


EVAPORATION AND DISSOLUTION
OF DROPLETS IN TERNARY

SYSTEMS

Huanshu Tan

（谭唤书）



Graduation Committee:

Prof.dr.ir. J.W.M. Hilgenkamp (chairman) University of Twente
Prof.dr. D. Lohse (supervisor) University of Twente
Prof.dr. X. Zhang (co-supervisor) University of Alberta & U. Twente

Prof.dr.ir. N.E. Benes University of Twente
Prof.dr.ir. R.G.H. Lammertink University of Twente
Dr. P.S. Clegg University of Edinburgh
Prof.dr.rer.nat. S. Hardt Technische Universität Darmstadt

The work in this thesis was carried out at the Physics of Fluids Group, Max-
Planck-Center Twente for complex fluid dynamics, Mesa+ Institute, and J.
M. Burgers Centre for Fluid Dynamics, Faculty of Science and Technology,
University of Twente. This thesis was financially supported by the China
Scholarship Council and the Netherlands Organisation for Scientific Research.

Cover design: Huanshu Tan.

Publisher: Huanshu Tan,
Physics of Fluids Group, University of Twente,
P.O. Box 217, 7500 AE Enschede, The Netherlands
pof.tnw.utwente.nl

Copyright © Huanshu Tan, Enschede, The Netherlands 2018
All rights reserved. No part of this book may be reproduced, stored in a re-
trieval system, or transmitted in any form or by any means, without written
permission of the author.

Print: Gilderprint, Enschede

ISBN: 978-90-365-4592-1
DOI: 10.3990/1.9789036545921



EVAPORATION AND DISSOLUTION
OF DROPLETS IN TERNARY

SYSTEMS

DISSERTATION

to obtain
the degree of doctor at the University of Twente,

on the authority of the rector magnificus,
Prof.dr. T.T.M. Palstra,

on account of the decision of the graduation committee
to be publicly defended

on Friday the 24th of August 2018 at 16:45

by

Huanshu Tan

（谭唤书）

Born on 19th of October 1987
in Jining, Shandong province, China



This dissertation has been approved by the supervisors:

Prof. dr. Detlef Lohse
and

Prof. dr. Xuehua Zhang



Contents

1 Introduction 1
1.1 Motivations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Small-scale world of droplets . . . . . . . . . . . . . . . . . . . 3
1.3 Evaporation dynamics of droplets . . . . . . . . . . . . . . . . . 7
1.4 The “ouzo effect” and ternary phase diagram . . . . . . . . . . 9
1.5 A guide through this thesis . . . . . . . . . . . . . . . . . . . . 12

I Ouzo drops 17
2 Evaporating flat ouzo drops 19

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 21
2.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3 Evaporating spherical ouzo drops 37
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . 40
3.3 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . 42
3.4 FEM numerical modeling for evaporation . . . . . . . . . . . . 47
3.5 Generalized diffusion model for ouzo drops . . . . . . . . . . . 49
3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.7 Supplementary material . . . . . . . . . . . . . . . . . . . . . . 55

4 Dissolving ouzo drops 57
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.2 Experimental method . . . . . . . . . . . . . . . . . . . . . . . 60
4.3 Dissolution process . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.4 Spontaneous emulsification . . . . . . . . . . . . . . . . . . . . 66
4.5 One-dimensional multicomponent diffusion model . . . . . . . . 69

v



CONTENTS

4.6 Model predictions . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4.7 Discussion on the fluid dynamics of the system . . . . . . . . . 82
4.8 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . 85

5 Evaporating pure, binary & ternary drops 87
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.3 Axisymmetric investigation . . . . . . . . . . . . . . . . . . . . 93
5.4 Axial symmetry breaking . . . . . . . . . . . . . . . . . . . . . 105
5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

II Colloidal ouzo drops 115
6 Colloidal ouzo drops 117

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.2 Methods and results . . . . . . . . . . . . . . . . . . . . . . . . 119
6.3 Conclusion and outlook . . . . . . . . . . . . . . . . . . . . . . 126
6.4 Method details and supplementary information . . . . . . . . . 127

III Surface nanodroplets 129
7 Surface nanodroplets formation 131

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
7.2 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . 134
7.3 A simple theoretical model . . . . . . . . . . . . . . . . . . . . 137
7.4 Buoyancy driven convection effects . . . . . . . . . . . . . . . . 139
7.5 Experimental method . . . . . . . . . . . . . . . . . . . . . . . 142
7.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

8 3D fitting procedure for nanodroplets 145
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
8.2 Detailed 3D fitting procedure . . . . . . . . . . . . . . . . . . . 148
8.3 Evaluation of the effects from cut-off threshold . . . . . . . . . 150
8.4 3D-SCFP versus 2D fitting . . . . . . . . . . . . . . . . . . . . 151
8.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
8.6 Appendixes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

9 Conclusions and outlook 159
References 165

vi



CONTENTS

Summary 185
Samenvatting 187
Scientific output 189
Acknowledgements 193

vii





1

1
Introduction

1.1 Motivations
We live in a multi-scale world. Dynamics of fluids on large scales affect our
planet, while on small scales they are significantly related to our life as well.
Droplets are one of the most common forms of fluids in small size. They have
beautiful spherical profiles, which is so attractive that, in our daily life, there
are innumerable beautiful pictures of them created by photographers. Droplets
are essential in scientific research as well, as a significant amount of advanced
technologies in our modern life relate to these small droplets (Fig. 1.1): Inkjet
technology, which helps us print newspapers, books, and posters we read every
day and even the complicated electronics of the cell phones in our hands, is
about creating small aqueous droplets at super high speeds and drying them
into controlled patterns [1–4]. In cosmetic, food, and medicines industries,
emulsion droplets are primary ingredients of the products. It is critically
important to know how to create droplets on sub-micron or nano scales, how
to make them stable, and how to have different materials capsuled inside [5, 6].
Also, by using droplets, scientists or engineers can achieve DNA mapping in
biology and chemical extraction in chemistry [7–9]. Nevertheless, droplets can
be dangerous as well, although they are small. When aircraft fly through
clouds, the water droplets will impact the aircraft wings. If the droplets did
not shed and stayed there, they would freeze with tragic consequences.

In the past decades, numerous efforts have been made by many scientists
from different fields including physics, chemistry, biology, environmental sci-
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Macroscales
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Food

industry
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Clouds

Inkjet

printing

Wing
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Figure 1.1: The ubiquity of small-scale droplets: For example, the formation of clouds,
freezing issue of airplane wings, inkjet technology, food industry, the life of small organisms
all relate to droplets, either single component droplets or multi-component droplets. (source
for images: earth (NASA website); aeroplane (Shutterstock website); inkjet printer (Océ
website); multi-component droplets image (took in lab); other images(Pinterest website)).

ence, material science, and engineerings, to understand droplets behaviours
in different conditions for different purposes [9–13]. Up to now, many studies
have been done on the physical behaviors of droplets of pure liquids, liquids
with dispersed particles, or even binary liquid mixture, i.e. still in single
liquid systems or binary liquid systems. The dynamical behaviors of evap-
orating and dissolving droplets in multicomponent (more than two compo-
nents) systems, however, have much less been studied, although they are more
frequently encountered in practice. We know that the fluid composition deter-
mines a number of its physical properties including surface tension, solubility,
nonequilibrium and so on, and the flow of the fluid can vary its composition
locally. In the evaporating or dissolving droplets, how the diffusion-deduced
property variations interact with the hydrodynamics, how this two-way inter-
actions affect the dynamical behaviors of the droplets, how the interactions
are affected by the ambient conditions, and what the unexpected phenom-
ena would appear, are still unknown. As the development of modern science
and technology, to thoroughly understand these concepts in multicomponent
droplets is becoming more and more critical, in particular to advanced man-
ufacturing. Here, we will give our contributions to this issue by studying the
evaporation and dissolution of droplets in ternary systems.

2
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1.2 Small-scale world of droplets
Droplets exist in a small-scale world. In this small-scale world, the small
dimensions suppress some physical phenomena prevailing on large scales, while
some other physical phenomena overlooked on large scales become pronounced
[14]. The competition relationships of small scale forces determine the features
of small-scale droplets.

For instance, on small scales, pure droplets always have perfectly rounded
profiles statically, because the excess pressure by surface tension (Laplace pres-
sure) can dominate the reduced hydrostatic pressure on small scales. When
the droplets are smaller than a critical length scale, the so-called capillary
length `c =

√
γ/(ρg) (surface tension γ, liquid density ρ, and earth’s gravity

g), the cohesive force of the surface tension pulls the droplets into spherical
shapes. Whereas concerning the hydrodynamics inside the droplets, the iner-
tial nonlinearity, which plays a critical role in enriching large-scale systems, is
suppressed by the droplets dimensions. Usually, the typical Reynolds number
Re=UL/ν for the evaporating or dissolving droplets is less than 10, since the
droplets have a characteristic length scale L in the order of a millimeter or
less, and a characteristic velocity scale U inside in the order of up to 1 mms−1.

The flow within the droplets can display quite rich behavior, because other
physical phenomena, which can be ignored and less familiar on the macroscale,
acquire prominence here. The dominance of these “unfamiliar” physical phe-
nomena brings its distinguishing features on small scales. Here, we will give a
brief discussion on those of them that are essential to the topic of this thesis.

1.2.1 Marangoni flows
In a variety of small-scale processes, surface tension dominates gravity. It can
be explained by Bond number Bo, which prescribes the relative importance
of forces induced by gravity and surface tension γ, and has an expression as

Bo= ρgL2

γ
. (1.1)

The above formula indicates that the surface tension becomes more dominant
as the decrease in system size. Thus, the flows induced by (interfacial) surface
tension gradients, i.e., Marangoni flows, become ubiquitous and vital on small
scales.

Surface tension (also called interfacial tension) results from an imbalance of
attractive intermolecular forces at the fluid-gas interface (or immiscible liquid-
liquid interface). So either locally changing temperature or fluid composition
can lead to the change of surface tension. Once there is a temperature gra-
dient along the surface, the resulting surface tension gradient would cause a

3
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(a)  Thermal Marangoni �ow

(b)  Solutal Marangoni �ow

(c)  Surfactant-induced Marangoni �ow

Vapour/liquid

Liquid

Vapour/liquid

Liquid

Vapour/liquid
Surfactants

CMC

Liquid

Figure 1.2: Illustrations of Marangoni flows driven by (interficial) surface tension difference:
(a) Thermal Marangoni flow; (b) Solutal Marangoni flow; (c) Surfactant-induced Marangoni
flow.

tangential flow along the surface, named thermal Marangoni flows (Fig. 1.2a).
In general, thermal Marangoni flows toward the low-temperature side, as a
warmer gas phase with more liquid molecules reduces surface tension; dif-
ferent liquids have different surface tensions. So fluids with concentration
gradients along the surface can generate surface tension gradients as well,
and the induced flows are called solutal Marangoni flows (Fig. 1.2b). Another
type of Marangoni flow is surfactant-induced Marangoni flow. Surfactants are
compounds with an unusual structure (often with a hydrophilic head/ and
hydrophobic tail) that make them reside at the free surface or interface in
an energetically favorable state. Thus, surfactants can lower the (interfacial)
surface tension as well, leading to Marangoni flows (Fig. 1.2c).

1.2.2 Pronounced diffusion processes
Another phenomenon which comes to prominence on small scales is the dif-
fusion process. The dimensionless number Péclet number Pe expresses the
relative importance of convection to diffusion and is governed by the Péclet

Pe= LU

D
, (1.2)
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where D is mass diffusion coefficient. This number expresses that the diffu-
sion transport competes with or advective transport. On the macroscale the
diffusive transport rate is minimal, implying Re� 1.

The relevance of diffusion implies the variation of concentration field. Once
there is a concentration difference along the droplet surface or interface, solutal
Marangoni flows will appear and therefore affect the diffusion process in turn.
It implies that diffusion can induce complicated dynamics on small scales.
A small droplet, for example, can be self-propelled by this Marangoni stress
when the viscosity ratio of the droplet liquid to the surrounding fluid is lower
than the length scale ratio of the droplet size to the solutal interactive length
scale [15].

Another interesting phenomenon induced by diffusion is spontaneous emul-
sification. The diffusion causes local supersaturation of one species in a mix-
ture, giving rise to nucleation and growth of microdroplets of this species (see
sec. 1.4). This mechanism is called “diffusion and stranding,” which was dis-
cussed by Davies and Rideal 60 years ago [16]. These nucleated microdroplets
can enrich the flow as well, causing some interesting and complicated dynam-
ical behaviors. In the Part I of this thesis, we will explore how the diffusion
processes, i.e., evaporation or dissolution, affect the hydrodynamics in the
multicomponent droplets based on this “diffusion and stranding” mechanism.

For an immersed multicomponent droplet in a liquid, if all the components
in the droplet are sparingly soluble in the surrounding fluid, then the diffusion
process can be regarded as a one direction process, i.e., from the droplet
inside towards the outside [17]. If one of the droplet components is miscible
with the surrounding liquid, then this assumption is not applicable anymore
and we have to consider it as a multi-diffusion process. Across the droplet
interface, the miscible droplet component diffuses out, and simultaneously,
the surrounding fluid diffuses into the droplet. For the diffusion processes at
both sides of the interface, we can apply Fick’s diffusion law, i.e.,

∂md
α

∂t
=Dd

α

∂2md
α

∂x2 , (1.3)

∂mh
α

∂t
=Dh

α

∂2mh
α

∂x2 , (1.4)

where the superscripts indicate the side, i.e., either drop side (d) or host liquid
side (h), the subscript the component α, x position, t time, mα the mass
fraction, and Dα diffusivity. To balance the mass transport at the moving
interface s(t), we have,

(
mh
α−md

α

)ds
dt =Dd

α

∂md
α

∂x
−Dh

α

∂mh
α

∂x
, whenx= s(t). (1.5)
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Therefore, the problem becomes a so-called Stefan problem, following the
mathematical terminology of boundary value problems for a partial differential
equation [18]. However, phase separation is still out of consideration in above
equations. It is necessary to integrate the liquid-liquid equilibrium process at
the interface into the equations. We will explore this issue in chapter 4.

1.2.3 Surface/interface-related phenomena

Since droplets have rounded profiles and small volume sizes, their surface-to-
volume ratios are relatively large. As a consequence, the surface/interface
effects have great impact on the statics and the dynamics of the droplets. The
essentials of most dynamical behaviors of droplets are related to the surfaces,
such as wetting [19, 20], drop impact [21, 22], condensation [23], levitating
droplets [24], droplet formation in a microchannels [25, 26], the Leidenfrost
effect [27], the Marangoni effect (see sec. 3.5.2), diffusiophoresis [28, 29], elec-
trophoresis [30, 31], and so on. Here, we will focus on the primary surface
effects that have influences on the evaporation and dissolution of droplets.

(a)  (b)  

Figure 1.3: Scheme of a shrinking droplet in (a) constant contact area mode or (b) constant
contact angle mode.

The surfaces/interfaces of the droplet system could be liquid-solid surface,
liquid-vapor interface, or liquid-liquid interface. We first talk about the ef-
fects caused by the liquid-solid surface. When a droplet sits on solid surfaces,
it can have different Young’s contact angles for the different surface materi-
als. For different contact angle values, the liquid-vapor surfaces/liquid-liquid
interfaces have different geometries. The diffusion process across these sur-
faces/interfaces is confined by different boundary conditions, resulting in dif-
ferent evaporating/dissolving flux distributions along the surfaces/interfaces
(see sec. 1.3). Consequently, the droplet can have different mass loss rates and
different inside flow pattern on different surfaces [32–35]. Beside, the defects
(pinning points) on the solid surface can cause a sticky contact line of the

6
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droplet. Then the droplet evaporates or dissolves in a constant-contact-area
mode (Fig. 1.3a) instead of constant-contact-angle mode (Fig. 1.3b) [36, 37].
The pinned contact line can further cause capillary flows inside the droplet,
which play an essential role in the famous “coffee stain effect” [38, 39].

