop rupture, the drop size
distribution is measured. pH and conductivity
measurements show if release of the internal phase
occurs.

Results show that the drop size distribution is affected
by the shear stress applied. Low shear rates have



almost no influence on the drop size. Shear rates of
200 s or higher show a decrease in the big drop sizes.

Figure 1 Multiple emulsions after being stressed by
different shear rates

Figure 1 shows images of multiple emulsion drops
after being sheard at different rates. At first a
polydisperse emulsion can be seen, with the
encapsulated drops. After shearing the drop size
decreases rapidly. When anlyzing the drop size using
diffraction spectrometry, it can be observed the mean
drop size is decreasing slightly until 500 s before the
dso shifts significantly to bigger drop sizes (Figure
2).The main driving force for this shift is coalescence.
Due to the shearing the droplets are streteched and
their surface is enlarged. The surfactant concentration
is lower on this new generated surface. Coalescence
can occur in these parts, which can be seen in the drop
size distribution, which gets significantly broader. With
less surfactant in the system, coalescence becomes
more likly. Thus the effect is higher for lower surfactant
concentration.
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Figure 2 Mean drop size of multiple emulsions after
shearing

This is in contrast to the microscopy images showing a
basically broken emulsion even at low shear rates of
100 s™. The reason for the high ds is due to the ratio of
the few large drops compared to the broken smaller
ones. The drop size distribution gets broader with the
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shear rate. The broken emulsion can also be seen in
the encapsulation efficiencywhich is affected strongly
by the shear stress.
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Figure 3 The encapsulation efficiency decreases faster
with lower surfactant concentration

Figure 3 shows that the encapsulation efficiency
decreases strong at rates > 100 s”. This corresponds
with the microscopy images in Figure 1. The increase in
surface area with lower surfactant load gives more
ways for drop release. The internal phase is thus able
to escape faster

In conculsion we can show that the stability of the
internal phase has an influence on the overall multiple
emulsion. A high quality internal phase makes the outer
phase more resilent to shear stress. Thus the
encapsulation efficiency stays higher even at increased
shear rates.
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A wide range of possible temperatures of levitating
water droplets is expected to be interesting for the
upcoming laboratory studies of biochemical processes
in the droplets. The previously obtained temperature of
droplets levitating above the locally heated water of
room temperature appeared to be too high for some
biochemical experiments [1-5].

It was not obvious that one can generate much colder
droplets. Fortunately, this problem is solved
experimentally in the present study with the use of a
strong cooling of both water layer and ambient air.

The modified laboratory installation which include a
separate volume of cooled air just above the central
part of cold water layer is designed for the first time to
work at quite different temperature conditions.

It is shown that even moderate local heating of water
surface is the most important factor to produce
sufficiently large self-assembled levitating clusters of
water droplets which are similar to those observed at
normal temperature conditions.

The effect of ambient temperature on both the
formation and the parameters of droplet clusters is
studied in some details.

The paper is illustrated by close-up photographs and
video.
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Phase change heat transfer has been a topic of
significant scientific and technological interest as it can
serve as an efficient cooling method for high heat flux
applications. The key advantage in two-phase systems
is the utilization of latent heat during phase change [1].
In particular, heat transfer during boiling regimes is
considered as one of the most promising approaches to
address thermal issues in various applications. To
pursuit of the efficient boiling, various types of porous
materials have been suggested [2] [3]. Fundamental
challenges for effective boiling heat transfer are to
increase potential cavities to facilitate efficient bubble
nucleation and departure and to provide effective liquid
and vapor paths. These challenges can be addressed
by integrating bi-level porous materials. Therefore, it is
imperative (1) to create new class of bi-level porous
materials and (2) to better understand how the complex
geometry of bi-level porous materials can affect the
boiling physics. In order to minimize the complexity of
the physical phenomena due to the complex geometry
of porous materials, it is the key feature to precisely
control the detailed pore morphology [4]. Bi-level
porous structures with well-defined pore morphology
will help to systematically understand the role of
hierarchical porosity with a desired efficiency of phase
change heat transfer.

In this study, we demonstrate the hierarchically porous
constructs using self-assembled soft materials called
bicontinuous interfacially jammed emulsion gels
(bijels). This fabrication method enables to create a
unique array of hierarchically porous metallic structures
in which uniform and continuous pores on two
independently tunable length scales [5]. Therefore,
such hierarchically porous structures can
simultaneously provide (1) a continuous path of
microchannels for fluid transport with minimal flow
resistance (1St order pores), (2) the required
nanoporosity to help preserve the trapped vapor during
subcooling to assist the bubble nucleation with a high
frequency (2St order pores), and (3) sufficient specific
surface area for thermal transports between solid and
liquid phases.

For the first step of the fabrication, an initial formation of
bijel starts with interpenetrating domains of two
dissimilar fluids such as water and 2,6-lutidine system.

Figure 1. Confocal microscopy image of bijel structure
showing the mixture of water and 2,6-Lutidine
interfaces stabilized by silica nanoparticles.

Bijels form through arrested spinodal decomposition at
the critical mixing point of two solutions. In this process,
two solutions are separated by a monolayer of silica
particles with diameter of 500 nm at the interfaces as
shown in Figure 1. The silica particles provide enough
mechanical stabilities for the following monomer
exchange. In this step, polyethyleneglycol-diacrylate
(PEGDA) is used to selectively dissolve the sacrifical
polymer template into one fluid phase. Ater the
monomer exchange step, silica nanoparticles are
etched using hydrogen fluoride (HF) solution. The
resulting bijel template will serve as a host for metallic
structure construction. For this, scaffold is immersed
into PdCI, and SnCl, solution for overnight to allow the
solution to penetrate into the scaffold or attaching
catalyst to provide nucleation site of metal deposition.
An electroless deposition method deposits metal to the
non-conductive bijel template forming biporous metal
structure. After the metal deposition, the samples are
calcinated inside the furnace on nitrogen atmosphere to
remove the polymer matrix. The post-processing will be
followed to coat the metallic structure’s surface with
low-surface energy solution.



bijel-derived hierarchical nickel structures. These
structures provide bi-level pores consisting of (a) 1%
order micropores with 30 ym diameter, and (b) 2
order nanopores with 200 nm diameter.

A new class of bijel materials are suggested to provide
bi-level porous characteristics in boiling regimes. In
bijel structures, the 1% order pores (d;) might play an
important role to transport liquid to the bubble
nucleation sites. Here, d; can be controlled by changing
the silica nanoparticle concentration of the emulsion
solution which is the mixure of water, 2,6-lutidine, and
silica nanoparticles. In this process, the active surface
area will be inversely proportional to d. In addition, the
2" order pores have critical impacts on the bubble
nucleations due to roughness enhancement. In the
manufacturing process, d; is suggested to be controlled
by crosslinking density of polymer matrix. The amount
of monomer exchange changes the crosslinking
density, which affects the amount of metal deposition
inside the bijel scaffold. Figure 2 shows an example of
bijel-derived hierarchical nickel fabricated in this study
where d;=30 ym and d,=200 nm.