The liquid-vapor equilibria at the liquid-vapor surface and the liquid-liquid
equilibria at the liquid-liquid interface govern the evaporation and dissolution
processes. For multicomponent droplets, it is inevitable to consider the in-
teractions between different species in the equilibria process. In liquid-vapor
equilibrium, these interactions can be expressed by Raoult’s law (see sec. 1.3.2).
Also, the condensation of the vapor at the surface can be neglected compared
to the evaporation of the liquid. However, in the liquid-liquid equilibrium,
diffusion processes towards both directions, i.e., multi-diffusion process, must
be considered. The phase equilibria are achieved by applying the condition of
equality of the chemical potentials with the adoption of some activity coeffi-
cient model (UNIQUAC, UNIFAC, et al.). The detailed discussions are given
in chapter 4.

1.3 Evaporation dynamics of droplets

1.3.1 Single-component droplets

(a)  (b)  (c)  

Figure 1.4: (a) Schematic illustration of the evaporation model. (b) respective (c) illus-
trate the distributions of evaporation flux along droplet surface for low wettability (θ > 90°)
respective high wettability (θ < 90°).

There are several models proposed to describe the evaporation process of
droplets [35, 40]. The classical theory for quasi-steady natural evaporation of
single component droplets was proposed by Popov [32]. The model predicts
the rate of mass loss in terms of the contact angle by solving the diffusion
process in a nonuniform vapor concentration field around the droplet without
consideration of thermal and free-convection effects. The evaporation flux J(r)

7
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on the surface is given by [32]

J(r) = Dvap
air (csat−c∞)

rc

[
1
2 sinθ+

√
2(coshα+ cosθ)3/2

×
∫∞

0
coshθτ
coshπτ tanh[(π−θ)τ ]P−1/2+iτ (coshα)τ dτ

]
, (1.6)

where
r = rc sinhα

coshα+ cosθ (1.7)

is the radial coordinate at the surface of the droplet, α and β are toroidal
coordinates, rc is the contact radius of the droplet, Dvap

air is the coefficient
of vapor diffusion, csat is the saturated vapor concentration on the droplet
surface, c∞ is the concentration of vapor at infinity, and θ is the contact angle
(Fig. 1.4a). As a result of equation (1.6), there is a divergence of the local
evaporation flux at the contact line when θ < 90°, while the divergence is
absent when θ > 90° (Fig. 1.4b respective c).

The evaporation rate ṁ of the mass can be expressed as an integral of the
evaporation flux over the droplet surface −

∫ rc
0 J(r)

√
1 + (∂rh(r))22πrdr, i.e.,

ṁ=−πrcDvap
air (csat− c∞)f(θ) , (1.8)

where
f(θ) = sinθ

1 + cosθ + 4
∫ ∞

0

1 + cosh2θτ
sinh2πτ tanh[(π−θ)τ ]dτ. (1.9)

1.3.2 Multi-component droplets
The fundamental difference between a pure liquid and a mixture is the vapor-
liquid equilibrium. Whereas in the case of a pure fluid i the vapor concen-
tration ci directly above the liquid-air interface is saturated (i.e., ci = csat), it
is lower for the case of mixtures. At the liquid-gas interface, the vapor-liquid
equilibrium according to Raoult’s law obeys

ci,VLE = Γixici,sat. (1.10)

By virtue of the above equation, the evaporation rates are coupled with the
local droplet composition at the interface via the liquid mole fraction xi and
the activity coefficient Γi. Therefore, the mass loss rate of each component i
in an multicomponent droplet (well mixed) can be expressed as

ṁi =−πrcDvap
i,air

(
ci,VLE− ci,∞

)
f(θ) , (1.11)

8
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and the evaporation rate of the droplet mass ṁ is given by

ṁ=
∑

ṁi , (1.12)

where the subindex i stands for the i component.

1.4 The “ouzo effect” and ternary phase diagram
Liquid-liquid phase equilibria are essential dynamical behaviors existing in the
multicomponent fluids system. For instance, the “ouzo effect”, a well-known
daily life phenomenon, enables spontaneous emulsification without the use of
surfactants or the need for external energy input. In this thesis, by studying
the ouzo droplets, we will demonstrate that liquid-liquid phase equilibria are
worthy of attention in the small droplet system. Here, we will have a brief
discussion on the “ouzo effect.”

1.4.1 The “ouzo effect”
Ouzo is an anise-flavored aperitif, primarily consisting of water, ethanol and
a small amount of anise oil. When water is added to ouzo, the dissolved
anise oil spontaneously nucleates into many microdroplets. The solution in-
stantaneously appears milkily white since the nucleated microdroplets scatter
light. Vitale and Katz [41, 42] termed this physical phenomenon the “ouzo
effect.” This phenomenon has triggered much interest in scientific & engineer-
ing community due to its potential applications in food industry, cosmetics,
and chemical industry [43–46].

Ethanol, which is not only soluble in water but also in oil, plays a role
as co-solvent in the ouzo solution. Ethanol molecules tend to surround the
water-insoluble oil, and ethanol molecules themselves are miscible with wa-
ter. The ouzo solution (water, ethanol, and oil) as a whole can be miscible,
thus appearing transparent. However, once the co-solvent fraction in the so-
lution is decreased, for example, by adding water, there will not be enough
excess ethanol molecules surrounding oil, leading to the separating-out of oil.
Under some conditions (see below), the oil separates out into many emulsion
droplets, i.e., the so-called the “ouzo effect.” However, up to now, there is
still not a complete understanding on the detailed mechanisms and dynamics
of this process, although there are some proposed mechanisms responsible for
the spontaneous emulsification, like interfacial turbulence or “diffusion and
stranding” [47, 48].

We can obtain insight into this spontaneous emulsification in the perspec-
tive of thermodynamic equilibrium by studying the process when two immis-
cible liquids contact to have an emulsion state. There is no external energy

9
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input during the process. According to the first law of thermodynamics, the
infinitesimal change in the Gibbs energy (G=U+PV −TS) of the system dG
has an expression as

dG= γdA−TdS . (1.13)

The first term in the right-hand γdA is the energy change due to interface
expansion (γ interfacial tension, dA interface variation), while the second term
TdS comes from the increment of entropy S at constant temperature and
pressure. The second law of thermodynamics states that: dG > 0 means the
system is in equilibrium, whereas dG ≤ 0 indicates that the system is not in
equilibrium and spontaneous emulsification is possible. Whether the system
is in equilibrium or not depends on how the composition of the solution is
varied. People usually use a ternary phase diagram to depict the composition
variation of the ternary system.

1.4.2 Ternary phase diagram
In this section, we will give a brief introduction to the ternary phase diagram.
The ternary phase diagram is a convenient tool to depict the composition of
mixtures containing three different liquids in a equilateral triangular diagram.

(100%)

(100%) (100%)

(100%)

(100%) (100%)

(100%)

(100%) (100%)

(constant)

(constant)

(100%)

(100%) (100%)

(a)  (b)  

(c)  (d)  

Figure 1.5: Properties of equilateral triangular diagram.

In the equilateral triangular diagram (Figure 1.5), the three corners C1,
C2 and C3 stand for three different species i (i = 1,2,3 ). The ratios of
three species in the mixture are mapped to different positions on this tri-
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angle (Fig. 1.5a). For each species i, its mass (or volume, or mole) fraction xi
is determined by the ratio of the perpendicular distances from the opposite
line Hi to the length of the triangle altitude H, i.e., xi = Hi

H . Thus, its frac-
tion is 100 % at a corner Ci and 0 % on the opposite line Li. According to
Viviani’s theorem, i.e., H = H1 +H2 +H3, for each position A (Fig. 1.5a) on
the ternary phase diagram, the proportions of the three species sum to 100 %.
Besides, several other useful properties of the equilateral triangle diagrams
can be deduced and are given below [49],

(i) On any line (blue dashed line in Fig. 1.5b) parallel to line Li, the con-
centration of the species of the opposite corner Ci is constant;

(ii) On any line (blue dashed line in Fig. 1.5c) connecting a corner Ci of the
species i with a point Pi on the opposite line Li, the ratio of the other
two components (not i) is constant;

(iii) When two solutions with compositions A and B are mixed with any
ratios, the compositions of the mixtures lie on the straight line AB in
the equilateral triangle diagram (Fig. 1.5d).

Two-phase
region

Ouzo region Reverse ouzo region

Binodal

Spinodal

One-phase
region

EtOH

Water Oil

Tie lines

Plait point

Figure 1.6: The typical ternary phase diagram of water-ethanol-oil system.

Above the equilateral triangle, phase curves (binodal curve and spinodal
curve) determine the ternary phase diagram for a certain ternary system (Fig-
ure 1.6). The curves have a dependence on temperature and pressure. Above
the binodal curve, it is an one-phase region (a stable region). Once mixtures
have overall compositions enter inside the binodal curve, they will split into
oil-riched phase and water-riched phase. Tie lines connect composition po-
sitions of the oil-riched phase and water-riched phase in the triangle. Any
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mixture with an overall composition along a tie line gives the same oil-riched
phase and water-riched phase compositions. The multiphase region consists
of a metastable region and an unstable region (two-phase region), which are
separated out by the spinodal curve. The “ouzo effect” takes place in the
metastable region, which includes the standard ouzo region in water-rich side,
generating oil emulsions, and the reverse ouzo region in oil-rich side, leading
to water emulsification. The binodal curve and the spinodal curve intersect at
a plait point.

1.5 A guide through this thesis
1.5.1 Introducing the “ouzo effect” into droplets
The “ouzo effect” has been brought into small-scale devices in the solvent ex-
change process, through which we can generate a large number of nanodroplets
on a surface. In this process, the mixture of oil and oil-soluble solvent first
covers a hydrophobic substrate in a narrow channel, and then the mixture
is replaced by an oil-insoluble solution. When these two solutions meet, the
oil solubility reduction leads to the nucleation of nanodroplets not only in
the bulk liquid (the standard “ouzo effect”) but also on the substrate. The
flow conditions during the solvent exchange affect the formation of surface
nanodroplets (part III).

The evaporating/dissolving droplets are very suitable systems to exploit the
consequent physical phenomena induced by the “ouzo effect”. In these systems,
diffusion process can act as a trigger of the“ouzo effect.” The absence of the
inertial nonlinearity reduces the complexity of the flow structures, providing
an opportunity to study the hydrodynamics caused by the “ouzo effect.” The
competition between small-scale phenomena keeps the richness in the system.
The influence of the surface effects on the droplet evaporation and dissolution
provides potentials to manipulate the dynamics in the system, such as to vary
the preferred location of the “ouzo effect,” to alter the flow patterns, or to have
a different configuration of the phase-separated oil. In Part I we will explore
this subject.

12
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1.5.2 Outline of the thesis

This thesis is organized as follows. We first open our story in Part I by answer-
ing a simple and interesting question: What happens when an ouzo droplet
is evaporating? We will study the evaporating sessile ouzo droplets on a hy-
drophobic surface in § 2 and a spherical ouzo drop on a superamphiphobic sur-
face in § 3. In these two chapters, we will demonstrate how the “ouzo effect”
is triggered by the evaporation process on the surface of droplets. Through
the combination of experimental and numerical methods, we will gain more
quantitative insight into the whole evaporating process. Based on our un-
derstanding acquired from the experiments and simulations, we will further
propose a generalized diffusion model to predict the evaporative mass loss rate
of the evaporating multicomponent droplets. The comparison of the results
in these two chapters will reveal that changing the substrate can cause dif-
ferent phenomena in the evaporating ouzo drops. In § 4, we will investigate
the dissolution of an immersed ouzo drop and highlight the importance of
multi-diffusion processes. By integrating multi-diffusion process theory and
liquid-liquid equilibrium theory, we will propose a one-dimensional model to
explain the observed experimental phenomena. In the last chapter of this part
(§ 5), we will have a systematic investigation on the evaporating processes of
pure, binary, and ternary sessile droplets, as well as the complicated flow fields
in the evaporating multicomponent droplet, numerically and experimentally.
Besides, there will be many further interesting phenomena presented in this
part.

With the deep understanding of the physical phenomena from Part I, in
Part II, we will give a practical application of evaporating ouzo droplets. By
adding nanoparticles into the ouzo solutions, we will create colloidal ouzo
droplets for supraparticle synthesis. In § 6, we will propose a facile and robust
approach, through which the commonly-used hydrophobic surfaces are appli-
cable for evaporation-driven particles assembly. Moreover, the fabrication of
high-porosity supraparticles with controllable shapes is feasible by changing
the initial ratio of oil to nanoparticles in the colloidal drops. We expect this
application will give a demonstration for the application of the ouzo droplets
studies in Part I.

In Part III, we will focus on the nucleated surface nano-/micro-droplets by
the solvent exchange method. Here, the “ouzo effect” is induced in a narrow
channel under well-controlled flow conditions. Thereafter, the droplet nuclei
on the surface are exposed to an oil oversaturated environment, which drives
the formation of surface nanodroplets, i.e., by a non-standard “ouzo effect.” In
§ 7, we will statistically analyze the volume of the nucleated nanodroplets, and
propose a theoretical model to explain the statistical relationship between the
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volume of the nucleated nanodroplets and the Péclet number of the flow. In
§ 8, we will develop a comprehensive 3D spherical cap fitting procedure for the
accurate extraction of the morphologic characteristics of nanodroplets from
atomic force microscopy (AFM) topographic images, which makes it possible
to perform a statistical analysis of the mass distribution of nanodroplets. The
thesis is concluded in § 9.
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Ouzo drops
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Evaporating flat ouzo drops∗ †

The evaporation of an Ouzo droplet is a daily-life phenomenon, but the out-
come is amazingly rich and unexpected: Here we reveal the four different phases
of its life with phase transitions in between, and the physics which governs this
phenomenon. The Ouzo droplet may be seen as model system for any ternary
mixture of liquids with different volatilities and mutual solubilities. Our work
may open up numerous applications in (medical) diagnostics and in technol-
ogy, such as coating or for the controlled deposition of tiny amounts of liquids,
printing of LED or OLED devices, or phase separation on a sub-micron scale.

2.1 Introduction
Evaporating liquid droplets are omnipresent in nature and technology, such
as in inkjet printing, coating, deposition of materials, medical diagnostics,
agriculture, food industry, cosmetics, or spills of liquids. While the evaporation
of pure liquids, liquids with dispersed particles, or even liquid mixtures has
intensively been studied over the last two decades, the evaporation of ternary
mixtures of liquids with different volatilities and mutual solubilities has not yet
been explored. Here we show that the evaporation of such ternary mixtures
can trigger a phase transition and the nucleation of microdroplets of one of
∗Based on: H. Tan, C. Diddens, P. Lv, J.G.M. Kuerten, X. Zhang, and D. Lohse,

Evaporation-triggered microdroplet nucleation and the four life phases of an evaporating
Ouzo drop, Proceedings of the National Academy of Sciences 113, 8642-8647 (2016).
†Numerical work performed by C. Diddens; Confocal images took by P. Lv & H. Tan.
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the components of the mixture. As model system we pick a sessile Ouzo
droplet (as known from daily life – a transparent mixture of water, ethanol,
and anise oil) and reveal and theoretically explain its four life phases: In
phase I, the spherical cap-shaped droplet remains transparent, while the more
volatile ethanol is evaporating, preferentially at the rim of the drop due to
the singularity there. This leads to a local ethanol concentration reduction
and correspondingly to oil droplet nucleation there. This is the beginning of
phase II, in which oil microdroplets quickly nucleate in the whole drop, leading
to its milky color which typifies the so-called ’Ouzo-effect’. Once all ethanol
has evaporated, the drop, which now has a characteristic non-spherical-cap
shape, has become clear again, with a water drop sitting on an oil-ring (phase
III), finalizing the phase inversion. Finally, in phase IV, also all water has
evaporated, leaving behind a tiny spherical cap-shaped oil drop.