Then, we will investigate the wetting and corresponding
hydrodynamic transport physics of bijel-based metallic
structures as a function of the morphological
parameters (i.e. pore sizes). In order to confirm the
wettability of the porous structures, a sessile drop
technique is used. The size of the deionized water
droplet dispensed through the capillary tip is controlled
by the injection pressure, ranging from 20-50 nl. The
measured contact angles are confirmed by using
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environmental scanning electron microscope (ESEM)
images. Using ESEM, the evaporation and
condensation of droplets can be explored as well [6].

In summary, we suggest bijel-based bicontinuous
materials to enhance boiling heat transfer by means of
bi-level pore morphlogy. Such bijel structures are
designed to provide efficient paths for liquid and vapor,
active cavities, and large surface area. In this study, we
will study the fabricaiton method of bijel-based
materials and wetting behaviors of thses materials. This
study using a new class of materials with precise
control will help to design efficient boiling materials and
understand the boiling mechanism.
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Evaporating sessile droplet of aqueous solution
deposited on sovatophobic (for example, hydrophobic)
surface is an urgent object both for theoretical modeling
(evaporation dynamics, microfluidics inside the drop,
particle dynamics in evaporating drop, etc) and applied
researches  (printing technologies, nanoparticle
ensemble self-assembly processes, hydrophobic
coatings, etc).

There are three basic problems to estimate the colloidal
particles self-assembly in evaporating droplets: 1)
solute evaporation from the droplet surface to
surrounding air (outer problem), 2) hydrodynamic flows
in droplet volume (inner problem), 3) particle dynamics
into drioplet with account of interparticle interactions,
particle-surfaces interactions, particle-flow interactions,
solvation effects [1,2].

Although self-assembly investigation in evaporating
droplet of colloidal solution on smooth surfaces with
quite acute contact angles has been widely studied
recently for liquids of different properties including
binary solute mixtures [3-8], nanoparticles ensemble
self-assembly processes in droplet deposited on
hydrophobic and superhydrophobic surfaces has not
received much attention up to date.

Figure 1: Evaporative flux density (evaporation rate) on a
surface of sessile droplet with acute wetting angle (left) and
with obtuse angle (right); the pictures were estimated by
Comsol.

The wetting angle of ‘hydrophobic’ droplet has a value
in interval from about 90° to about 180°. In this case,
evaporation flow density has no the integrable
singularity at contact line, unlike a drop with an acute
angle (Fig.1).

Deegan (2000), Popov (2005), Hu and Larson (2002,
2005) have elaborated the useable models of
evaporation of sessile drop of single liquid based on

Maxwell diffusion model.

This model has a good approbation for calculation of
the evaporation flow for the wetting angle interval from
0° to 90°. In framework of this model, the evaporation
flow density on the droplet surface is given by
-M0)
r I ¢ 1
J(r) =J0<¢>(1—Rz] RIOEEEE

d
where ¢ is a contact angle; Ry is a droplet radius (Fig.
2).

Computer modeling the self-assembly of an ensemble
of nanoparticles in drying droplet requires the using of
quick analytic approximation solutions for the
evaporation flow, so that a good example of which are
the Hu-Larson’s [5] solution given by Eqg.1. But, up to
date, such a solution for droplet on solvatophobic
substrate is absent.
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Figure 2: Geometry of liquid capillary-sized droplet on a flat
substrate.

According to the generally accepted opinion, Popov’s
model with integral formula for the evaporation flux [7]
can be used for whole interval of contact angles from
about 0° to 180°. However, such a diffusion-only model
has significant deviations from experiment for droplets
on superhydrophobic surfaces with negligible contact
angle hysteresis [9].

The similar situation takes place for inner problem
(hydrodynamic flows into droplet). Lubrication
approximation analisys given by Oron [9], Deegan et al



[4] can be applied only for the flow field produced by
droplet evaporation under the additional approximation
of a flat droplet (small contact angles). Deegan et al.
have used the lubrication approximation to calculate
the hydrodynamic flow into a droplet with acute angle
and pinned contact line.

Hu and Larson have developed such a semianalytical
approximation in their model of hydrodynamic flows in
drying drop. The kinematic boundary condition with a
phase change is

. J
0, V) =, 710,27+ =Y, (2)
p
where (n,J) is the evaporation flux along the direction
normal to the free surface, where n is a unit vector
along the normal direction, and n, and n, are the rand z
components of the unit normal vector n, respectively.

In our work [1], the boundary conditions of a more
general form for the rate of flow on the top of drop
surface were proposed:

VA
dt
v 0,6 = 7D i g - RO (4)
dt
where Pis a mass density of a liquid, 421 and
dt

dR(®,1) are z- and r-components of velocity of the
dt

geometrical point on a drop surface. Such a shift takes

place due to the evolution of the form and size of the

evaporated drop with account of the contact line

movement (Fig.3).

b

Figure 3: Pictures showing the trajectories of displacement of
the points on surface of drying droplets with acute contact
angle during evaporation with a pinned contact line: a)
lubrication theory (wrong); b) our model [1,2].

These boundary conditions were successfully used to
simulate the self-assembly of nanoparticles in sessile
droplets with contact angles having the value smaller
than right angle. However, applicability of Egs. (3-4) for
hydrophobic droplets still has not been investigated.

The boundary conditions for general case which
includes the obtuse contact angles are still absent in
scientific publications.
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This report includes the analysis the application of
existing droplet evaporation models, the boundary
conditions for the hydrodynamic flows on the drop
surface (Fig.4), as well as the nanoparticle dynamics in
the hydrophobic droplet, and the dry pattern formation
processes modeling.

Figure 4: Trajectories of displacement of the points on
surface of drying droplets with obtuse contact angle during
evaporation with a pinned contact line according to our new
model.

The necessity to develop the existing models of
evaporation and boundary conditions for hydrophobic
sessie droplets is shown. For the first time,
self-assembly model in drying droplets on hydrophobic
substrate is described and estimated.
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When two identical droplet come into contact with each
other, they typically coalesce into a larger one for
minimizing the free surface energy. Notably, the
hydrodynamic behaviors during the process after
coalescence, including rapid expanding of liquid bridge
formed between two droplets, are of great scientific
interest because of the richness of the underlying
physics, such as free surface flow'*, Rayleigh-Plateau
instability5'7, and singularity dynamice, all of which are
also essential to appropriately manipulate droplet
coalescence in various application®"". The capillary
driven expansion of the neck generates capillary waves
from the released surface energy. The wave carry
momentum and propagate axisymmetrically along the
droplet surfaces, thereby be blocked by the connecting
solid surface, e.g. needle, simultaneously, stretch
outward from the opposite poles to form protrusions,
which are sometimes pinched off to form satellites.
Chen et al.” observed three regimes after pinched
droplet coalescence, with on satellite droplet formation.
Thoroddsen et al.” "™ provided models for predicting
the satellite size generated from the capillary wave
induced by drop coalescence, and the pinch-off
limitation.