A coffee drop evaporating on a surface leaves behind a roundish stain [38].
The reason lies in the pinning of the drop on the surface, together with the
singularity of the evaporation rate at the edge of the drop, towards where
the colloidal particles of the drop are thus transported. This so-called ’coffee-
stain-effect’ has become paradigmatic for a whole class of problems, and nearly
20 years after Deegan et al. [38] presented it to the scientific community, still
various questions are open and the problem and its variations keep inspiring
the community [7, 32, 33, 35, 38, 50–62],

What happens when an Ouzo drop is evaporating? The Greek drink Ouzo
(or the French Pastis or the Turkish Raki) consists of an optically transparent
ternary mixture of water, ethanol, and anise oil. When served, water is often
added, leading to the nucleation of many tiny oil droplets, which give the drink
its milky appearance. This is the so-called Ouzo-effect [41]. As we will see in
this paper, also this problem can become paradigmatic, due to its extremely
rich behavior, now for the evaporation-triggered phase separation of ternary
liquids and droplet nucleation therein.

The reason for the Ouzo effect lies in the varying solubility of oil in ethanol-
water mixtures: With increasing water concentration during the solvent ex-
change (i.e., water being added), the oil solubility decreases, leading to droplet
nucleation in the bulk and – if present – also on hydrophobic surfaces (so-called
surface nanodroplets) [37, 63].
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Figure 2.1: Experimental snapshots during the evaporation of an ‘Ouzo’ drop on a flat
surface. The initial volume of the drop is 0.7 µL with an initial composition of 37.24 %
water, 61.06 % ethanol and 1.70 % anise oil (a mixture we refer to as ’Ouzo’) in terms of
weight fractions. The time t0 is defined as the moment the needle was pulled out of the
drop. A time series of the evaporation process can be seen in Videos S1 and S2. (A) At early
times, the Ouzo drop is transparent and has a spherical-cap shape. The light ring and spots
in the top view image are caused by reflection and refraction of the light source. (B) A color
transition arises as a result of the Ouzo effect, i.e. the nucleation of nano- to micro-sized
oil droplets, which are convected by the flow inside the Ouzo drop. The scattering of light
at the nucleated microdroplets leads to the milky coloring of the drop. (C) The Ouzo drop
loses its spherical cap shape due to the appearance of an oil ring. The complex transitions
from (A) to (C) happen within two and a half minutes, a short time compared to the whole
process. (D) The Ouzo drop is transparent again. Oil microdroplets in the bulk grow big
enough to sit on the surface or directly merge with the oil ring by convection. (E) After
around 14 minutes of evaporation, only anise oil is left, now in a spherical cap shape again.

2.2 Results and discussion

2.2.1 Series of events during evaporation of a sessile Ouzo drop and
their interpretation

When an Ouzo drop is evaporating, this Ouzo effect is locally triggered by
the preferred evaporation of the more volatile ethanol as compared to the
less volatile water and the even less volatile oil. As the evaporation rate is
highest at the rim of the drop [35], we expect the oil microdroplets to nu-
cleate there first. Indeed, this is what we see in our experiments, in which
we have deposited a µL Ouzo drop on a transparent hydrophobic octadecyl-
trichlorosilane (OTS)-glass surface, monitoring its evaporation under ambient
conditions with optical imaging synchronized from the top and side (Fig. 2.1
experimental setup sketch see Fig. 2.8 ), from the bottom (Fig. 2.2 ) and
confocally (Fig. 2.3 ). For an illustration of the evaporation process see Figure
2.4. At early times, the Ouzo drop is transparent and has a spherical cap
shape (Fig. 2.1A). This is phase I of the evaporation process. After about 20
s, indeed microdroplets nucleate at the rim of the drop, as seen in Figure 2.2B
or Figure 2.3B. This signals the onset of phase II, sketched in Figure 2.4A:
The microdroplets are convected throughout the whole Ouzo drop, giving it
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its ’milky’ appearance (Fig. 2.1B). Due to the declining ethanol concentration,
the liquid becomes oil-oversaturated (cf. Materials and Methods section and
Fig. 2.7). This oil-oversaturation leads to further oil droplet growth [36] and
coalescence (Fig. 2.2C). Finally, an oil ring appears, caused by the deposition
of coalesced oil microdroplets on the surface (sketch in Fig. 2.4B and Figs.
2.1C, 2.2D and 2.3A). The zoomed-in graph in Figure 2.2D and Figure 2.3A
reveal the presence of three contact lines (CL) near the oil ring: CL-1, where
mixture, surface and oil meet, CL-2, where mixture, oil and air meet, and
CL-3, where oil, substrate and air meet. The drop is still opaque due to the
presence of the numerous oil microdroplets in the bulk. However, after about
four minutes all ethanol has evaporated. In this phase III, most of the oil
droplets have coalesced to an oil ring at the rim of the drop, which now is
transparent again (Figs. 2.1D, 2.2E, and 2.3C and sketch in Fig. 2.4C). In
this now phase-inverted phase the drop has a very characteristic non-spherical
cap-shape, with a water drop sitting on an oil ring. Subsequently, the water
drop evaporates more and more. The last traces of water are seen as water
microdroplets in the bulk of the remaining spherical-cap shaped sessile oil drop
(Fig. 2.2F, phase IV), which now again has a single contact line. After around
14 minutes of evaporation, only a tiny sessile oil droplet is left (with 1/70th
of the original drop volume), now in spherical cap shape again (Fig. 2.1E and
sketch Fig. 2.4D).

The four life phases of the evaporating Ouzo drop are not only seen visu-
ally, but also reflect in various quantitative measures of the drop geometry, as
extracted from the images of Figures 2.1 and 2.2, according to the procedure
described in Supporting Information and Fig. 2.9. In Figure 2.5A-D we show
the measured drop volume V (t), its contact diameter L(t) and the diameter
L∗(t) of the water drop sitting on the oil ring, the corresponding contact an-
gles θ(t) and θ∗(t), and the radius of curvature R(t) of the drop. The four
characteristic phases are separated by three black vertical dashed lines: Phase
I, before the Ouzo effect starts, i.e. before the microdroplets are optically
observed at the rim of the drop; phase II, before all ethanol in the drop has
evaporated, which is determined from a force balance analysis at CL-2 as de-
tailed in Materials and Methods section; phase III, before the water in the
drop has evaporated, i.e. before θ(t) approaches the contact angle of pure
anise oil; and phase IV, when the drop consists of oil only.

After approximately 60 s, the oil ring appeared which is indicated in Figure
2.5 as a green vertical solid line. From that moment, the evolution of the two
additional geometrical parameters L∗ and θ∗ is shown. In phases I and II, V (t)
and L(∗)(t) decrease very fast, due to the high evaporation rate of ethanol.
Once all ethanol has evaporated, at the transition from phase II to phase
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Figure 2.2: Bottom-view snapshots of the contact region of an evaporating 0.7 µL Ouzo drop
of the same composition as in Figure 2.1. (A), Phase I: The Ouzo drop is totally transparent
with a clearly defined contact line (CL). (B) Phase II: After around 20 s, the contact line is
thickened due to the nucleation of oil microdroplets at the rim as shown in the zoomed-in
graph. (C) Oil microdroplets nucleated near the contact line are convected throughout the
entire drop. Meanwhile, the oil microdroplets at the contact line grow and coalesce. (D)
An oil ring has appeared, caused by the deposition of coalesced oil microdroplets on the
surface. The zoomed-in graph reveals the presence of three contact lines CL-1, CL-2, and
CL-3 near the oil ring, as explained in the main text. The drop is opaque by the presence
of numerous oil microdroplets in the bulk. (E) Phase III: The outer diameter of the oil ring
is smaller, while the thickness is much larger. The drop has become transparent again and
many merged oil microdroplets on the surface can be observed. (F) The drop is transparent
with a single contact line CL-3. A water microdroplet has been produced as residual of the
contracting line CL-2. Finally, this remaining water dissolves into the oil and disappears,
leaving a homogeneous oil drop (Phase IV).

III, there is a sharp reduction in the slope of V (t), L(∗)(t), and R(t), which
in phase-inverted phase III decrease more slowly due to the lower evaporation
rate of water. In this regime, a force balance holding at CL-2 reaches its steady
state (Fig. 2.10). In the final phase, V (t) converges to the initial volume of
the anise oil (zoomed-in graph in Fig. 2.5A) and θ(t) approaches the contact
angle of pure anise oil (Fig. 2.5C).

2.2.2 Numerical modelling of the evaporation process and its quanti-
tative understanding

More quantitative insight is gained from numerically modelling the evapora-
tion process of the Ouzo drop (Video S6). Our numerical model is based on
an axisymmetric lubrication approximation in the spirit of the evaporating
coffee-stain lubrication models of refs. [32, 33, 38, 39], but now for a multi-
component liquid. The relative mass fractions are governed by a convection-
diffusion equation, with a sink-term at the air-drop interface, reflecting evapo-
ration, and ethanol-concentration-dependent material parameters such as den-
sity, diffusivity, viscosity, surface tension, and activity coefficients (quantifying
the evaporation rate). These composition-dependent properties are depicted
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Figure 2.3: Confocal images of the Ouzo drop in different phases. Water/ethanol solution
(blue) and oil (yellow) were labeled with different dyes in the confocal experiment. (A)
Morphology of the evaporating Ouzo drop corresponding to four different life phases, taken
from a confocal view (Video S4). The scan volume of the confocal microscope is 560 µm
560 µm 90 µm. (B) The coalesed oil microdroplets on the surface and fresh nucleated oil
microdroplets in the bulk were presented in 3D at t0 + 26s (early in phase II) . For the
appropriate spatial resolution the 3D images had to be taken over a period of 0.9 s, leading
to motion blur of the moving oil microdroplets. (C) As the oil ring shrinks over time, surface
oil microdroplets are destined to be absorbed as shown at t0 + 374s (early in phase III). A
confocal movie of the early nucleation process is supplied as Video S5.

in Fig. 2.12. The Ouzo drop is described assuming axial symmetry, with the
liquid-air interface given by the height function h(r, t) and the fluid veloc-
ity ~v = (u,w) (cf. Fig. 2.11). Details of the model are given in Supporting
Information.

The fundamental difference between the evaporation of a pure liquid [39]
and that of a mixture is the vapor-liquid equilibrium. While in the case of
a pure liquid α the vapor concentration cα (mass per volume) directly above
the liquid-air interface is saturated, i.e. cα = cα,sat, it is lower for the case of
mixtures. The relation between liquid composition and vapor composition is
expressed by Raoult’s law. As in the evaporation model for a pure liquid [39],
the evaporation rate Jα is obtained by solving the quasi-steady vapor-diffusion
∇2cα = 0 in the gas phase with the boundary conditions given by Raoult’s law
above the drop, by the no-flux condition ∂zcα|r>L/2,z=0 = 0 at the drop-free
substrate, and far away from the drop by the given vapor concentrations cα = 0
for ethanol and cα = cα,∞ = RHαcα,sat for water, where RHα is the relative
humidity. The relative humidity can be measured to some limited precision,
but here had to be corrected for to better describe the experimental data, as
detailed in Materials and Methods section. Finally, the evaporation rates are
given by Jα =−Dα,air∂ncα with the vapor diffusion coefficients Dα,air of α in
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Figure 2.4: Schematics of the Ouzo drop with the definitions of the geometrical parameters at
four particular moments. (A) Due to the preferential evaporation of ethanol near the contact
line, the nucleation of oil microdroplets starts in this region. The surface tension gradient
drives a Marangoni flow that leads to a convection of the oil microdroplets. Despite the non-
uniform surface tension, the contour of the drop is well described by a spherical cap with
radius R. (B) At later times of regime phase II, the oil microdroplets are present in the entire
drop and also cover the surface. Meanwhile, the oil ring (indicated by the orange triangular
region) has appeared, which allows for the definition of two new geometrical parameters L∗
and θ∗. (C) After the ethanol content has completely evaporated, the main part of the drop
consists of water only. The oil microdroplets in the bulk have coalesced and form a thicker
oil ring and larger oil microdroplets on the substrate. Due to the relatively slow evaporation
rate of water as compared to ethanol, this stage lasts much longer than phase II. (D) Finally,
only the non-volatile oil remains after both ethanol and water have evaporated. The sessile
drop now again has a spherical-cap shape.

air. In contrast to the evaporation of a pure fluid, the evaporation rate of a
mixture component does not only depend on the geometric shape of the drop,
but also on the entire composition along the liquid-air interface. The resulting
r-dependent height loss due to evaporation is given in Supporting Information.

In the simulations, the fitted experimental data θ∗ (shown in Fig. 2.5G)
were used as the time-dependent contact angle. The quantitative measures
of the drop geometry resulting from the numerical simulations are shown in
Figures 2.5E, 2.5F, and 2.5H, together with the experimental data, showing
excellent quantitative agreement. From Figure 2.5E, which next to the total
volume V (t) also shows the partial volumes of the three components water,
ethanol, and oil, we can reconfirm that the volume loss is initially mainly due to
the evaporation of ethanol (phase I and II), followed by a slower evaporation of
the remaining water (phase III). Finally, only the tiny non-volatile oil droplet
remains (phase IV).

Our numerical simulations of the process allow us to deduce the fully spa-
tially resolved mass fraction and velocity fields, yα(r,z, t) and ~v(r,z, t), respec-
tively. In Figures 2.6a and 2.6b we show the ethanol mass fraction ye(r,z, t)
and the velocity field ~v(r,z, t) for two different times t= 20s and t= 180s. It
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Figure 2.5: Experimental (A-D) and numerical (E-H) results for the temporal evolution of
the geometrical parameters: Volume V (A, E), lateral sizes L and L∗ (B, F), contact angles
θ and θ∗ (C, G), and radius of curvature R (D, H). The vertical dashed lines mark the
transition from one phase to another.

is clearly visible how the preferential evaporation of ethanol near the contact
line, which leads to a larger surface tension there, drives a fast Marangoni flow.
As a consequence, ethanol is quickly replenished at the liquid-air interface and
can completely evaporate. We note that the direction of the convection roll
inside the drop is opposite to the case of a pure liquid, where the flow goes
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Figure 2.6: Snapshots of the numerical results at three different times t = 20 s (A), t = 180
s (B) and t = 490 s (C). (A,B) Mass fraction of ethanol ye(r,z, t) and fluid velocity field
~v(r,z, t), whose direction is indicated by the arrows and whose modulus by the color-code.
At the later time t=490 s in (C), the water concentration is plotted instead of the ethanol
concentration (which then is close to zero), again together with the velocity field. (D) Oil
droplet nucleation time tnucl.. The right side shows a zoom-in of the region around the rim.
A movie of the numerical simulation is supplied as Video S6.

outwards at the bottom of the drop and inwards at the liquid-gas interface
[33, 38, 39]. We also note that the ethanol concentration differences are rela-
tively small – in the beginning about 3% and later not more than 0.5% – but
nonetheless sufficient to drive a strong Marangoni flow with velocities up to
the order of 10 mm/s. Due to the high contact angle during phases II and
III, the lubrication approximation predicts the precise values of the velocity
only to a limited accuracy. The qualitative flow field and the order of magni-
tude, however, have been validated by a comparison with the corresponding
non-approximated Stokes flow at individual time steps. Figure 2.6C shows the
water mass fraction yw(r,z, t) for t= 46.5s, since at these later times ethanol
is virtually not present anymore, again together with the velocity field, which
is now again outwards directly above the substrate.

Finally, in Figure 2.6D we show the oil droplet nucleation time tnucl., which
is defined as the moment when the local composition crosses the phase sep-
aration curve and enters the Ouzo region (see Fig. 2.7A). According to the
numerical results, the oil droplet nucleation starts at 20s near the contact
line, in perfect agreement with our experimental findings, and nucleation is
possible in the entire droplet at t= 46.5s.
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Table 2.1: Data of the ternary diagram of ethanol-anise-water.

Titration1 Titrant (ethanol-oil mixture) Titrate2 Weight ratios3

No. Ethanol(ml) Anise
oil(ml)

Water(ml) yw(%) ye(%) ya(%)

1 0 0.001 6 99.98 0 0.02
2 (a)4 1 0.001 2.7724 73.47 26.50 0.03
3 (b) 1 0.002 2.2186 68.89 31.05 0.06
4 1 0.01 1.0658 51.34 48.17 0.48
5 (c) 1.2 0.02 1.1491 48.50 50.65 0.84
6 1 0.03 0.7671 42.69 55.56 1.67
7 (d) 1 0.04 0.6785 39.48 58.19 2.33
8 1 0.05 0.5821 35.67 61.27 3.06
9 (e) 1.7 0.1 0.9211 33.85 62.47 3.67
10 1.5 0.1 0.7154 30.90 64.78 4.32
11 (f) 1.2 0.1 0.5014 27.83 66.61 5.55
12 (g) 0.7 0.1 0.2261 22.03 68.22 9.75
13 (h) 1 0.2 0.2563 17.60 68.67 13.73
14 (i) 0.8 0.2 0.1727 14.73 68.22 17.05
15 0.7 0.3 0.1173 10.50 62.65 26.85
16 0.6 0.4 0.0842 7.77 55.34 36.89
17 0.5 0.5 0.0635 5.97 47.01 47.01
18 0.4 0.6 0.0476 4.54 38.18 57.27
19 0.3 0.7 0.0404 3.88 28.84 67.28
20 0.2 0.8 0.0351 3.39 19.32 77.29
21 0 1 0.0041 0.41 0 99.59

1 The titration was conducted at a temperature of around 22 ◦C.
2 Aliquot was 0.0015ml, which was the minimum volume of the water droplet
created by the pipette needle during titration.
3 Density of anise oil at 22 ◦C was measured as 0.989 gml−1. Water and ethanol
density at 22 ◦C was obtained from a handbook [64] by linear interpolation.
4 Corresponding to the labels in the ternary diagram (cf. Fig. 2.7A).
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Figure 2.7: (A) shows the ternary diagram of water, ethanol and anise oil. The blue solid
line is the measured phase separation curve. The black star and the black dotted line in
the magnified figure indicate the initial composition of the Ouzo drop and its path in time
according to the numerical simulation. The gray dashed lines show paths of some composition
coordinates from the titration experiments; (B) The stability of the macrosuspension for the
compositions a-i in the ternary graph were compared. The comparison reveals that the curve
along the dots a to f is the boundary of the Ouzo region, i.e. the critical composition at
which the Ouzo effect sets in.

2.3 Methods

2.3.1 Ternary diagram and initial composition of the Ouzo drop

The ternary liquid of the Ouzo drop in this study was the mixture of Milli-Q
water (produced by a Reference A+ system, Merck Millipore, at 18.2 MΩcm),
ethanol (EMD Millipore, Ethanol absolute for analysis) and anise oil (Aldrich,
Anise oil). The ternary diagram of the mixture was titrated at a temperature
of 22 ◦C, which is similar to the environmental temperature during the evap-
oration experiment. 21 groups of ethanol and anise oil mixtures with different
component weight ratios were properly prepared to be used as titrants (see Ta-
ble 2.1). The volume of water (titrate) was precisely measured by a motorised
syringe pump (Harvard, PHD 2000). For each ethanol and anise oil mixture, a
phase-separation point was determined as shown in Fig. 2.7A. Photographs of
the macrosuspensions corresponding to the different phase-separation points
were taken. Thereby, the stability of the macrosuspension along the phase
separation curve was determined (Fig. 2.7B). Starting with point g, the ho-
mogeneous macrosuspension is not stable anymore. The part of the curve with
a stable macrosuspension was identified as the boundary of the Ouzo region in
the ternary diagram, which is labeled Ouzo range. According to the ternary
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diagram, the initial composition of the Ouzo drop was chosen as 37.24 % wa-
ter, 61.06 % ethanol and 1.70 % anise oil in terms of weight fractions, which
is indicated by the black star in Fig. 2.7A. Starting from this initial point,
the drop composition is guaranteed to cross the phase separation curve and
enter the Ouzo region during the evaporation process. A black dotted line in
the magnified subfigure of Fig. 2.7A shows the numerically obtained temporal
evolution of the composition near the contact line of the Ouzo drop.

2.3.2 Experimental setups

Thermo hygrometer

Heat filter2

Heat filter1

Convex lens

Ground glass diffuser

Light source2

Light source1

Hydrophobic

substrate

Synchronised

by PC 

Hydrophobic

Figure 2.8: Experimental setup showing the evaporation of an Ouzo drop being recorded by
two synchronised cameras. A fine needle (not shown here) was used to produce and place the
drop on the hydrophobic substrate and then gently moved far away from the experimental
region. Heat filter1, a convex lens and a ground glass diffuser were placed in front of light
source1 (Schott ACE I) to create a collimated light beam without infrared light. Another
heat filter was inserted in the light path of light source 2 (Olympus ILP-1). The ambient
temperature and the relative humidity were determined by a thermo-hygrometer.

A 0.7 µL Ouzo drop (37.24 % water, 61.06 % ethanol and 1.70 % anise oil in
terms of weight fractions) was produced through a custom needle (Hamilton,
O.D.×I.D. (mm): 0.21×0.11) by a motorised syringe pump (Harvard, PHD
2000). The whole evolution of the Ouzo drop was observed by two synchro-
nised cameras, one (Photron Fastcam SA-X2 64GB, 50 fps at 1,024 × 1,024
pixel resolution) affixed with a high-magnification zoom lens system (Thor-
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labs, MVL12X3Z) for side-view recordings and another (Nikon D800E, 25fps
at 1,920 × 1,080 pixel resolution) affixed with an identical lens system for
top-view recordings (Figure 2.1). The temperature around the evaporating
drop was measured using a thermometer sensor. The relative humidity in the
lab was measured with a standard hygrometer (±3 %RH for 35 %∼70 %RH at
20 ◦C) The temperature of the three experimental datasets in Figure 2.5 was
between 21 ◦C and 22.5 ◦C. The relative humidity was around 40 %. The image
analysis was performed by custom-made MATLAB codes. In order to have a
detailed observation of the evolutionary process at the rim of the Ouzo drop,
an inverted microscope (Olympus GX51) was used to focus on the contact re-
gion. A fast speed camera (Photron Fastcam SA-X2 64GB, 50 fps at 1,024 ×
1,024 pixel resolution) was connected to the microscope with an intermediate
tube. Figure 2.2 was taken with a 20× long working m-plan fluorite objective
(Olympus MPLFLN20XBD, Wd = 3.0 mm, NA = 0.45). Besides 2D imaging,
we also took advantage of a confocal microscope (Nikon Confocal Microscopes
A1 system) in stereo-imaging. A real-time observation was carried out to
monitor the movement of the oil droplets due to the convective flow and the
formation of oil ring in a 3D view. A 20× air objective (CFI Plan Apochromat
VC 20×/0.75 DIC, NA = 0.75, WD = 1.0 mm) and a 40× air objective (CFI
Plan Fluor 40×/0.75 DIC, NA = 0.75, WD = 0.66 mm) were employed to take
Figures 2.3ABC, respectively. In Figures 2.3B and C, anise oil was labeled by
Nile Red (Microscopy grade, Sigma-Aldrich, Netherlands). In Figure 2.3A, in
order to simultaneously label oil and solution with different color dyes dur-
ing the whole evaporating process, anise oil was replaced by trans-Anethole
oil (99 %, Sigma-Aldrich, Netherlands) labeled by perylene (sublimed grade,
≥99.5 %, Sigma-Aldrich, Netherlands) in yellow color. Water/ethanol mix-
ture was labeled by fluorescein 5(6)-isothiocyanate (High performance liquid
chromatography, Sigma-Aldrich, Netherlands) in blue color.

2.3.3 Image analysis and data calculation

The image analysis was performed by custom-made MATLAB codes, through
which all the geometric parameters at every frame were successfully deter-
mined, such as drop volume V , contact angles θ and θ∗, lateral sizes L and
L∗ and droplet height H (cf. Fig. 2.9A). The drop volume was calculated by
adding the volumes of horizontal disk layers, assuming rotational symmetry
of each layer with respect to the vertical axis. The contact angle θ, between
the blue and green lines in Fig. 2.9A, was estimated from the profile at the
contact region by polynomial fits, while θ∗, between the red and yellow lines,
was calculated by a spherical cap approximation (purple circle). The drop
contour above the oil ring was also fitted by elliptical fits. Since the drop size
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is smaller than the capillary length κ−1 =
√

γ
ρg (2.7 mm for water, 1.7 mm for

ethanol), the ellipticity of the top cap, defined as the ratio between the differ-
ence of the two semi-axes and the radius, was always below 10 % during phase
II (Fig. 2.9B). After around 11 minutes, both the spherical cap approximation
and the elliptical fittings for the water contour above the oil ring were not
sufficiently accurate. The water drop diameter L∗ was too small (less than
0.4 mm) and there were not enough pixels to perform the contour fits. There-
fore, we stopped calculating θ∗ from a spherical cap approximation at around
11 minutes, when the ellipticity exceeds 10 %.
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Figure 2.9: Details of the experimental image analysis: (A) A representative raw image dis-
played with the corresponding results of the image analysis. θ was estimated by a polynomial
fitting; θ∗ was calculated by a spherical cap approximation. (B) The ellipticity, defined as
the ratio between the difference between the lengths of the two semi-axes and the radius,
is depicted. θ∗ was only calculated for spherical cap approximations with ellipticities less
than 10%. Three black vertical lines are four phases separation moments. Green vertical
line indicates the appearance of the oil ring.

2.3.4 Definitions of the four life phases of an evaporating Ouzo drop

We divided the Ouzo drop evaporation process into four phases: Phase I is
defined as the initial regime, before the critical phase separation composition
is attained at the contact line. Phase II is the time from the initial occurrence
of the oil nucleation until the complete evaporation of the ethanol component.
Phase III is the regime when the remaining water amount in the drop evap-
orates. The final phase IV is the period after the the remaining water has
evaporated. The first black vertical dashed lines (separation between phases I
and II) and the third one (separation of phases III and IV) in Figure 2.5 were
able to be optically determined from the top or bottom view video recordings.
However, the transition between phase II and phase III cannot be detected
from the video recordings. Instead, the second black vertical dashed line in
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Figure 2.5 was determined from an equilibrium analysis as a simplified model
(cf. Fig. 2.10A): at the air-mixture-oil contact line (CL-2 in Figs. 2.2B, 2.3A
and 2.3C), a force balance holds. The influence of the line tension on the
balance can be neglected [65]. Each variation of the composition in the drop
alters the equilibrium of this balance[65, 66]. At the moment when ethanol has
completely evaporated, this equilibrium attains its steady state. From that
moment, the three phases which meet at the contact line CL-2 are water from
the liquid of the drop, anise oil from the oil ring and air from the surround-
ings. The composition of the air phase near the contact line CL-2 is assumed
to be constant. Hence, the angle between the mixture-air interface and the
oil-air interface has to be constant. Mathematically speaking, this means that
∆θ has to be a constant. The quantity ∆θ was estimated by the subtraction
θ∗−θ, since the dimension of the oil-air interface is small in the initial part of
phase III. In Fig. 2.10B, the evolution of ∆θ as a function of time is shown. It
is clearly visible that after a rapid increase ∆θ remains constant for a very long
time. Therefore, we fitted ∆θ from time ta to time tz = 480s by a constant c.
The inserted graph in fig. 2.10B shows the relation between c(ta) and ta. We
selected the time ta = 140s as the separation moment between phase II and
phase III.
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Figure 2.10: (A) Cross-sectional sketch of the oil ring and the equilibrium of the air-mixture-
oil contact line. When the mixture predominantly consists of water, the equilibrium is steady
and ∆θ is constant. (B) shows experimental data of the temporal evolution of ∆θ. The red
vertical dashed line is the separation moment between phases II and III. It is defined as the
moment when ∆θ starts to be constant. The inserted figure depicts the value c(ta) fitted
over the range (ta,480s) with a constant c.
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2.3.5 Numerical model
The evolution of the drop shape h(r, t) (cf. Fig. 2.11) is solved by a diagonally-
implicit Runge-Kutta method, the vapor diffusion-limited evaporation rates
are calculated by a boundary element method and the convection-diffusion
equations for the composition are treated with an upwind finite differences
scheme. For the composition-dependency of the mass density, the surface
tension, the diffusion coefficient, the viscosity and the activity coefficients, we
fitted experimental data of water-ethanol mixtures or used appropriate models
(cf. Fig. 2.12). Details can be found in the Supporting Information and in
supplementary material. Our model was validated for the case of pure water
by comparison with the experimental data of Gelderblom et al. [33].
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µ∂zu = ∂rσ

Figure 2.11: Schematic illustration of the model. The shape h(r, t) of the drop is described in
axisymmetric cylinder coordinates. Due to different volatilities of the components, a surface
tension gradient is induced that drives a Marangoni flow. The moving contact line with
contact angle θ∗ is realised by a precursor film.

2.3.6 Determination of the relative humidity
For the numerical simulation, we have assumed a temperature of T = 21◦C and
a relative humidity of RHe = 0 for ethanol. Since the experimental determina-
tion of the relative humidity RHw of water is error-prone, we have determined
it as follows: At the beginning of phase III, the drop consists almost entirely
of water, since the ethanol content has already evaporated and the amount
of oil is still small in comparison to the remaining water volume. Therefore,
we used our numerical model to fit RHw based on the experimental data for
the volume evolution V (t) during the time from t = 140s to t = 300s. The
resulting water humidity reads RHw = 63%.