In this work, we have systematically studied the
oscillation process of liquid bridge after the
coalescence of a pendent and sessile droplet pinched
on the needles. As shown in Figure 1(a), the
coalescence of the distilled water droplets in
atmosphere were controlled inside a stainless steel cell
with sight glass. Two droplets were formed at the flat
extremities of facing vertical coaxial needles by
injecting liquid from corresponding syringe pump. The
injection rate of micropump (Harvard PHD ULTRA) was
set from 0.01ml/min to 0.2ml/min for obtaining various
approaching speed. A sessile droplet was first
generated on the lower needle extremity by controlling
the volumetric flowrate Q, and running time of pump.
Then a pendent droplet grew on the upper needle
extremity. The dynamic process of millimeter-sized
droplets after generation, including the process from
coalescence to oscillation, and sometimes broken, is
directly recorded by a high-speed camera (Photron
MINI UX100 with 1280 x 480 resolution) cooperated
with long distance microscope lens (KEYENVE
VH-Z50) from the side, at the frame rate of 10000 fps.
A LED parallel light source (power 3W, spot diameter
20mm) was used to provide back-lit illumination. The
side-view image of a pendent and a sessile droplet
pinched on the needle before coalescence is shown in
Figure 1(b). This allows the study of a liquid bridge of

volume V attached to the edges of two facing solid
disks of diameter D (corresponding radius R) separated
by a distance H. Droplet volume, centroid coordinates
(e, ¥c) and curvature radius rq, r, were determined via
image analysis using Matlab software.
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Figure.1 (a) Schematic of the experimental set-up. (b) The
side-view of two initial droplets before merging. The distance
between needles H, width of droplet contacting with needle D
and curvature radius of two droplets r1, r2.
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Results and discussion

Three different coalescence regimes are observed
during the entire droplet coalescence process,
including pinch-off in two necks during first necking
stage (type I) (Figure 2a), pinch-off in one neck during
second necking stage (type Il) (Figure 2b), and stable
liquid bridge with no pinch-off (type II) (Figure 2c).
Note that, these results indicate that gravity turns to be
increasingly pronounced in morphologies development
of coalescences after the initial expansion of the liquid
bridge, especially in the final pinch-off process.
Therefore, we represent these regimes using the Bond
number (Bo=pgR2y"1, which compares gravity to the
surface tension forces), and the Weber number
(We=pu2F\’y"1, which compares inertial to surface
tension forces).
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Figure.2 Evolutions of the liquid bridges after coalescence of



the two distilled water droplets. (1) Initial arrangement; (11)-(1X)
Oscillation of liquid bridge formed by coalescence of droplets.
Three typical regimes: (a) satellite droplet generated from
pinch-off in two necks during first necking stage (volumetric
flow rate: 0.01ml/min, outer diameter: 0.55mm, time interval:
60ms); (b) pinch-off in one neck during second necking stage
(0.05ml/min, 0.9mm, 150ms); (c) stable liquid bridge with on
pinch-off (0.01ml/min, 1.34mm, 150ms).

We use Matlab software to obtain the contour of the
gas-liquid interface on each image, and plot W,
normalized by W/, as a function of time in Figure 3(b).
This damping behavior of nondimensional W is clearly
illustrated by the blue dotted line and exhibits a single
dominant period intuitively. Using the damped
oscillation sine function to fit. Then, the dependence of
the oscillation parameters (A, y, T) on the pinned
needle and approaching speed.

w(t)=w, +de™ sin(Zﬂ%+¢) (1
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Figure.3 (a) Typical moments of coalescence process of DI
water droplets pinched on the needles, corresponding to the
marked time in (b). At {o= 0 ms, the droplets are just contact;
At t; = 0.5 ms, the liquid bridge expanding, corresponding half
of width is marked as W; At t, = 2.9 ms, W reaches its
maximum value Whax for the first time; Then it decreases until
t3 = 6.3 ms; At t4 = 8.1 ms, W reaches the peak once again.
After several damped oscillation periods, the liquid bridge
closes to a static state at the final recording time ts= 29.6 ms.
(b) Normalized width in the middle of the bridge W/Wmax
versus time; blue dotted line represents the experimental
results obtain from sequence images; red line is the fitting
curve by damped sine function. Inset: the residual of W/Wmax
with fitting.

W/Wmax
4

Furthermore, we analyze the oscillation behavior of
liquid bridge in the middle position at various volumetric
flowrates and needle diameters. The damped
behaviors are significantly influenced by the contact
condition with the needle tips, conversely, less
influenced by the approaching speed.

LE = 0.01 ml/min]
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Figure.4 Normalized width in the middle of the bridge W/Wax
versus time f. (a) width oscillation of liquid bridge pinned on
inner diameters 0.2, 0.4, 0.6, 0.8, 1.0 mm (using inner
diameter for convenience; outer diameters used as analytical
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size) at the same approaching speed; (b) oscillation of bridge
at 0.01, 0.05, 0.1, 0.15 and 0.2 ml/min volumetric flowrate and
0.2 mm diameter needle.

We will further study these three regimes and transition,
especially the pinch-off and damped oscillation from
aspect of wave instability.
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We perform a thorough investigation of the drying
dynamics of a charged colloidal dispersion drop in a
confined geometry [4].

We develop an original methodology based on Raman
microspectroscopy to measure spatially resolved
colloids concentration profiles during the drying of the
drop. These measurements lead to estimates of the
collective diffusion coefficient of the dispersion over a
wide range of concentration. The collective diffusion
coefficient is one order of magnitude higher than the
Stokes-Einstein estimate, showing the importance of
the electrostatic interactions for the relaxation of
concentration gradients.

At the same time, we also perform fluorescence
imaging of tracers embedded within the dispersion
during the drying of the drop, which reveals two distinct
regimes. At early stages, concentration gradients along
the drop lead to buoyancy-induced flows. Strikingly,
these flows do not influence the colloidal concentration
gradients that generate them, as the mass transport
remains dominated by diffusion.

At longer time scales, the tracer trajectories reveal the
formation of a gel that dries quasi homogeneously. For
such a gel, we show using linear poroelastic modeling
that the drying dynamics is still described by the same
transport equations as for the liquid dispersion.

However, the collective diffusion coefficient follows a
modified generalized Stokes-Einstein relation, as also
demonstrated in the context of unidirectional
consolidation by Style and Peppin [Style and Peppin,
Crust formation in drying colloidal suspensions, Proc.
R. Soc. A467, 174 (2011)].
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While the involved physical phenomena are nowadays
properly understood, sessile droplet evaporation
remains an active research area since several
experiments are not comprehensively explained.
Indeed, recent experimental works have provided very
interesting dynamics [1-5], whose characteristics
strongly depend on control parameters, such as
substrate temperature, ambient pressure and the
various thermo-physical properties of substrate, droplet
liquid and surrounding gas. There is no general
agreement in the scientific community about the
root-causes of the observed behavior. Are they
hydro-thermal waves, Rayleigh-Bénard-Marangoni
instabilities, or even something else?

One of the means to unmistakably answer this question
would consist in conducting a stability analysis of the
fully coupled and transient fluid flow, heat and mass
transfer problem [6]. However, to do so, one must first
overcome two major difficulties. The first one concerns
the computation of the transient base state, whose
complexity arises from the strong non-linearities
associated with the three competing driving
mechanisms: i) Stefan flow draining liquid towards the
interface and more specifically to the triple line when
the latter is pinned; ii) buoyancy in the liquid and vapor
inducing thermo-solutal convection; iii) surface tension
gradient along the liquid-gas interface inducing
thermo-soluto-capilary convection. The second level of
complexity to perform a relevant stability analysis
consists in the intrinsic unsteadiness of the sessile drop
evaporation process, in which several time scales
co-exist.

For particular evaporation configurations, the dynamics
of perturbations lies in a much shorter time scale than
the total evaporation time, so in this case one can
separate perturbations from the base state in a frozen
time approach. This enabled us to find that the
prevalent perturbations of the base state mainly come
from the liquid droplet in which they trigger
tridimensional flow structures. Therefore, we have then
conducted 3D computations restricted to the droplet
and its substrate with a one-sided model, in which heat
and mass transfer across the liquid-gas interface is
modeled in a semi-analytical way. These unsteady
computations are performed during the first stage of the
evaporation process in which the triple line is pinned to
the substrate, so that the droplet diameter is kept
constant, meanwhile the contact angle continuously
decreases over time. The obtained results are in good

agreement against several experiments performed
either under terrestrial conditions or reduced gravity
(parabolic flights), cf. figure 1.
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Figure 1 — 3D unsteady computations: thermal and
velocity fields over the droplet surface and in a cut
plane.

These one-sided model computations helped us to
understand one of the potential instability scenarios. At
the beginning, a torus roll appears in the wedge close
to the pinned triple line and drives eventually an inner
roll by viscous stress depending on the droplet aspect
ratio (height/radius). As their intensity increases over
time they split into thermo-capillary cells owing to
Rayleigh-Bénard-Marangoni instability. Then, the
number of cells evolves in time owing to the fact that
the plane wavelength of these cells is closely related to
their depth. As in the first stage of droplet evaporation
the triple line is pinned the wetting angle consequently
decreases, so does the liquid height, changing
correspondingly the thermal Bond number (ratio of
Rayleigh to Marangoni numbers). As the number of
thermo-convective  cells changes over time,
hydro-thermal waves take place to redistribute the
internal energy in the droplet. In the second stage of
evaporation the droplet diameter continuously
decreases, so does its perimeter, while the wetting
angle stays roughly constant. Therefore the height of
peripheral cells remains also constant; consequently
their number has to decrease in order to match the
droplet perimeter. Here again, hydro-thermal waves
enter the game to redistribute the internal energy in the
droplet.

The dark side of this approach is that computing times
are still prohibitive to perform any parametric study this
way. Therefore we have conducted a dimensional
analysis to account for the main physical components
of the problem. As usual, one assumes perturbations



been able to destabilize the base state provided their
energy reaches a certain amount of the total energy of
the system, made-up of the liquid droplet and its
surrounding gas (air + liquid vapor). To approximate
these energy levels, prevalent terms have to be
evaluated. In terrestrial conditions the two prevalent
driving terms are buoyancy (thermal and solutal)
together with surface tension gradients (thermo and
soluto-capillary forces). The first one can be quantified
thanks to thermal and solutal Rayleigh numbers,
meanwhile the second one can be quantified by
thermal and solutal Marangoni numbers. On the other
hand, the energy involved in the evaporation process is
related to the vapor flux throughout the droplet interface
times the latent heat of vaporization. Therefore, a linear
combination of all these terms enables to quantify the
total energy involved in the evaporation process.
Computing the latter in various experiments where
instabilities have been either observed or not (cf. figure
2), enabled us to empirically determine a threshold of
instability occurrence.
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Figure 2 — Top view images from infra-red camera of
sessile drop evaporation revealing somehow their
internal flow patterns (same thermal conditions but

different fluids and gravity levels).

This semi-empirical analysis enables us to discern
instances of instability depending on experimental sets
of parameters. However, some further work has to be
performed to improve the described model in order to
become predictable.
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Impact experiments are conducted to investigate the
behavior of gels under very large deformations. We
focus on the dynamics of thin sheets freely expanding
in air, which are produced by impacting a drop or a
bead onto a small solid target or onto a cushion of liquid
nitrogen, in order to suppress any dissipation process.
To disentangle the role of capillary, viscous and elastic
forces in the dynamics of the sheets, a large variety of
materials is  investigated, whose rheological
characteristics are tuned over many orders of
magnitude: viscous liquids, and permanent and
transient gels. The reversible gels are self-assembled
viscoelastic Maxwell fluids characterized by an elastic
modulus, Gy, a relaxation time, 7, and a zero-shear
viscosity, no=Got. The permanent gels are cross-linked
polymer networks with an elastic modulus as low as 10
Pa.

For transient gels, when t is shorter than the typical
lifetime of the sheet (~ 10ms), we show that the
dynamics of the sheet is similar to that of Newtonian
viscous liquids with equal zero-shear viscosity. In that
case, the maximal expansion of the sheet, dyax,
decreases with ng and can be quantitatively accounted
for by a model based on energy conservation
arguments taking into account the viscous dissipation
on the small solid target. On the other hand, when 7 is
longer than the typical lifetime of the sheet, the
behavior drastically differs. The sheet expansion is
strongly enhanced as compared to that of viscous
samples with comparable zero-shear viscosity, but is
heterogeneous with the occurrence of cracks, revealing
the elastic nature of the viscoelastic fluid. By contrast,
the sheets produced by the impact of ultrasoft solid
beads composed of permanent gels can expand
significantly but never break (fig. 1).

Fig. 1: Images of a soft elastic drop (left), a viscoelastic gel
drop (middle) and a viscous drop (right) impacting a solid
surface covered with liquid nitrogen (left) and a small solid
target (middle and right). Images are taken at the sheet
maximal expansion. The scale is the same for the three
images.

Furthermore, we demonstrate that the surface tension
of the drops and soft beads of gel must be taken into
account in order to successfully model their expansion.

We define the maximum spread fractor A as dq.x over
do (with dp the initial size of the drop or bead). Hence,
once surface tension, elasticity, and viscous dissipation
are quantitatively taken into account, we experimentally
show a universal evolution of 4 with the impact velocity
normalized by the velocity of generalized elastic and
capillary deformations. Figure 2 demonstrates that
liquids (with surface tension in the range [28-72]
mN/m), Newtonian fluids (with viscosity in the range
[2-700] mPa.s, solids (with elastic modulus in the range
[10-700] Pa) and viscoelastic gels (with Gy in the range
[2-20] Pa) all collapse onto a single mastercurve with A
proportional to the normalized velocity, as predicted by
our model.
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Fig. 2: Maximal spreading factor (maximal expansion of the
sheet normalized by initial drop/bead size) as a function of a
normalized impact velocity that takes into account the
viscous dissipation on the solid target divided by a velocity of
generalized elastic and capillary deformations.

Overall, we have quantitatively rationalized the
spreading dynamics of impacting drops and beads for
viscous, viscoelastic and elastic materials by taking into
account surface tension, elastic deformation and
viscous dissipation.
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Introduction

Production of uniform micron sized droplets
from molten materials is needed in many
engineering applications such as placing
solder balls on chips in electronics industries
or rapid prototyping technologies similar to
inkjet printing [1,2]. Pneumatic drop-on-
demand (DOD) droplet generators are very
promising and reliable for such applications as
they can generate individual droplets while
providing control over droplet size. Cooling
single molten metal droplets is a well-defined
reproducible process and a suitable method of
producing uniform sized droplets. It is a well-
suited process in which the microstructure of
the metallic particles can be adjusted.