2.4 Conclusions
In summary, we have experimentally and numerically studied the evaporation
of a millimetre sized sessile Ouzo drop on a hydrophobic substrate. How stim-
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Figure 2.12: Composition-dependence of the physical liquid properties: We have fitted the
following experimental data of water-ethanol mixtures for the incorporation into our model:
the mass density ρ and the viscosity µ [67], the surface tension σ [68] and the mutual diffusion
coefficient D [69]. The activity coefficients γα for the evaporation rate were calculated by
AIOMFAC [70, 71] (http://www.aiomfac.caltech.edu).

ulating it can be to study the evaporation of alcoholic drinks has interestingly
also been shown in a very recent parallel but independent work by Kim et
al. [72], who studied the drying of whisky droplets, which give a uniform de-
position pattern. For that system suspended material and surface-absorbed
macromoleculars play a major role and offer a physicochemical avenue for the
control of coatings. From our point of view, just as the evaporating whisky
droplet, also the evaporating ouzo droplet can advance our scientific under-
standing of complex flow phenomena and phase transitions and their interac-
tion. In this paper we have observed evaporation-triggered phase transitions
and the nucleation of oil microdroplets, first at the edge of the Ouzo drop
and then allover, followed by a phase inversion, and altogether four different
life phases of the ouzo drop, which serves as paradigmatic model system for
ternary mixtures of liquids with different volatilities and mutual solubilities.
Here, water as the second but most volatile liquid (after the very quickly evap-
orating ethanol) also evaporates in about ten minutes, leaving behind a tiny
drop of anise oil. For other ternary mixtures only one liquid may be volatile,
implying phase III with a binary mixture and nucleated microdroplets of one
liquid and its peculiar optical properties would be the final state.

Tuning and optimizing the material and chemical properties of the individ-
ual liquids in the ternary mixture such as volatilities and mutual solubilities
and polymerisibility (e.g. under UV exposure such as in ref. [73]) offers a
plethora of applications for medical diagnostics, the controlled deposition of
complex liquids in the food and cosmetic industry and for coating applications
[74–78], in agriculture, or the food or cosmetics industry, for inkjet printing
of LED or OLED devices and solar cells [1–4, 79], and for rapid manufactur-
ing. Here we studied the deposition on smooth surfaces, but pre-patterning
the surface with hydrophobic patches [80] offers even further opportunities,
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by directing the nucleation of nano- or microdroplets at will, allowing for the
self-organised bottom-up construction of structures.
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Evaporating spherical ouzo drops∗ †

Evaporation of multi-component drops is crucial to various technologies and
has numerous potential applications because of its ubiquity in nature. Super-
amphiphobic surfaces, which are both superhydrophobic and superoleophobic,
can give a low wettability not only for water drops but also for oil drops. In
this paper, we experimentally, numerically and theoretically investigate the
evaporation process of millimetric sessile ouzo drops (a transparent mixture of
water, ethanol, and trans-anethole) with low wettability on a superamphiphobic
surface. The evaporation-triggered Ouzo effect, i.e. the spontaneous emulsi-
fication of oil microdroplets below a specific ethanol concentration, preferen-
tially occurs at the apex of the drop due to the evaporation flux distribution
and volatility difference between water and ethanol. This observation is also
reproduced by numerical simulations. The volume decrease of the ouzo drop
is characterized by two distinct slopes. 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 the oil wraps around the
drop and an oil shell forms. We propose an approximate diffusion model for
the drying characteristics, which predicts the evaporation of the drops in agree-
ment with experiment and numerical simulation results. This work provides an
advanced understanding of the evaporation process of ouzo (multi-component)
∗Based on: H. Tan, C. Diddens, M. Versluis, H.J. Butt, D. Lohse, and X. Zhang, Self-

wrapping of an Ouzo drop induced by evaporation on a superamphiphobic surface, Soft
Matter 13(15), 2749-2759 (2017).
†Numerical work performed by C. Diddens.
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drops.

3.1 Introduction

Drop evaporation is an omnipresent phenomenon in daily life. During this
process, the liquid at the drop surface changes its phase and escapes as vapor
into the ambient air. Dating back to Maxwell, the evaporation process of a
drop in an ambient gas has been explored and considered mainly as a diffusion-
controlled process [81]. The study of the evaporation process of sessile drops
is important because of its crucial role in numerous technologies and applica-
tions, such as inkjet printing, coatings, patternings, deposition of materials,
or DNA mapping [1, 7, 32, 34, 35, 38, 50, 82–89]. In the last two decades,
numerous studies have focused on understanding the evaporation process of
sessile drops on solid substrates experimentally, numerically and theoretically
[35, 88]. Surface properties [90–93], thermal effects [94, 95], dispersed particles
in the liquid [38, 96], surfactants at the liquid-gas interface [97–99], and the
liquid composition [56, 57, 59] were all found to have a contribution to the
drop evaporation characteristics.

The evaporation of multi-component drops draws special interest because
of its ubiquity in practice. The physicochemical properties of the drop solution
dramatically enrich the system and give rise to an unexpected outcome: the
different volatilities of the components lead to distinct evaporation stages with
different evaporation rates and various types of wetting behavior [56, 57]. In a
hydrodynamic context, flow transitions inside an evaporating binary mixture
drop have been revealed, which are a result of the intense and complicated
coupling of flow and the spatio-temporal concentration field [59, 100]. By
controlling these mechanisms, binary drop evaporation can offer a new physic-
ochemical way for surface coatings [72].

Recently, we used an ouzo drop as a model for a ternary liquid mixture
and investigated its evaporation process on a hydrophobic surface [101]. 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 [41–43]. We discovered how the preferential evaporation
of ethanol triggers the “ouzo effect” in an evaporating ouzo drop. Four life
phases can be distinguished during its drying. As a remarkable phenomenon,
we found that the evaporation-triggered nucleation starts at the rim of the
ouzo drops. It can be attributed to the drop geometry, namely the singularity
at the rim. On the hydrophobic substrate, the ouzo drops maintain a contact
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angle θ smaller than 90° (flat droplets) because of the low surface energy of
ethanol in the ouzo solution. The singularity of the evaporation rate at the
contact line of flat drops [32, 102] and the higher volatility of ethanol induce
a maximum in the local water concentration and thereby trigger the onset of
the “ouzo effect” at this position. At a later stage, the microdroplets coalesce
and form an oil ring at the rim of the drop, with a water drop sitting on it.
Once also the water has evaporated, only an oil drop remains.

Based on the diffusion model by Popov [32], changing the geometric con-
figuration is a simple and direct way to change the evaporation profile and
hence to induce a different concentration distribution along the liquid-air in-
terface. In particular, a maximum evaporation rate should be found at the
top of the drop when the drop has a large contact angle (θ > 90°). Thus,
ouzo drops on substrates with low wettability should have the highest water
concentration at the top of the drop rather than at the rim, and therefore
the onset of nucleation should take place right there. However, a comprehen-
sive numerical model by Pan et al., who took into account the evaporative
cooling effect and the buoyancy-driven convective flow in the drop and vapor
domains, shows that the maximum evaporation rate of drops with low wetta-
bility is still located at the contact line due to temperature effects [95]. Both
of these models are only applicable to single-component drops, but hitherto
it little is known about the evaporation process of multi-component sessile
drops with low wettability (θ > 90°). Here we explore where the evaporation-
triggered nucleation process starts for evaporating ouzo drops with θ > 90°,
and find out the evaporation dynamics.

First, we present an investigation of the evaporation characteristics of mil-
limetric ouzo drops on a flat surface with a large contact angle. We performed
evaporation experiments on a superamphiphobic surface, which is both su-
perhydrophobic and superoleophobic, to achieve low wettability for the ouzo
drops (θ > 150° to start). We found that the “ouzo effect” induced by evapora-
tion indeed preferentially takes place at the top of the drop, and two distinct
stages with different evaporation rates exist. Moreover, 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 con-
tact line. Then a numerical model based on a finite element method presents
additional insight into the process. Finally, we propose an approximate dif-
fusion model for the evaporation characteristics of ouzo (multi-component)
drops, and furthermore highlight and discuss the influences of Marangoni flow
and the evaporative cooling effect. In summary, we provide a quantitive under-
standing of the evaporation process of ouzo drops experimentally, numerically
and theoretically.
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3.2 Materials and methods
3.2.1 Ouzo Droplet Solution and Superamphiphobic Substrate
The ouzo drop solution was prepared with an initial composition of 32.02 %
(vol/vol) Milli-Q water [produced by a Reference A+ system (Merck Millipore)
at 18.2 MΩ·cm (at 25 ◦C)], 66.5 % (vol/vol) ethanol (SIGMA-ALDRICH; ≥
99.8 %) and 1.48 % (vol/vol) trans-anethole (SIGMA-ALDRICH; 99 %). In
this work, we used pure trans-anethole, which is the main component of anise
oil, as the oil phase in ouzo drop to rule out any influence from the other
components in anise oil. Experiments were carried out on a soot-templated
superamphiphobic glass substrate [103, 104]. These soot-templates surfaces
are formed by collecting a fractal-like network of self-assembled nearly spher-
ical carbon particles (diameter about 40 nm). The network is roughly 30 µm
thick and homogeneous on length scales above 5 µm. The soot particles are
loosely connected by van der Waals forces. The network was stabilized by
depositing roughly 30 nm of SiO2 using chemical vapor deposition (CVD) of
tetraethyl orthosilicate (TEOS) for 24 h. The final porosity was 90 % [104].
The soot-templated superamphiphobic surface is optically transparent, so that
the bottom side of the ouzo drop can be imaged while it evaporates. The static
contact angles of Milli-Q water and trans-anethole oil on the substrate are 160°
± 1° and 157° ± 0.5°, respectively. Thus the ouzo drop with more than 60%
ethanol can still initially hold ∼ 150◦ static contact angle.

3.2.2 Experimental Setup
The evaporation experiments were performed in an empty room without any
person in the room during data recording. In this sense, the entire lab can be
considered as closed cell. An ouzo drop was deposited on a superamphiphobic
surface through a teflonized needle (HAMILTON; 8646-02) by a motorized
syringe pump (HARVARD; PHD 2000). Experiment recording started when
the needle departed from the drop (defined as t0). In practice there was a time
delay (∼ 22 s) between starting to pump liquid out of the needle and taking
the first snapshot of the drop (t0), leading to premature evaporation. The
time delay was caused by the difficulty of depositing a sessile ouzo drop on
a superamphiphobic surface. Therefore, the initial ratios of ethanol and wa-
ter of the recording data should be corrected. The correction for the ethanol
composition can be estimated by extrapolating the ethanol composition of the
prepared solution (66.5 % vol/vol) with respect to the delayed time and the
initial volume loss rate (ref to Fig. 3.5A). With this method, a −7.4 % correc-
tion is applied to the initial ethanol composition (7.4 % to water) for the data
used in sections 3.4 and 3.5. The entire evaporation process of the ouzo drop
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Figure 3.1: A-E) Experimental top view snapshots during the evaporation-triggered nucle-
ation at the top of an evaporating ouzo drop on a flat superamphiphobic surface. The scale
bar is 0.5 mm. Originally, the ouzo drop is transparent in A. The light point is the focal
point. At some point later in B, a region of cloudy white emulsions (see red arrow) appears at
the drop top due to evaporation-triggered nucleation. The light scattering by the nucleated
microdroplets leads to the white color of the emulsions. In C and D, the white emulsions are
more and more visible and start to spread around the entire drop. Finally, the entire drop is
opaque in E. F) Explanation diagram of experimental snapshots A-E. The distribution of the
evaporation flux and the different volatilities of water and ethanol codetermine that “ouzo
effect ” preferentially happens at the drop apex. Marangoni flow spreads the nucleated oil
microdroplet through the entire drop.

was recorded by a CCD camera [XIMEA; MD061MU-SY, 3 frames per sec-
ond (fps) at 1,372×1,100 pixel resolution] equipped with a high-magnification
zoom lens system (THORLABS; MVL12X3Z) for side-view recordings and a
CMOS [NIKON; D750, 24 frames per seconds (fps) at 1,920× 1,080 pixels
resolution] attached to an identical lens system for top-view recordings. We
used a self-built collimated LED source system to illuminate the side-view
recording. A powerful Hella LED light source was used for the top-view illu-
mination to show the top of the drop (Figs. 3.1A-E). The relative humidity and
temperature in the laboratory were monitored at a sampling rate of one per
second with a universal handheld test instrument (OMEGA; HH-USD-RP1,
accuracy relative humidity is ± 2 % over 10 to 90 % @25 ◦C and a temper-
ature accuracy of ± 0.3 K @25 ◦C). The location of the probe was around
10 cm away from the droplet. A similar sketch of the setup is described in
detail in reference [101]. Stereo-imaging was performed by a confocal mi-
croscope (Nikon Confocal Microscopes A1 system) with a 20× air objective
(CFI Plan Apochromat VC 20× /0.75 DIC, NA = 0.75, WD = 1.0 mm).
Perylene (SIGMA-ALDRICH; sublimed grade, ≥ 99.5 %) was used to label
trans-anethole. The presented 3D images have a resolution of 1.2 µm in the
horizontal plane and a vertical resolution of 700 nm. We applied the pendant
drop method to measure the interfacial surface tension between different two
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phases (air, water or trans-anethole) with a video-based optical contact angle
measuring system (DataPhysics OCA15 Pro).

3.2.3 Image Analysis and Data Calculation

Images were analyzed by a custom made MATLAB program. The initial
contact line position of the drop was used as input for each data group and
automatically adjusted during the subsequent frames. The program fits an
ellipse to the contour of the drop in side view. The contact angle θ was
calculated based on position of the intersection of the base line and the fitted
ellipse for each frame. The volume V of the drop was obtained by integrating
the areas of horizontal disk layers with the assumption that each horizontal
layer fulfills rotational symmetry.

3.3 Experimental results

3.3.1 Evaporation-triggered Nucleation at the Top of an Evaporating
Ouzo Droplet

Figures 3.1A-E display an evaporating ouzo drop with low wettability on a su-
peramphiphobic substrate under ambient conditions. Initially, cf. Figure 3.1A,
the ouzo drop is transparent and concentrates illuminating light on the sub-
strate. Around t = t0+167 s, the “ouzo effect” sets in at the top of the drop
and a region with a cloudy white emulsion appears (Fig. 3.1B). The nucle-
ated microdroplets scatter the light, giving them “milky” appearance. In Fig-
ures 3.1CD, the emulsion is more and more evident and spreading around the
drop. Finally, the entire drop is opaque, and the bright spot on the substrate
disappears completely (Fig. 3.1E). Experimental movies (SV1 and SV2) and
numerical movie (SV3) are available as supplementary material.

The physical origin of the phenomenon has two aspects. One is the max-
imum local evaporation rate at the top of the drop. On a superamphiphobic
substrate, the ouzo drop maintains its high contact angle (∼ 150°) during the
evaporation process. Under the assumption of a small temperature gradient
along the liquid-air interface, this geometric configuration gives the highest
local evaporation flux at the top of the drop [32, 35, 102] (Fig. 3.1F). The
thermal gradient along the liquid-air interface is reduced by the strong solutal
and thermal Marangoni convection, as discussed in detail in section 3.5.2. The
average temperature at the interface is lower than ambient temperature due
to evaporative cooling (section 3.5.3).

The second aspect is that the component ethanol in the ouzo drop has a
higher volatility than water, while trans-anethole is non-volatile. As the drop

42



3

CHAPTER 3. EVAPORATING SPHERICAL OUZO DROPS

evaporates, the highest water concentration initially appears at the drop top
with the highest local evaporation flux. Hence, the evaporation-triggered ouzo
effect [101] starts at the apex of the ouzo drop. The nonuniform concentra-
tion field induces surface tension gradient along the interface towards the top,
which leads to intense solutal Marangoni convection. The flow drives nucle-
ated oil microdroplets around the drop. After some time, the oil microdroplets
nucleate in the whole drop. In the end, numerous oil microdroplets fill up the
ouzo drop and scattering the light, creating the milky appearance of the drop.

3.3.2 Evaporation Phases
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Figure 3.2: A) Temporal evolution of the ouzo drop volume during the evaporation on the
surperamphiphobic surface for different initial drop sizes. The drop volumes are nondi-
mensionalized with respect to the initial volume, while the time is nondimensionalized with
respect to the total time of water and ethanol evaporation. Two distinct volume evolution
slopes are evident. The time interval marked green indicates approximately the transition of
the ouzo drops from transparent to opaque. B) Temporal evolution of the contact angle. For
each data group, left and right contact angles are in good agreement, i.e. no bias, at an early
stage (grey region), while different evolutions appear afterwards. C) Temporal evolution of
the size of the contact area, characterized by 2rc(t). For the ouzo drops in our case the
CR-model is roughly applicable at the early stage (grey region). D) Experimental snapshots
(up: top view; bottom: side view)§ at different moments related to panel A. The scale bar
is |0.25 mm. The last group snapshot shows the residual drop after evaporation recording.
Only oil is left. E) The sketch of an ouzo drop with annotations.

†§ With respect to the top view snapshots in Fig.2D, the side-view recording was recorded
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Figure 3.3: Wrapping of nucleated oil in the evaporating ouzo drop. A-D) Three-dimensional
confocal images of the contact region of the ouzo drop at different moments with 20× air
objective. After oil nucleation, nucleated oil microdroplets (yellow) fill up the ouzo drop.
The microdroplets on the bottom and near the surface are much more visible than the ones
inside because of the direct laser excitation without light refraction. In panels A and B,
as the ouzo drop evaporates, the contact angle decreases with apparent movement of the
contact line. In C, the accumulated oil microdroplets fuse into a temporary oil ring at the
rim. After a while (t∗ = 0.6 and ethanol has almost entirely evaporated), an oil shell wraps
up the ouzo drop, as shown in D. E) A high resolution two-dimensional confocal snapshot
inside the drop with a 60× oil immersion objective. Numerous nucleated oil microdroplets
in water phase surroundings are capsuled by the oil shell. The scale bar is 20 µm. The
microdroplets have a diameter size around ∼ 2 µm.

We monitored evaporating ouzo drops with initial volumes Vinit of 0.82,
0.93 or 0.92 µL to study its evaporation characteristics, including the tran-
sient drop volume V , the contact angle θ, and the radius of the contact line
rc (as annotated in Figure 3.2E). Here, we nondimensionalized the temporal
evolution of the drop volume as follows: we define a nondimensional volume
V ∗ by dividing the drop transient volume V by the original amount Vinit. A
nondimensional time t∗ for the first three phases is determined by dividing
time t by the total time of the water/ethanol evaporation time (∼ 660 s, ∼
727 s and ∼ 736 s for Data-1, Data-2, and Data-3, respectively). After the non-
dimensionalization, the three temporal evolution curves overlap, as shown in
Figure 3.2A.

Like on flat hydrophobic surfaces [101] two distinct time regimes could be

from the right side by the camera placed upside down. This was due to the equipment
installation and the setup arrangement in our experiments.
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distinguished for drops evaporating from superamphiphobic surfaces (Fig. 3.2A).
The similar feature also exists for an evaporating water-ethanol drop in gas
[56, 57, 59] and a dissolving sessile drop in an ouzo system [105]. The differ-
ence of evaporation/diffusion rates of the components in the drop determines
this feature. In the first period (t∗ < 0.2) of the volume evolution curves in
Figure 3.2A, the ouzo drop undergoes a transition from phase I to phase II,
i.e. from transparent (first snapshot column in Fig. 3.2D) to opaque (second
snapshot column in Fig. 3.2D). For the ouzo drops in Data-1, Data-2 and
Data-3, the onset of the transition is at ∼ 21s,∼ 21s and ∼ 23s after being
deposited on the surface, respectively. The transitions take ∼ 12s, ∼ 12s, and
∼ 17s accordingly to finish the transition. The transition interval (green re-
gion in Fig. 3.2A) is short compared to the whole evaporation process. The
steep decrease of the initial volume results from the high volatililty of ethanol.
During this period, the contact angle smoothly drops from ∼ 150° to ∼ 140°
(Fig. 3.2B), whereas the contact radius rc has a subtle shift (Fig. 3.2C), i.e.
the drop is roughly in the Constant Radius (CR)-mode [37]. We note that
not only the left and right contact angles of a single drop coincide, but also
the contact angles of different drops. Furthermore, three-phase intersection
points in the side-view contour, which were reported in our previous study on
flat evaporating ouzo drops [101], are now absent.

When most of the ethanol has evaporated, the evaporation of water dom-
inates and determines the less steep slope of phase III. The ouzo drop is
milky during the whole phase III (the third and fourth snapshot columns in
Fig. 3.2D). There is no phase inversion from oil droplets in water to water
droplets in oil as was reported for flat evaporating ouzo drops [101]. The nu-
cleated oil emulsion microdroplets fill up the ouzo drop and remain stable.
After some time, the contact angle increases and the contact area simultane-
ously shrinks to a smaller base radius (Figs. 3.2BC), i.e. the CR-mode ceases.
As the water is evaporating, its concentration in the drop continues to de-
crease until there is not enough water to maintain the stability of oil emulsion
microdroplets in the bulk. The microdroplets then start to coalesce (last snap-
shot column in Fig. 3.2D), leaving behind a small trans-anethole drop. The
capillary force at the contact line on the surface can damage the soot coating
layer. The residual trans-anethole drop rolls up the damaged layer, resulting
in a non-spherical-cap shape in the end.

3.3.3 Wrapping of Nucleated Oil

As discussed before, the drop initially is in CR-mode [37] in the early stages
of the evolution (for example, t∗ < 0.5 for Data-1). To further investigate this
behavior, we used a confocal microscope to image the contact region of an
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evaporating ouzo drop. Figures 3.3 AB show the nucleated oil microdroplets
(yellow) in the bulk or on the surface. The presence of numerous oil micro-
droplet leads to a high light absorption, which shields the oil microdroplets in-
side the ouzo drop. Thanks to the visibility of oil microdroplets along the drop
surface, the behavior of the drop surface in the contact region is detectable.
The confocal images confirm that at early time (t∗ ≤ 0.2) the contact angle
of the drop decreases and the contact line is fixed. At some point later, in-
ward movement of the contact line facilitates the coalescence of the nucleated
oil microdroplet on the surface, forming a temporary oil ring as displayed in
Figure 3.3C.

The oil ring does not persist for a long time. It starts to climb along
the liquid-air interface and wraps up the ouzo drop at some point when the
drop has a small ethanol concentration and a high surface energy. Smith et
al. [106] and Schellenberger et al. [107] have reported the same phenomenon
before. The spreading coefficient gives a criterion for the occurrence of the
wrapping process [106]. It is defined as Sta,l ≡ γl,a− γta,a− γl,ta, where γ is
the interfacial tension between different phases, l is short for the ouzo drop
liquid, a is for air, and ta is for trans-anethole [108] . If Sta,w is positive, the
trans-anethole-air interface and trans-anethole-liquid together have a lower
energy than the liquid-air interface and thus trans-anethole can wrap up the
drop [109]. Table 3.1 lists the interfacial tension between water and air (γw,a),
trans-anethole and air (γta,a), and water and trans-anethole (γw,ta). If the drop
liquid is water, the spreading coefficient Sta,w is positive. Consequently, the
spreading parameter predicts total wetting and the trans-anethole wraps up
the ouzo drop completely. As shown in Figure 3.3D, a bright oil shell appears.
An experimental movie (SV4) created by confocal microscope is available as
supplementary material. To have an observation inside the ouzo drop at high
resolution, we performed a 2D scan with an 60× oil immersion objective in
the confocal microscope system. Figure 3.3E shows a snapshot, where we
find numerous nucleated oil microdroplets with ∼ 2 µm diameter size by the
continuous oil shell. Here, only fluorescent dye was added for trans-anethole.

Table 3.1: Interfacial surface tension between different two phases: a is short for air, w for
water, and ta for trans-anethole.

γw,a [mN/m] γta,a [mN/m] γw,ta [mN/m] Sta,w [mN/m]
72 35.5 24.2 >0
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3.4 FEM numerical modeling for evaporation
Additional insight in the entire process can be obtained by numerical model-
ing. Since the initial contact angle is higher than 90°, the lubrication theory
model of references [101, 110] cannot be used. To overcome this limitation and
to provide an accurate prediction of the flow velocity even at high contact an-
gles, a new finite element method (FEM) model has been developed. Here, we
only give an outline of this model, and details can be found in reference [111].
In order to allow for acceptable calculation times, the model assumes axisym-
metry. Furthermore, it is assumed that the drop is always in a spherical-cap
shape and consists of a miscible liquid mixture. When the ouzo effect occurs,
the latter assumption is still valid as long as the oil microdroplets are small
compared to the entire drop. In the simulations, the ouzo effect is defined to
happen when the local composition is in the experimentally determined ouzo
effect regime of the ternary phase diagram of reference [101].
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Figure 3.4: Snapshots of the simulation at different times, t = 21.5s (A) and t = 25.5s (B),
and good agreement between volume evolutions from experiments and numerical simulations
(C). Snapshots A-B) The left side shows water vapor concentration cw in the gas phase and
ethanol mass fraction ye in the droplet and the right side presents temperature field. The
arrows in the drop indicate the flow direction and the evaporation rates jw and je of water
and ethanol are indicated by the interface arrows on the left and right side, respectively. At
about t = 21.5s, the ouzo effect occurs at the apex of the drop (indicated by white regions
on the left side). At about t = 27.2s, the phase separation is occurring in the entire drop.
C) shows good agreement of volume evolutions of experimental data (square symbols) and
simulations (black solid line). During the first 200 seconds, the volume loss is predominantly
constituted by the evaporation of ethanol (green dash-dotted line), while in the following,
the evaporation of water (blue dashed line) determines the volume loss rate.

The model solves the coupled processes of multi-component evaporation,
Stokes flow in the droplet driven by solutal and thermal Marangoni flow and
convection-diffusion equations for the spatio-temporal liquid composition and
the temperature. The composition-dependence of the liquid properties, i.e.
mass density, viscosity, surface tension, diffusivity and thermodynamic activ-
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ities, are taken into account. However, since these relations are not available
for the ternary mixture, experimental data of binary water-ethanol mixtures
[67–69] have been fitted to model the composition-dependence. The thermo-
dynamic activities of water and ethanol were calculated by AIOMFAC [70, 71].
Plots of the fitted relations and description of all used parameters can be found
in supplementary material.

The evaporation rate for component ν (ν = w,e for water and ethanol,
respectively) are calculated by solving the vapor diffusion equation ∂tcν =
Dvap
ν,air∇2cν in the gas phase, where Dvap

ν,air is the vapor diffusivity of ν in air
and cν is the vapor concentration, i.e. the partial density. With the ideal gas
law, one can express the ambient water vapor concentration by

cw,∞ =H
Mwpw,sat(T∞)

RT∞
, (3.1)

where H is the relative humidity, R is the ideal gas constant, T∞ is the
room temperature and pw,sat is the saturation pressure, which temperature-
dependence given by the Antoine equation. There is no ambient ethanol vapor
present, i.e. ce,∞ = 0. At the liquid-gas interface, the vapor-liquid equilibrium
according to Raoult’s law has to hold,

cν,VLE = γνxν
Mνpν,sat(T )

RT
. (3.2)

By virtue of equation (3.2), the evaporation rates are coupled with the lo-
cal drop composition at the interface via the liquid mole fraction xν and the
activity coefficient γν and furthermore with the local temperature T . From
the diffusive vapor fluxes Jgas

ν =−Dvap
ν,air∂ncν at the interface, the mass trans-

fer rates jw and je can be determined from the coupled mass transfer jump
conditions

jν−Jgas
ν −

cν
ρair

(je + jw) = 0 . (3.3)

Here, the mass density ρair of the gas phase is assumed to be constant and
given by the value of humid air.

The drop is assumed to be in a spherical-cap shape, where the base contact
radius rc was adjusted according to the experimental data (Data-2), i.e. by
fitting rc(V ). This allows to calculate the normal interface velocity from the
evaporative volume loss via the kinematic boundary condition. Together with
the tangential Marangoni shear stress boundary condition, the Stokes flow
can be solved in the drop. The obtained velocity ~u is entering the convection-
diffusion equations for the composition, expressed in terms of mass fractions
yν , i.e.

ρ(∂tyν +~u ·∇yν) =∇· (ρD∇yν)−JνδΓ , (3.4)
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with the mixture diffusivityD and the mass transfer source/sink term imposed
at the liquid-gas interface Γ. The source/sink term is given by

Jν = jν−yν (je + jw) . (3.5)

The mass fraction yta of trans-anethole oil is obtained by yta = 1−yw−ye.
Finally, the following temperature equation has to be solved:

ρcp (∂tT +~u ·∇T ) =∇· (λ∇T )− (Λwjw + Λeje)δΓ . (3.6)

Here, Λν is the latent heat of evaporation, ρ is the mass density, cp the specific
heat capacity and λ is the thermal conductivity. These quantities are different
in the different domains, i.e. gas phase, drop and substrate. In order to
accurately reproduce the thermal conduction of the experimental setup, a
fused quartz substrate with a finite thickness of 1.17 mm and air below is
considered.

The simulation results confirm the interpretation discussed in section 3.3.1
on the phenomenon that the evaporation-triggered nucleation starts to occur
at the top of an evaporating ouzo drop. The snapshots of the simulation
(Figs. 3.4AB) shows that the ouzo effect indeed sets in close to the apex at
about t = 20s (white regions in Fig. 3.4A). At t = 26.3s, phase separation is
occurring in the entire drop. Figure 3.4C presents the temporal evolution of
the drop volume and the partial volume of each component. The two distinct
slopes in the drop volume curve in the early stage and at later stages corre-
spond to the curve slopes of ethanol and water, respectively. Furthermore,
the FEM simulation provides more information about the evaporating ouzo
drop. Due to the enhanced evaporation at the top of the drop, both the tem-
perature and the ethanol concentration have their minimum close to the apex.
Since both aspects increase the local surface tension, a strong Marangoni flow
is induced from the contact line along the interface towards the top. As a
result of the solutal Marangoni instability, however, the flow in the drop is,
in general, not regular, but exhibits chaotic behavior until almost all ethanol
has evaporated. Thus, one also has to expect axial symmetry breaking, which
is discussed in more detail in a forthcoming three-dimensional investigation of
the evaporating ouzo drop [112].

3.5 Generalized diffusion model for ouzo drops
As stated above, an analytical diffusion model for quasi-steady natural evap-
oration of one-component drops was proposed by Popov [32]. To generalize
Popov’s diffusion model for the evaporation process of ouzo drops with more
than one component, we take account of Raoult’s law, which is necessary for
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building up the vapor-liquid equilibrium at the drop interface [101, 110]. We
assume the liquid solution in the drop to be well-mixed as a result of the exis-
tence of the strong Marangoni flow [101, 112]. The mixed-convection flow gives
rise to both a uniform concentration field and a uniform thermal field inside
the drop, which is discussed in detail in section 3.5.2. In the generalized model,
the temperature dependence of the vapor concentration of each component is
also considered, because evaporative cooling effects at the drop interface is ob-
vious for an evaporating drop at a high contact angle [34]. Detailed discussion
is presented in section 3.5.3.
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Figure 3.5: Evolutions of volume loss rate (panel A) and drop size (panel B) calculated from
the approximate diffusion model (T̃drop < T∞), displayed in black solid lines, and the model
without cooling-effect consideration (T̃drop = T∞) , presented in purple dash-dotted lines.
The blue dotted lines are the results from the FEM simulation (cooling effect included).
The model results are in a good accordance with experimental data and FEM simulation
results. When the approximate diffusion model excludes the evaporative cooling effect, the
satisfaction to the experimental data and simulation results lose, and the calculated volume
loss rates are higher, especially in the early stage where ethanol evaporation dominates.