In the process of producing particles via
droplet-on-demand generators, sudden short
pulses of pressurized gas, created via a
solenoid valve that opens and closes rapidly,
are applied to the molten metal liquid in the
crucible [3]. The melts are ejected from the
nozzle and detach in the form of single
droplets. Droplet-on-demand generators are
cheap and convenient to use since there is no
moving part in contact with the molten alloy
and therefore there is no inherent restriction on
the operating temperature [4].

In this study, metallic micro particles with
various particle diameters are produced using
a pneumatic droplet-on-demand generator.
The resulting microstructure, physical and
chemical properties are determined after
defined cooling of the droplets. Correlation for
the heat transfer of the falling molten droplet is
provided. As there are no correlations of heat
transfer coefficients validated in the desired
high temperature range for molten alloys, we
are focusing on evaluating how well the
experimental results fit conventional models.
In order to provide a comparison of results for
different materials, single metal droplets of Cu-
6%Sn and Al-4.5%Cu of various diameters

were generated using a Drop-on-demand
droplet generator.

Experiments

Our experimental setup for the micro metal
droplet generation, mainly including a
pneumatic droplet-on-demand generator is
illustrated in Figure 1. The droplet-on-demand
generator which is designed to produce
spherical uniform metal droplets on demand
comprises a solenoid valve, a
graphite/ceramic crucible, and an induction
heating furnace. The system is connected to a
Nitrogen/Helium/Argon  source both for
purging and providing the pressure needed to
force out and detach the single droplets.
During the process, a function generator
controls the solenoid valve to transfer pressure
pulses to the molten liquid in the crucible. The
detached droplets are subsequently cooled
during the free fall and then quenched in water
at a defined falling distance. Owing to the fact
that the process parameters vary for different
alloys and depend on the material properties,
in-situ characterization and determination of
the droplet size was performed throughout the
experiments and the microstructures of the
particles were determined.

Al-Cu and Cu-Sn alloys are widely used in
industrial processes. In this study, single
droplets of Cu-6%Sn and Al-4.5%Cu were
produced. Setting the falling distance, melt te-
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-mperature and quenchant media, the
particles were consequently cooled. The
temperature of the droplet generator and
molten metal were constantly observed during
the process. The test chamber was
continuously purged with nitrogen until the
oxygen content of the system was below 30
ppm. A summary of the process conditions is
shown in Table 1.

Table 1. Summary of process conditions of the
droplet generation via DOD

Material Al-4.5%Cu | Cu-6%Sn
Melt 800 1200
temperature(°C)
Quenching Nitrogen Nitrogen
atmosphere
Quenching 0.82 0.82
distance(m)
Quenchant water water
Modeling

The thermal energy for a hot single metal
droplet moving in a cooler fluid is transferred
via forced convection and radiation while there
is also heat conduction within the particle [5].
In order to model the cooling rate and
solidification, the droplet motion and heat
transfer were taken into account. In previous
studies for modeling such droplets, a low
temperature gradient was used to calculate
the heat transfer coefficient in molten metal
droplets. However, high temperature gradients
(1000 K or more) should be considered due to
high temperature difference between the
ambient gas and the droplets. To model the
heat transfer around the single droplets at
elevated temperatures and the boundary layer,
an axially symmetric 2D steady state
conjugate heat transfer model was developed
embracing the effect of large temperature
gradient on the drag and convective heat
transfer of the spheres. A correction to the
Schiller-Naumann-Correlation [6] is introduced
for non-isothermal conditions. The equations
are solved via the commercial solver “Comsol
Multiphysics 5.2” with a parametric fully-
coupled solver. Finally, the experimental
results are used to validate the model and the
comparison of the heat transfer for the two
selected alloys is made and the results are
analyzed.

Analyses

Dendrite arm spacing is related to solidification
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time and cooling rate based on previous
studies and available correlations [7,8]. In
order to characterize the solidification
structure of metals and alloys, determining the
primary and secondary dendrite arm spacing
(SDAS) is of high importance. The synthesized
spherical micro samples are embedded,
grinded, polished and etched hierarchically in
order to determine their microstructure and
consequently, the SDAS. Based on the
correlation and experimental measurement of
SDAS, the cooling rate of the spheres are
determined. Furthermore, using the proposed
model, the cooling rate of the falling molten
droplets is calculated. The results of the model
and experiments are in good agreement.
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When a droplet is deposited onto a moving wall, the
droplet can steadily levitate. There is an air film
between the levitating droplet and the moving wall. It is
thought that lubrication pressure generated inside the
air film dominantly sustains the droplet. However,
experimental validation based on three-dimensional
measurements has not been conducted although
previous study" had conducted two-dimensional
numerical simulations.

Our purpose is to calculate Ilubrication pressure
distribution generated inside the air film between the
levitating droplet and the moving wall in experiments.
For calculation of lubrication pressure, we first verify
the assumption that lubrication theory can be applied to
the air film by using numerical simulation since
Reynolds number in our experiment is around 2. We
then calculate lubrication pressure, and assess global
and local force balances on the levitating droplet. First,
integrated value of lubrication pressure is compared
with the levitating droplet’s weight. Second, lubrication
pressure is compared with the pressure due to surface
tension and hydrostatic pressure. Based on these two
balances, we experimentally clarify that lubrication
pressure dominantly sustains the levitating droplet.

We first discuss whether lubrication theory is applied to
the air film under the levitating droplet. Navier-Stokes
equation of steady incompressible flow is

1
(u-V)u = —;V}H—%VQu, (1)

where u=(u, v, w), p(x, y), p, and u respectively stand
for velocity vector, lubrication pressure, density of air,
and viscosity coefficient of air. A coordinate system of
the levitating droplet is shown in Fig. 1(a). We set x-axis
to the direction along wall movement, y-axis to the
direction in front of paper and z-axis to the vertical
direction to wall. The origin is located at the position
where the center of droplet is projected onto the wall.
When Reynolds number is sufficiently smaller than 1,
that is to say, when inertia term is sufficiently smaller
than viscosity term, inertia term can be neglected. Thus,
Eq. (1) is rewritten as

~Vp + uV3u = 0. )
In addition, when the air film thickness h(x, y) is much
smaller than the length scale along mainstream, we
can assume velocity w vertical to the wall to be 0.
Consequently, we set up simultaneous equations of Eq.
(2) and equation of continuity, and then obtain
Reynolds equation®™ as

0 (h3op 0 (h®0p oh
393<u356>+3y(u3y>_6[]35v’ 3)

where U denotes wall velocity. Eq. (3) is the governing
equation of the air film in applying lubrication theory.
We show a schematic view of our experimental setup in
Fig. 1(b)[2]. A hollow glass cylinder rotates on its axis in
the horizontal direction with constant circumferential
velocity U=1.57 m/s. A droplet is deposited onto the
inner wall of the cylinder, resulting in its steady
levitation. The three-dimensional shape of the air film
between the droplet and the wall is measured by using
interferometric method. Monochromatic incident light
with wavelength 630 nm through coaxial zoom lens
reflects off the droplet's bottom and the wall
respectively, which makes interference fringes. We
obtain an image of the fringes with a high-speed
camera (FASTCAM SA-X, Photron), and reconstruct
three-dimensional shape of the air film (shown in Fig.
2)[2]. In our experiment, we use the droplet of silicone ail
(surface tension 0=20.9 mN/m, density p=960 kg/m’,
and viscosity v=100 cSt) with diameter 3.16 mm.