3.5.1 Generalized Diffusion Model

In Popov’s model, the evaporation flux J(r) on the surface of a pure fluid drop
is given by [32]

J(r) = Dvap
air (csat−c∞)

rc

[
1
2 sinθ+

√
2(coshα+ cosθ)3/2

×
∫∞

0
coshθτ
coshπτ tanh[(π−θ)τ ]P−1/2+iτ (coshα)τ dτ

]
, (3.7)
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where r = rc sinhα
coshα+cosθ is the radial coordinate at the surface of the drop, rc is

the contact radius of the drop, Dvap
air is the coefficient of vapor diffusion, cs is

the saturated vapor concentration on the drop surface, c∞ is the concentration
of vapor at infinity, and θ is contact angle (cf. sketch in Fig. 3.2E).

To generalize the model for ouzo drops, the evaporation flux along the
vapor-liquid interface of each component ν can be expressed as

Jν(r) = Dvap
ν,air(cν,VLE−cν,∞)

rc

[
1
2 sinθ+

√
2(coshα+ cosθ)3/2

×
∫∞
0

coshθτ
coshπτ tanh[(π−θ)τ ]P−1/2+iτ (coshα)τ dτ

]
,

where the concentration of each component at the vapor-liquid interface is
determined by Raoult’s law, i.e. equation (2), cν,VLE = γνxνcν,sat.

The evaporation rate of the mass of each component ṁν is expressed as an
integral of the evaporation flux over the drop surface, i.e.,

ṁν =−
∫ rc

0
Jν(r)

√
1 + (∂rh(r))22πrdr.

By virtue of the assumption of uniform concentration and homogeneous tem-
perature along the interface, both vapor concentration cν,VLE at the drop
surface and vapor diffusivity Dvap

ν,air are independent of position coordinate r.
The concentration cν,VLE depends on the averaged surface temperature T̃drop
of the drop. Both the diffusivity Dvap

ν,air and the ambient vapor concentration
cν,∞ are determined by room temperature T∞. Therefore, the evaporation
rate of drop mass ṁ can be expressed as follows:

ṁν =−πrcDvap
ν,air

(
cν,VLE(T̃drop)− cν,∞(T∞)

)
f(θ) , (3.8)

cν,VLE(T̃drop) = γν(T̃drop)xν MνPν,sat(T̃drop)
RT̃drop

,

f(θ) = sinθ
1+cosθ + 4

∫∞
0

1+cosh2θτ
sinh2πτ tanh[(π−θ)τ ]dτ .

The evaporation rate of the drop mass ṁ is given by ṁ = ∑
ṁν = ∑

ρν V̇ν ,
where V̇ν is the evaporation rate of each component volume. When the small
volume-change caused by the mixture of miscible liquids is ignored, the evap-
oration rate of the drop volume V̇ can be expressed as,

V̇ =
∑ 1

ρν
ṁν . (3.9)
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In the application of the generalized diffusion model for the evaporation
process of an ouzo drop, we assume that the trans-anethole (ν = ta) is non-
volatile and has no influence on the evaporation of water (ν = w) and ethanol
(ν = e). For water (ν = w), the ambient vapor concentration cw,∞ is given by
Hcw,sat(T∞), i.e. equation (3.1). For ethanol (ν = e), we assume that the am-
bient vapor concentration ce,∞ is zero, thus its evaporation rate is independent
of theH factor. The saturation pressure Pw,sat and Pe,sat in equations (3.1) and
(3.2) at different temperatures are calculated from the Antoine equation. The
activity coefficients γν are calculated from the Dortmund Data Bank with the
lastest available parameters [113]. Vapor diffusivity Dvap

w, air at different tem-
peratures is obtained from reference [64] by cubic spline interpolation. The
vapor diffusivity Dvap

e, air is calculated based on the equation in reference [114].
We use ρw = 997.773 kgm−3, ρe = 786.907 kgm−3, Mw = 0.018 kgmol−1 and
Me = 0.046 kgmol−1. The contact radius of the drop rc, the contact angle θ,
the ambient temperature T∞ and the relative humidity H at each moment
were measured in the experiments. The decreased drop temperature T̃drop is
substituted by the interface-averaged temperature from the FEM simulation
in section 3.4. The initial mole fractions of water xw and ethanol xe are cal-
culated based on the initial water and ethanol composition of our ouzo liquid.
Then xw and xe are recalculated in each step base on volume loss rate V̇i and
their values in the previous step. The calculation was performed in MATLAB
with homemade codes.

Figure 3.5A shows the evaporation rate of the drop volume predicted by
the generalized diffusion model (black solid line) has a good agreement both
with the measured experiment data (diamond points) and with FEM simula-
tion results (blue dotted line). However, when the evaporative cooling effect
is ignored in the model (purple dash-dotted line), i.e. T̃drop = T∞, a clear
deviation of the evaporation rates appears, especially at early stage where
the ethanol evaporation dominates. This is a result of the high volatility of
ethanol which enhances the evaporative cooling effect. At later stages, the de-
viation disappears caused by two factors. The first factor is the low volatility
of water, which reduces the evaporative cooling effect. The second factor is
the decreased contact angle of the evaporating drop, as shown in figure 3.2B.
A smaller contact angle gives a smaller temperature reduction at the drop top
[34] and also weakens the cooling effect. An integral of the evaporation rate
from initial time t0 gives the temporal evolution of the drop volume, that is
V (t) =

∫ t
t0
V̇ dt. As displayed in figure 3.5B, the diffusion model provides a

comparable evolution curve (black solid line) to the one (square points) from
experimental data and the one (blue dotted line) from FEM simulation result.
There is slight deviation in the later stage, although the slopes of evolutionary
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curves are almost the same. There are two potential reasons for this deviation:
(i) The isothermal assumption doesn’t satisfy strictly because of the reduced
intensity of the Marangoni flow. (ii) The existence of the nucleated oil micro-
droplet in the drop plays a role. For the case without considering the cooling
effect, the temporal evolution curve (purple dash-dotted line) obviously devi-
ates from the other curves. The curve still develops with two different slopes,
but the entire evaporation is predicted too fast. It indicates that the evapo-
rative cooling effect is a very important aspect in the evaporation process of
the droplet with a high contact angle.

3.5.2 Strong Marangoni flow

For an evaporating multi-component drop, the surface tension gradient along
the drop surface may be very small, whereas the Marangoni flow can be very
strong [101, 110]. For a millimetre water-ethanol drop, the averaged flow ve-
locity inside is of order of mm/s [110, 111]. Its Péclet numbers Pe for mass
transfer and heat transfer are 105 and 103, respectively, given its mass diffusion
coefficient (∼ 10−9m2 s−1) and thermal diffusivity (∼ 10−7m2 s−1). Although
the inconsistent evaporation flux along the drop surface and the evaporative
cooling effect causing the concentration gradient and thermal gradient, re-
spectively, the strong Marangoni flow can dramatically uniformize both the
concentration and thermal distribution in the drop. Here we assume that the
drop has both a uniform concentration field and a uniform thermal field in-
side. Then both the vapor concentration cν,VLE at the drop surface and vapor
diffusivity Dvap

ν,air are independent of position coordinate r. The entire drop
is characterized by an identical temperature value T̃drop. The concentration
cν,VLE only depends on the drop (surface) temperature T̃drop.

3.5.3 Evaporative cooling effect at the drop surface

Evaporative cooling effect is a very important aspect for the evaporation pro-
cess of sessile drops[34, 95, 115–117]. During the evaporation, the phase change
at the liquid-air interface consumes energy and results in temperature reduc-
tion. Meanwhile heat is replenished from the substrate by heat conduction.
These two main factors lead to a non-isothermal field in the drop [116]. There
is a temperature distribution along the liquid-air interface. The temperature
difference within an evaporating drop on hydrophilic surfaces is minimal [115],
whereas there is a relative large temperature reduction across the drop on hy-
drophobic surfaces [34, 95, 117]. All the literature mentioned above are for a
single-component drop.
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In our case, the ouzo drop has a large contact angle. It is vital to take
account of the temperature reduction caused by evaporative cooling effects.
But something different happens here. As discussed in section 3.5.2, the ap-
pearance of the strong Marangoni flow uniformizes the temperature field. It
is possible to have a thermal boundary layer along the substrate surface. The
estimation of its thickness is ∼ 100 µm, given by Pe= 1. And as a result there
is no distinct temperature difference in most parts of the drop, as displayed in
Figures 3.4AB. Therefore it is reasonable to assume an isothermal drop with
a reduced temperature value.

3.6 Conclusions

The evaporation of an ouzo drop on a superamphiphobic surface is charac-
terized by three features: (i) Nucleation of oil microdroplets triggered at the
top of the drop. (ii) Two distinct regimes in the evaporation rates can be
distinguished, with the formed oil wrapping around the ouzo drop. (iii) In
the final stage of evaporation a continuous oil phase cloaks the drop. Quan-
titative results for the temporal evolution of the drop volume, contact angle
and the size of contact area are presented. A numerical simulation with a new
FEM method [111] verifies the evaporation-triggered nucleation at the drop
top and provides additional insight into the entire physical process. Although
the inconsistent evaporation flux along the drop surface and the evaporative
cooling effect cause the concentration gradient and thermal gradient, respec-
tively, the Marangoni flow dramatically equalizes both the concentration and
thermal gradients in the drop. Taking advantage of the uniformity inside the
drop, we propose a generalized diffusion model for the evaporation process of
an ouzo drop based on Popov’s theory. We generated a model by integrating
Raoult’s law and the evaporative cooling effect and then simplified the model
with the uniformity assumption. The proposed model provides a simplified
way to analyze the evaporation process of multi-component drops. With the
experimental data and FEM simulation results the predicted instantaneous
volume of the ouzo drop shows good agreement. It is appropriate to build
up a proper model for the ouzo drop temperature distribution to complete
the model. This work highlights the influence of substrate on the evaporation
process of ouzo drops. A better understanding of the dynamics of an evapo-
rating ouzo drop may provide valuable information for the investigation of the
evaporation process of multi-component mixture drops.
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Figure 3.6: Phase diagram for the trans-anethole-ethanol-water system. The blue dots
present the measured miscibility limit.

3.7 Supplementary material

3.7.1 Phase diagram of the trans-anethole-ethanol-water system

Figure 3.6 is the ternary diagram of the trans-anethole-ethanol-water system.
The blue solid line is the measured phase-separation curve. The gray dashed
lines indicate the composition paths of the titration experiments. The titration
was conducted at a temperature of around 22 ◦C.
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Figure 3.7: Measured ambient temperature T∞ and relative humidity H during the evapo-
ration experiments.

3.7.2 Temperature and relative humidity

Figure 3.7 presents the temperature T∞ and relative humidity H in the lab-
oratory during the experiments. The sampling rate is one per second with a

55



3

3.7. SUPPLEMENTARY MATERIAL

relative humidity accuracy of ± 2 % over 10 to 90 % @25 ◦C and a temperature
accuracy of ± 0.3 K @25 ◦C).
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Dissolving ouzo drops∗ †

Multicomponent liquid drops in a host liquid are very relevant in various tech-
nological applications. Their dissolution or growth dynamics is complex. Dif-
ference in solubility between the drop components combined with the solutal
Marangoni effect and natural convections contribute to this complexity, which
can be even further increased in combination with the ouzo effect, i.e. the spon-
taneous nucleation of microdroplets due to composition-dependent miscibilities
in a ternary system. The quantitive understanding of this combined process
is important for applications in industry, particularly for modern liquid-liquid
microextraction processes. In this work, as a model system, we experimentally
and theoretically explore water/ethanol drops dissolving in anethole oil. Dur-
ing the dissolution, we observed two types of microdroplets nucleation, namely
water microdroplet nucleation in the surrounding oil at drop midheight and oil
microdroplet nucleation in the aqueous drop, again at midheight. The nucle-
ated oil microdroplets are driven by Marangoni flows inside the aqueous drop
and evolve into microdroplets rings. A one-dimensional multiphase and multi-
component diffusion model in combination with thermodynamical equilibrium
theory is proposed to predict the behaviour of spontaneous emulsification, i.e.
the microdroplet nucleation, that is triggered by diffusion. A scale analysis

∗Based on: H. Tan, C. Diddens, A. Mohammed, J. Li, M. Versluis, X. Zhang, and D.
Lohse, Microdroplets nucleation by dissolution of a multicomponent drop in a host liquid,
Submitted.
†Liquid-liquid equilibrium simulation by C. Diddens; A. Mohammed & J. Li participated

in experimental work.
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together with experimental investigations of the fluid dynamics of the system
reveals that both the solutal Marangoni flow inside the drop and the buoyancy-
driven flow in the host liquid influence the diffusion-triggered emulsification
process. Our work provides a physical understanding of the microdroplet nu-
cleation by dissolution of a multicomponent drop in a host liquid.

4.1 Introduction

Multicomponent drops immersed in another liquid occur in a widespread range
of engineering applications, such as chemical waste treatments, the separation
of heavy metals, food processing, diagnostics and so on [118–121]. In re-
cent years, the interest in the diffusive dynamics of multiphase fluid systems
has surged, as the quantitative understanding of the process is crucial not
only for fundamental studies of multiphase systems, but also for its common
applications in the chemical industry, particularly for modern liquid-liquid
microextraction processes [46, 122].

Diffusion processes, i.e. the movement of species down a concentration
gradient, can induce a mass transfer between different phases. A classical
theory about a single component bubble dissolving into a surrounding liquid
was established by Epstein and Plesset [123] and later extended to drops [124,
125]. It can be derived that the radial movement of the bubble surface is
proportional to the square root of the time, which agrees with experimental
measurements. For multicomponent drops, the situation is very different, as
the consideration of the mutual interaction of the species is necessary. A
consistent theory for the dissolution or growth of multicomponent drops in
a host liquid was proposed by Chu and Prosperetti [17]. They employed
thermodynamic equilibrium constraints at the interface with the adoption of
the UNIQUAC model, which is frequently applied in the description of phase
equilibria. Molecular dynamics simulations were performed by Maheshwari et
al. [126] with the conclusion of the importance of the interaction between the
drop constituents and the host liquid during multicomponent drop dissolution.
All these studies focus on the investigation of pure diffusion processes. In
practice, however, the flow motion induced by the diffusion processes cannot
be neglected, as the flow is able to affect the diffusion processes in turn. A
small droplet, for example, can be self-propelled by Marangoni stress when
the viscosity ratio of the droplet liquid to the surrounding liquid is smaller
than the length scale ratio of the droplet size to the solutal interactive length
scale [15]. Dietrich et al. [127] experimentally demonstrated the existence of
a transition Rayleigh number for the dissolution of a sessile multicomponent
drop, above which the buoyancy-driven convection in the host liquid prevails
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over the diffusion. Additionally, Dietrich et al. [128] found that diffusion is able
to induce a local concentration difference and thereby cause the segregation
of the components inside the drop.