In this paper, we conduct numerical simulation in order
to consider whether lubrication theory can be applied to
the air film under the levitating droplet. We compute
pressure distributions generated inside the air film with
two kinds of governing equations: (i) general
Navier-Stokes equation (Eg. (1)) and equation of
continuity, (ii) Navier-Stokes equation neglecting inertia
term (Eq. (2)) and equation of continuity. We investigate
the effects of inertia term by comparing two pressure
distributions, and that of velocity w vertical direction to
the wall to wall velocity U. Consequently, we consider
whether lubrication theory can be applied to the air film.
We use COMSOL Multiphysics, which is the simulation
software using the finite elemental methods. We
assume that the gas-liquid interface is a solid wall with
a no-slip condition because the measured air film
shape is steady and the velocity of the droplet’s surface
is negligible with respect to the wall velocity. The
velocity of the moving wall is U along x-axis and the
pressure outside experimental calculation area is
atmospheric pressure py (shown in Fig. 1(a)).

After confirming the assumption that lubrication theory
can be applied to the air film, we experimentally
calculate lubrication pressure by applying lubrication
theory (Eq. (3)). In order to solve Eq. (3), we conduct
iterated calculation by central finite difference method
in MATLAB. Now, we use the air film shape shown in
Fig. 2(a) for our experimental calculation. Then, we
verify two kinds of balances about lubrication pressure
generated inside the air film. First, we compare the lift
force L acting globally on the levitating droplet with the
droplet’s weight W. Lift L and weight W are calculated
by following equations:



L= [/ pady, @)

W = mgcosb, (5)
where m, g and 6 respectively stand for mass of the
droplet, gravitational acceleration and the angle
between the direction normal to the wall and that of
gravity (shown in Fig. 1(a)). Second, we verify a local
balance of lubrication pressure at gas-liquid interface. It
is thought lubrication pressure balances with surface
tension and hydrostatic pressure!’. Therefore, we can
write the equation of balance at the droplet’s bottom,

20(ko — k) + Apg[(z0 — ) cos 0 + (zp — ) sin 6] (6)

= p7
where Ap, Kk and kg respectively stand for density
difference between air and the droplet, curvature at the

gas-liquid interface and curvature at the point (xo, Yo, Zo)-

Now, there is the point (xo, Yo, Zo) on blue line in Fig.
2(a), and xo=-d¥/2, y0=0, zo=h(xo, yo) Where d; denotes
diameter of experimental calculation area. We calculate
sum pressure ps of surface tension and hydrostatic
pressure, and then compare it with lubrication pressure.

Fig. 3(a) and (b) respectively show pressure distribution
computed by governing equations (i) and (ii). Fig. 4(a)
shows lubrication pressure p calculated by applying
lubrication theory (Eq. (3)). All pressure distributions
have positive pressure in a whole area except the part
of downstream side. Both peak values of positive and
negative pressure agree within 4 % between two
pressure distributions, and integrated values of
pressure distributions also agree within 6 %. In addition
velocity w vertical to the wall has much small value
within 2 % of wall velocity U in the flow field with
governing equations (i). Therefore, pressure is not
affected by inertia term in Navier-Stokes equation and
velocity w. In short, lubrication theory can be applied to
the air film between the levitating droplet and the
moving wall.

We then assess local and global force balances on the
levitating droplet experimentally. First, we calculate the
lift force L by Eq. (4) and the droplet’'s weight W by Eq.
(5). Consequently, we obtain quantitative agreement
between L=(1.06%0.05)x10™ N and
W=(1.11+0.02)x10™* N. Second, Fig. 4(b) shows the
sum pressure ps of surface tension and hydrostatic
pressure (left side of Eq. (6)). Both pressures by
lubrication theory (Eq. (2)) and by Eq. (6) have positive
pressure in a whole range of experimental calculation
area except area near the downstream rim. Two
pressure distributions indicate reasonable agreement
although the peak values of negative pressure are
different due to the limit of interferometric method.
Therefore, we verify that lubrication pressure locally
balances with surface tension and hydrostatic pressure
at the droplet’s bottom.

In summary, we have confirmed that Iubrication
pressure can be applied to the air film by using
numerical simulation, and then calculated lubrication
pressure generated inside the air film between the
levitating droplet and the moving wall. Then, we have
verified two kinds of force balances. First, we obtain

’
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quantitative agreement between the lift force
integrating lubrication pressure and the droplet’s weight.
Second, we experimentally verify that lubrication
pressure locally balances with surface tension and
hydrostatic pressure. In conclusion, to the best of the
authors’ knowledge, for the first time, we experimentally
verify that lubrication pressure dominantly sustains the
levitating droplet.
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In the present work we have devised an innovative yet
simple methodology of exciting multiple oscillation
modes in a single droplet without varying the driving
frequency f. This is achieved simply by allowing the
droplet to evaporate [1,2]. Different modes of
oscillations are excited each at different instances in
the evaporation process. The substrates chosen are
PDMS (10:1) coated glass slides which are attached to
the platform of an electrodynamic shaker. The fluid
used is de-ionised water. The deployed droplet volume,
equatorial radius and contact angle are 5.4+0.4 yl,
110+1° , and 1.2+0.02 mm respectively. A transparent
enclosure is mounted atop the platform covering the
droplets from any external convection. The frequencies
chosen are =400 to 800Hz in steps of 100Hz. The
oscillated droplet shapes are imaged using Photron
FASTCAM Mini UX100 camera and a zoom lens. The
amplitude of the shaker is kept within 12+1.5 microns in
each run. The ambient temperature and relative
humidity is maintained at 25+0.5°C and 42.5+2.5%.

n* circle

(c) H

n=5, t=900s

n=2, t=2460s

n=3, t=1500s

f=800Hz

n=4, t=1560s n=3,t=1980s n=2, t=2280s

Fig 1 (a) Schematic showing interface oscillations and
relevant dimensions. (b) Resonance of different modes
at f=400Hz (c) Resonance of different modes at
f=800Hz.

A previously proposed method has been adopted to
describe the oscillation modes [3]. Fig 1 (a) shows a
schematic with oscillating droplet shapes (dotted lines)

against a hypothetical spherical dome shape (solid line).

This hypothetical shape represents the stationary
interface. The entire configuration is assumed
axisymmetric along the axis z. R, and 6, are the
spherical radius and static contact angle of this
hypothetical shape. The interface oscillations form a
standing wave. The nodes of the wave along constant
values of z form nodal circles (red lines). It is seen in
the present work that the contact line is non-oscillating.
Thus it is also a nodal circle. According to the adopted

approach the mode order n of oscillation is given by the
number of such circles. The amplitude at the apex is Ah.
Resonance of a mode is detected by local maxima in
Ah.

We consider the dispersion relation for capillary waves

[4] -

f=a(2”y)2 (1)

pA’
p=1000 Kg/m® and y=0.072 N/m are the density and
surface tension of water, A is the wavelength of the
standing interface wave and a is a correction factor [4].
The interface length / can be expressed at resonance
of mode n as -

(n—%)/l=l=2ROHC 2)

From (1) and (2) we can derive an expression for the
resonance frequency f, of mode n as [1] -

2_2 3
[7)
fn2 = O(—Jr)/ _l M (3)
12 2 m
The droplet mass is
m=paR)’ (cos3 6. -3cosé, +2)/3 and

g(6.)= (cos3 6. -3cos b, +2)/19c3 :

Conventional mode resonance detection in droplets
involve tuning the driving frequency f to match f, for
desired n. We have proposed an alternate method
where there is no need to tune f[1]. Droplets oscillating
at constant f self tune to resonances of various modes
n when allowed to evaporate. Evaporation reduces the
mass m and static contact angle 6.. From (3) it can be
said that for a particular value of n, f, will keep on
increasing with evaporation. So f will automatically
match with f, for each n at different instances in
evaporation. Since f, is increasing the modes excited
will be in descending order. As an example for a droplet
oscillating at =800Hz, mode n=5 will be excited first,
then n=4 and so on till n=2 (lowest allowable mode).
This is clearly shown in the high speed images in Fig 1
(b) and (c).

To quantify this evaporation driven natural tuning of
mode resonances we have proposed a parameter
based on (3) [1]. The variations of m and 6, can be
combined into a single parameter Q -
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Q-

re(6.)

In other words evaporation brings about variation in Q
to excite mode resonances in a single oscillating
droplet. Plotting Ah/R, against Q represents an
evaporation driven spectrum shown in Fig 2 [1].
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Fig 2. Resonance spectrum based on Q [1].

Note that Q decreases with t so time progresses in the
negative direction of the horizontal axis in Fig 2. From
the merging of the resonance peaks at different values
of f we see that the adopted theory for 1D capillary
waves works fairly accurately for the present case.

A physical explanation for the mode transition is as
follows [1]. From (1) we see that A should not vary with
evaporation. So as the interface length / reduces, and
the distance between nodal circles i.e. A/2 is kept
constant, all the nodal circles (except the contact line)
have to shift downwards. Now in Fig 1a the circles are
numbered from the top to bottom. So as the nodal
circles shift, the (n-1)" circle approaches the contact
line (n i circle) and subsequently merges with it. Thus
the mode order is reduced from n to n-1 resulting in
mode transition.
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Polymer-coated  gold nanoparticles (PGNPs) can
substitute block-copolymer (BCs) compatibilizers in
immiscible polymer blends. However, the interfacial
gold cores may enhance the thin film disjoining
pressure (M7, leading to a drainage time (td)
reduction. This could explain previous four-roll mill
experiments [1] of two drops stabilized by PGNPs,
undergoing flow-induced coalescence in extensional
flow, that showed a puzzling 70% reduction of td,
compared to drops stabilized by BCs, despite PGNPs
being more surface active. Since M**" was unknown,
its effect could not be assessed [1].

Here, we quantify the effect of M on td through
scaling and simulations, by treating PGNPs as
surfactants and employing our newly derived analytical
expression for M™" | function of the nanoparticle
concentration and size [2]. We also compare it to the
effects of the surface Peclet number, related to PGNP
interfacial diffusivity (Ds), and the Marangoni number.

Flow-induced coalescence was very sensitive to all
three parameters. 3nm gold core particles reduced td
by 60% for touching cores, increasing significantly the
coalescence probability of sub-micrometric drops, but
this reduction softened considerably with decreasing
particle concentration.

To obtain the same experimental reduction, enhanced
M had to be present together with D higher than its
Stokes-Einstein estimate, suggesting its break-down
similar to bulk  [3].
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Recently, there has been much interest in using
lubricated surfaces to achieve extreme
liquid-repellency. On such surfaces, a foreign droplet
immiscible with the underlying lubricant layer slides off
at a small tilt angle < 5° [1,2]. This behavior was
hypothesized to arise from the absence of droplet-solid
contact due to a thin intercalated lubricant film beneath
the droplet, but this has not been confirmed
unambiguously [3,4]. Here, using dual-wavelength,
confocal reflection interference contrast microscopy,
we are able to visualize the intercalated lubricant film
with nanometric resolution (Fig. 1). Under static
conditions, three lubrication states are observed: a
stable continuous (nanometric) film, partially dewetted
film and fully displaced film. We attribute the
wetting/dewetting behavior to a combination of
interfacial tensions effects and long-ranged van der
Waals' interactions. On the other hand, under dynamic
conditions, we observe a transition to a micron-thick
lubricant film, whose thickness is velocity-dependent
and obeys the Landau-Levich-Derjaguin law (Fig. 2).
This dynamic lubrication state can be stable, even if the
film is wunstable under static conditions. In this
oleoplaning state — akin to tires hydroplaning on a wet
road — we measure minimal dissipative forces (down to
0.1 uN for 1 pl droplet using a cantilever sensor) and
show that they originate from viscous dissipation and
not from contact line pinning. The techniques and new
mechanistic insights presented in this study will inform
future work on the fundamentals of wetting for
lubricated surfaces and enable their rational design.
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The drainage of liquid films determines the fate of an
abundant number of natural phenomena and
engineering applications, from the stability of
suspensions and emulsions and the efficiency of
particulate separation and coating procedures to the
stability of tear films and the adhesion of bacteria to
solids. Here we explore the physics of drainage of a
micron thick liquid film trapped between a solid and a
micro-bubble while it is exposed to a propagating
MHz-frequency Rayleigh surface acoustic wave (SAW).

The most interesting observation we report is related to
the rate of drainage. In the absence of the SAW, the
intermediate liquid film between the bubble and the
solid drains due to capillary stresses for a period of one
to twelve hours (according with the viscosity of the
draining liquid in our experiments). In the presence of

the SAW, the drainage of the film is reduced to minutes.

The viscous penetration of the wave into the liquid
generates an acoustic flow that breaks the symmetry of
the liquid film. The film deforms in a manner akin to a
kinematic wave until capillary stresses, resisting this
motion, impose a self-similar film geometry, supporting
fast drainage of liquid out of the film.

We explored this intriguing phenomenon using both
experiment and theory. We designed the experimental
system shown in figure 1, where we utilized previous
findings on the geometry of long bubbles moving in
rectangular tubes. By abruptly arresting the motion of a
bubble in a microfluidic channel we imposed a model
system for the drainage of the intermediate film
between the bubble and the solid surface of the
channel. In particular, this procedure allows for
reducing the dimensionality of the drainage. The micron
thick film between the bubble and the solid was then
exposed to a front of a SAW, propagating in the solid
substrate of the channel and along the draining path.
This event is illustrated in figures 2 and 3. We
monitored the spatiotemporal variations in the
thickness of the intermediate film between the bubble
and the substrate using the diffraction of
monochromatic light.

A corresponding theory is in good agreement with
experiment, highlighting the struggle between acoustic
and capillary mechanisms in the microenvironment
explored. In particular, both theory and experiment
predict the time of drainage support a power low with
the ratio between the acoustic and capillary stresses in
the liquid film.

\(

Figure 1: SAW microfluidic platform for undertaking the
experiments where a micro-bubble near a solid surface
is exposed to MHz surface acoustic waves.
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Figure 3: A cross section view of the bubble in a
channel of a rectangular circumference, while a surface
acoustic wave is propagating in the substrate below.
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Evaporation of multi-component drops is crucial to
various technologies and has numerous potential
applications because of its ubiquity in nature. We use
an ouzo drop as a model for a ternary liquid mixture
and investigate its evaporation process on surface. The
Greek drink Ouzo (or the French Pastis or the Turkish
Raki) is a miscible solution and primarily consists of
water, ethanol and anise oil. When the water
concentration is increased by adding water or by
reducing ethanol, the solution becomes opaque due to
the “ouzo effect”, i.e. the spontaneous nucleation of oil
microdroplets 2

Recently, we discovered how the preferential
evaporation of ethanol tri%gers the “ouzo effect” in an
evaporating ouzo drop Bl Four life phases can be
distinguished during the drying. As a remarkable
phenomenon, we found that the evaporation-triggered
nucleation starts at the rim of the ouzo drops, which is
attributed to the flat drop geometry, namely the
singularity at the rim.

In the current work, we performed evaporation
experiments on a superamphiphobic, which is both
superhydrophobic and superoleophobic, to achieve low
wettability for the ouzo drops. In this case, the ouzo
drops initially hold a large static contact angle (larger
than 150°). Thus the singularity at the three phase
contact line is absent. Codetermined by the
evaporation flux distribution and volatility difference
between water and ethanol, the evaporation-triggered
Ouzo effect preferentially occurs at the apex of the
drop. Our numerical simulations also reproduce this
observation. During the evaporation process, two
distinct slopes characterize the volume decrease of the
ouzo drop. The initial steep slope is dominantly caused
by the evaporation of ethanol, followed by the slower
evaporation of water. At later stages, thanks to
Marangoni forces, a new remarkable phenomenon
appears: part of the nucleated oil microdroplets form an
oil shell wrapping up the ouzo drop, instead of forming
a persistent oil ring at the contact line. Theoretically,
based on Popov’s diffusion model for quasi-steady
natural evaporation of pure liquid drops ™, we also
propose an approximate diffusion model for the drying
characteristics of ouzo drops with more than one
component. The generalized diffusion model predicts

the evaporation of the drops in agreement with
experiment and numerical simulation results.

This work highlights the influence of substrate on the
evaporation process of ouzo drops. A Dbetter
understanding of the dynamics of an evaporating ouzo
drop may provide valuable information for the
investigation of the evaporation process of
multi-component mixture drops.

Evaporating ouzo droplets on superamphiphobic
surface. The diameter of the droplets is around 1.5 mm.
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The vapor distributions surrounding sessile drops of
hexane, 3-methylpentane (3MP) and methanol were
measured using infrared spectroscopy and computed
tomography. The measurement technique is based on
the procedure described in reference [1]. Knowledge of
the vapor distribution enables analyses of the relative
effects of diffusion and natural convection on the
evaporation rate. When the molecular weight of the
vapor is heavier than that of the background gas,
natural convection tends to compress the height of the
vapor distribution and extend it radially. Consequently,
a condition with strong convection is marked by a
relatively flat and wide vapor distribution compared to
that of a strictly diffusive vapor transport condition,
which has an approximately hemispherical shape.
Thus, the measured vapor distribution provides a
qualitative indication of the relative strengths of
convection and diffusion. Quantitative information
about the rate of diffusion are computed from the
concentration gradient and, by comparing that rate to
the overall evaporation rate, inferences about the
convective flow may be made.

The drop evaporation occurred in air at room
temperature conditions. Hexane and 3-methylpentane
were chosen for this study because their evaporation
rates are substantially influenced by natural convection
[2-4]. Hexane and 3MP both have moderately high
equilibrium vapor pressures and molecular weights that
are substantially greater than that of air. Thus the
density of their vapor-air mixtures near the surface of
the drop is substantially higher than the ambient gas
density, and this density difference instigates the
convective flow.

Methanol, which is expected to have predominately
diffusive vapor transport, was chosen to provide
contrast to the strong convective transport of hexane
and 3MP. The molecular weight of methanol is nearly
equal to the molecular weight of air and so there is
expected to be very little difference between the density
of the vapor-air mixture at the surface of the drop and
the density of the ambient gas; and consequently little if
any natural convection occurring. Furthermore, since
the diffusion coefficient for methanol is more than twice
the value for hexane and 3MP, and the equilibrium
vapor pressure is comparable (just a little lower) to that
of hexane, it is expected that the rate of diffusive
transport for methanol vapor is much higher than that

for hexane or 3MP vapor.

The measured vapor distributions for hexane and
methanol are presented in Fig. 1. The distributions are
presented in a vertical plane passing through the center
of the drop. Axisymmetry was assumed in the
computed tomography process used to generate the
distributions. In all cases, the sessile drop had a
contact line radius of 6.5 mm. The distribution for 3MP
is very similar to the distribution for hexane and is not
shown.

Measured Hexane Vapor Distribution
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Figure 1. Measured vapor distributions surrounding a
hexane drop (a) and a methanol drop (b). The white
region outlined in red indicates the sessile drop. The
colormaps indicate vapor density and range from 0
(dark blue) to the saturated density (bright yellow),
which are different for the two drops.

The shape of the hexane vapor distribution is relatively
flat and shows the influence of a natural convective flow
that is down and radially outward from the drop. This
behavior agrees with observations from schlieren
movies of the vapor flow [1,4]. In comparison to the
hexane (and 3MP) distributions, the methanol vapor
distribution extends further up and appears more like



the hemispherical distribution that is expected when
vapor transport is by diffusion alone. Still, considering
that the molecular weight of methanol (32 g/mol) is
nearly equal to that of air (29 g/mol), it was expected
that the distribution would have a more hemispherical
shape.

With knowledge of the vapor distribution, the gradient
may be computed in order to evaluate the diffusive flux.
The diffusive flux was integrated along the surface of a
control volume surrounding the drop to obtain the net
rate of diffusion out of the control volume. Figure 2
shows a cylindrical control volume surrounding a
methanol drop and the diffusive flux along the surface
of the control volume. The white arrows indicate the
magnitude of the diffusive flux (length) and the
direction. Only the component normal to the surface
was employed to compute the total diffusive rate from
the control volume. For a steady-state condition the
evaporation rate is equal to the sum of the vapor
transport by diffusion and convection and therefore by
comparing the diffusion rate to the evaporation rate the
strength of convection may be inferred. Furthermore,
by varying the dimensions of the control volume,
regions where convection and diffusion are high may
be determined.

Diffusive Flux in the Methanol Distribution
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Figure 2. Diffusive flux along the surface of a control
volume surrounding a methanol drop. For clarity, the
flux is shown on half of the control volume.

Figure 3 shows the diffusion rate as a function of
control volume height and radius. Included in the
figures are dashed lines indicating the evaporation
rates computed from the steady-state Laplace equation
for diffusion-limited evaporation. As may be seen, the
diffusion rates computed from the vapor measurements
are much different than what is computed by the
Laplace equation. In order to account for the measured
evaporation rates (not shown in Fig. 3), convection
must be occurring. The results shown in Fig. 3 are
consistent with a downward and radially outward
convective flow, even for methanol, though the
methanol convection appears much weaker than the
convection occurring in the hexane and 3MP
distributions.
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