For a specific category of multiphase systems with a metastable phase
regime, the diffusion phenomena are more interesting and complex, as the
phase equilibrium can be altered by the diffusion process, leading to the occur-
rence of metastable dispersions in the bulk [129]. Ouzo, an alcoholic beverage
from Greece, is a typical example of this kind of solution. It mainly consists
of ethanol, water and (anise) oil, and it is well mixed when the oil concen-
tration in the solution is lower than the oil solubility of the water-ethanol
solvent (aqueous phase). Spontaneous emulsification, the process of creating
metastable liquid-liquid dispersions (nano- or micro-droplets), can be achieved
by increasing the water concentration and thereby reducing the oil solubility
without an external energy input. This is the well-known ouzo effect, which
can either be triggered by simply adding water to the system or, alternatively,
by the reduction of the ethanol amount by a preferential evaporation. The
latter process, i.e. the evaporation of an ouzo drop, is extremely rich and
exhibits multiple phase transitions during the drying, as recently discovered
by Tan et al. [101].

Due to the non-uniform evaporation rates along the liquid-gas interface and
the different volatilities of water and ethanol, regions of oil supersaturation,
i.e. regions where the emulsification takes place, are generated locally in the
evaporating ouzo drop. The same principle is expected to apply to a dissolving
multicomponent drop, since it obeys the same dynamical equations and similar
boundary conditions as the evaporating ouzo drop.

In this paper, we explore the dissolution of a multicomponent drop in a host
liquid (Fig. 4.1), with a particular focus on systems which have the capac-
ity of undergoing the spontaneous emulsification (ouzo effect). Experimental
steps and methods are discussed in Section 4.2. The sessile drop picked here
consists of the two miscible components water and ethanol with different ini-
tial ratios, and anethole oil acts as host liquid, in which ethanol is miscible
and water is immiscible. The general observations and descriptions about the
dissolution phenomena are given in Section 4.3. During the dissolution, we
observed both spontaneous emulsifications in the region of the host oil (oil-rich
phase) and in the sessile drop region (aquous phase), i.e. water-in-oil (w-in-o)
microdroplets and oil-in-water (o-in-w) microdroplets correspondingly, which
are presented in Section 4.4. In Section 4.5, we develop a one-dimensional
diffusion model with the adoption of the so-called diffusion path theory [130]
and thermodynamical equilibrium theory to provide insight to the occurrence
of the spontaneous emulsification and its evolution. The so-called UNIFAC
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Figure 4.1: (A) Hydrodynamic sketch of a dissolving sessile drop. The left side presents
the flow directions and diffusion fluxes along the drop surface. Geometrical and physical
quantities are defined on the right side. (B) Experimental snapshot of the drop overlaid
with the external flow field obtained by PIV-measurement. The scale bar is 0.45 mm.

model was applied to describe phase equilibria with the consideration of liquid
activity coefficients. An alternative model would be the so called UNIQUAC
model used by Chu and Prosperetti [17], but the parameters of our mixture
are not available for that model. Through this model, we gain insight into the
emulsification process (diffusion-induced microdroplet nucleation), as well as
the mass transport caused by the pure diffusion process, which are presented
and evaluated in Section 4.6. To figure out the influence of flow motions on the
emulsification process, a scaling analysis and micro-PIV measurements were
performed in Section 4.7. The scaling analysis reveals that the Marangoni
effect dominates the flow motion inside the drop, while natural convection is
dominant in the host liquid (Fig. 4.1A), which was confirmed by side record-
ing movies and micro-PIV measurement results (Fig. 4.1B). Having obtained
a good understanding of the fluid dynamics in the system, we finally acquire a
more systematic understanding about the dissolution process and the preferred
position where the diffusion-triggered emulsification takes place.

4.2 Experimental method

4.2.1 Solution and substrate

The system we investigate here consists of Milli-Q water [obtained from a Ref-
erence A+ system (Merck Millipore) at 18.2 MΩ at 25 ◦C], ethanol (Sigma-
Aldrich; > 98%), and anethole oil (Sigma-Aldrich; trans-anethole, > 99.8%).
We performed dissolution experiments in a cuvette (Hellma; Inner dimensions
30mm×30mm×30mm), on the bottom of which a hydrophobized glass slide
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(≈ 20mm×20mm) was placed. A certain amount of water-saturated anethole
was added into the cuvette, performing the host liquid. The depth of the liquid
was 7.5 mm. Water-ethanol binary drops with different volumetric concentra-
tions of ethanol (30 %, 40 vol%, 50 vol%, 60 vol%, 70 vol%) were produced in
the oil through a custom needle (Hamilton; outer diameter/inner diameter
0.21 mm/0.11 mm) by a motorized syringe pump (Harvard; PHD 2000), and
then directly deposited on the centre of the hydrophobized glass surface.

4.2.2 Set-up and image analysis

The experiments were performed in a lab without people around during the
data recording. The temperature of the host liquid in the cuvette was around
22 ◦C. The dissolution processes of the drops were observed by three syn-
chronized cameras, one monochrome CCD camera (Ximea; MD061MU-SY)
attached to a long-distance microscope system (Infinity; Model K2 DistaMax)
for side view recordings, which was used for the drop profile detection, one
digital SLR camera (Nikon; D750) equipped with a CMOS sensor attached to
a high-magnification zoom lens system (Thorlabs; MVL12X3Z) for the other
side view recordings, which was used for the side-view observation of the emul-
sification process, and another digital SLR camera (Nikon; D5100) equipped
with a CMOS sensor attached to an identical high-magnification zoom lens
system (Thorlabs; MVL12X3Z) for top view recordings, used for top-view ob-
servation of the emulsification process. A cold light source (Olympus; ILP-1)
was positioned at the same side as the SLR camera to illuminate the emulsion.

We performed image analyses with a custom-made MATLAB program.
The monochrome image series from the side view recordings were utilized in
obtaining the temporal evolution of the dissolving characteristics of the drops.
For each image, we first pre-processed the data to increase the image contrast
and then calculated the profile of the drop using the Canny method [131]. The
data points of the detected profile were fitted by part of a circle, i.e. assuming
that the droplet is in a spherical cap shape. The diameter of drop contact area
L and the contact angle θ were calculated based on the geometrical relationship
between the base line of the surface and the fitted spherical cap. The drop
volume V was calculated by integrating the volumes of the horizontal disk
layers.

4.2.3 Emulsion/microdroplets recognition

The emulsions (nucleated microdroplets) were recognised visually. Both the
water-in-oil (w-in-o) emulsion and the oil-in-water (o-in-w) emulsion had a
recognisable cloudy-white appearance because of the microscopic size of the
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nucleated microdroplets, which enable them to scatter all the colours equally.
The recognition of the emulsions was processed by watching the recorded
videos frame by frame. Although dissolving drops were in millimeter-scale,
their spherical shapes with high curvature unavoidably caused reflected light
spots, which increased the difficulty of the recognition of the presence of the
microdroplets inside the drop. Therefore, the presence or absence of emul-
sions were carefully determined by detecting the liquid colour variation and
their movement from the recorded videos (both top views and synchronised
side views). No fluorescence technique were used for the microdroplet detec-
tion, in order to avoid any influence of the added fluorescent materials on the
spontaneous emulsification.

4.2.4 Micro-PIV

To investigate the flow field around the dissolving drop, we added tracking
particles (Dantec dynamics; PSP-5, diam. 5 µm, made by nylon-12) in the
host liquid at a seeding density of 0.2 mgmL−1 to perform micro-PIV mea-
surements. Thanks to the low flow rate in our study, a continuous LED light
source (Thorlabs; MCWHL5) was able to provide enough volume illumination
for the measurements. The light source and the camera were placed at two
opposite sides of the cuvette. The light passed through convex lenses before
illuminating the cuvette to form a parallel light beam to increase the image
contrast. At the other side, we positioned a high-speed camera [Photron Fast-
cam SA2 32GB, 50 frames per second(fps) at 2,048× 2,048 pixel resolution]
attached with the microscope system (Infinity; Model K2 DistaMax) to per-
form high-speed imaging. The position of the recording system was adjusted
to have a focal plane crossing the droplet centre. The thickness of the focal
plane is 0.02 mm. Thereby, we could obtain sharp images of the tracking par-
ticles within a cross-sectional plane of the drop. We took image pairs with an
inter-framing time of 20 ms every two seconds. The obtained image pairs were
first processed to reduce the noise, and then imported into PIVlab software
[132, 133] to calculate the flow field. The size of interrogation window was
taken as a 128× 128 pixel matrix, corresponding to 142µm× 142µm. The
interrogation window overlap was set as 75 %, leading to a 35.5 µm vector
spacing in the calculated velocity matrix.

We qualified the confidence level of the tracking particles following the
flow by calculating the Stokes number and the ratio of the Stokes number to a
buoyancy-corrected Froude number [134]. The relaxation time of the particle
was estimated by

t0 ≡ (1 +ρf/(2ρp))
ρpd

2
p

18µf
, (4.1)
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with the consideration of added mass force [135], where ρf = 0.988g/cm3 and
µf = 4.2mPa · s are the density and the dynamic viscosity of the host liquid
(trans-anethole), ρp = 1.03g/cm3 and dp = 5µm the density and the diameter
of the tracking particles. The Stokes number St≡ t0umax/R can be calculated
as

St= (1 +ρf/(2ρp))
ρpumaxd

2
p

18µfR
∼ 10−5� 1, (4.2)

where umax is the maximum fluid velocity (∼ 10mms−1), R the initial radius
of the drop (∼ 0.5mm). The buoyancy-corrected Froude number was defined
as

Fr ≡ u2
max/R

(1−ρf/ρp)g
, (4.3)

taking the particle density, through (1−ρf/ρp), into account. With eqn. (4.2)
and eqn. (4.3) we have

St/Fr ∼ 0.3< 1, (4.4)

which combined with eqn. (4.2) reveals that the tracking particles exactly
follow the host liquid flow surrounding the dissolving drop [134].

4.3 Dissolution process
4.3.1 Characteristic states of dissolving drops
A dissolving water-ethanol (aqueous) sessile drop in anethole oil (host liquid)
is displayed in Figure 4.2. The initial ethanol concentration is 60 vol% and the
initial drop volume is around 0.5 µL. The experimental snapshots (the first
row are the top views and the second row are the corresponding side views)
present several interesting phenomena occurring during the drop dissolution
process, including an upwards rising solute plume, detaching from the top of
the drop (Fig. 4.2A), spontaneous emulsifications inside and outside the drop
(Fig. 4.2BCD), and double oil-microdroplets rings forming by convection rolls
and suspended in the drop (Fig. 4.2E).

At the beginning when the drop was deposited on the hydrophobic sub-
strate in the oil host liquid, both the drop and the surrounding oil are trans-
parent, except for the shadows above the drop, as displayed in Figure 4.2A.
The shadow, indicated by the arrow in the figure, is the solute plume, i.e.
the ethanol-rich oil mixture as ethanol diffuses into the oil surrounding the
drop. They are visible thanks to the variation in light transmission when oil is
mixed with ethanol. The transmission has a negative correlation with refrac-
tive index according to Beer-Lambert law. The refractive index of ethanol,
1.361, is smaller than that of trans-anethole, 1.561, and accounts for a better
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Figure 4.2: Experimental snapshots of a dissolving water/ethanol (v/v 40:60) drop in anet-
hole oil experiencing different characteristic states during the dissolution. The first row of
photos are top views and the second row are the corresponding side views. The initial drop
size is around 0.5µL and t0 denotes the drop deposition time. (A) The drop begins with a
transparent appearance surrounded by a clean host liquid. The arrow indicates solute plume
above the drop. (B) W-in-o emulsion (water microdroplets) suspends outside the drop. The
arrows and the inserted zoom-in panel highlights the location of the microdroplets. (C) O-
in-w emulsion (oil microdroplets) appears inside the drop with a preferential location around
the equator of the drop (limited by the arrow). (D) More oil microdroplets are formed and
concentrate at the two sides of the equator. The w-in-o emulsion disappears. (E) In around
7 minutes, the two concentrated clusters of microdroplets evolve into two rings. The scale
bar is 0.5 mm.

light transmission. In our setup, the cold light source and side-view colour
camera for the emulsion observations were positioned on the same side, which
indicates that the material with a better light transmission is dimming. Thus,
it verifies that the solute plume is indeed an ethanol-rich oil mixture. The
variation in the refractive index also causes the distortion of the light path
and leads to a locally hazy scene in the top views (Fig. 4.2ABCD).

In our system, there are two kinds of self-emulsifications: water-in-oil emul-
sification and oil-in-water emulsification. The former one creates water micro-
droplets in the oil host liquid (w-in-o emulsion) and the latter one generates oil
microdroplets in the aqueous drop (o-in-w emulsion). The first appearing mi-
crodroplets are the w-in-o emulsion. They nucleate at a certain location in the
surrounding oil, comparable to the position of the earth’s tropic of capricorn.
The emulsification normally starts within less than 5 s after drop deposition.
Figure 4.2B is a snapshot taken at 19 s to provide a clear visualisation of the
emulsion and the inserted zoom-in panel highlights their position, indicated
by arrows. The microdroplets suspend in oil for a while and then disappear.
Around half a minute later, o-in-w emulsification sets in inside the drop, pref-
erentially in the middle of the drop, concentrating in the region limited by
the arrow in Figure 4.2C. Notable, the preferential location is different from
that reported in our previous work on evaporating drops, in which droplet
nucleation either occurred at the contact line region for flat evaporating ouzo
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drops [101], or at the top of the drop for spherical evaporating ouzo drops
[136]. More detailed discussion about those spontaneous emulsifications will
be given in Section 4.4.

Yet another remarkable phenomenon is that the generated o-in-w emulsions
gradually form two rings of microdroplets in the drop. The generated micro-
droplets firstly split into two groups, one above and one below the equator
of the drop, which is shown in Figure 4.2D. The mechanism of the migration
comes from two Marangoni convection rolls located separately above and be-
low the equatorial plane. The Marangoni flow motion is induced by surface
tension gradients due to concentration variations along the interface, i.e. solu-
tal Marangoni flow. The convection rolls drive the nucleated oil microdroplets
and lead to an accumulation of these in the centre of each vortex-roll, result-
ing in the formation of two rings of oil microdroplets as shown in Figure 4.2E.
More detailed discussion on the dynamics will be given in Section 4.7. When
the ethanol in the drop has dissolved, the solute Marangoni effect stops and
the rings disintegrate.

All these interesting phenomena happen during the first stage, which is
mainly driven by the dissolution of ethanol from the drop. This stage takes
around 30 min. In the second stage, the remaining water diffuses with an
extremely slow speed. During that stage, no further unexpected phenomena
occur. Therefore, in this paper we only investigate the first stage of the process,
up to the time the alcohol has fully dissolved. It is important to point out that,
during the whole dissolution process, there is always a distinguishable interface
between the oil host medium and the drop medium for all experiments (drops
with different water-ethanol ratios) we performed. The sharp boundary of the
drop corresponds to near-discontinuities in the gradient of the concentration-
distance curve [137], which reflects that the drop solution and host solution
are macroscopically phase-separated at the drop-oil interface.

4.3.2 Dissolution of drops with different initial ethanol concentrations

To quantitively investigate the phenomena, we repeated the dissolution exper-
iment with the drops of different initial water-ethanol ratios, from 30 vol% to
70 vol% ethanol. Figure 4.3 shows the dissolution characteristics of the drops,
including the temporal evolution of the drop volume, the variations of the con-
tact angle θ and the footprint diameter L. The annotations of the geometrical
variables are available in a raw picture from the experiment (Fig. 4.3E).

The volume evolutions of the drops are nondimensionalized by the initial
drop size V0 to demonstrate a declining trend of the residual water volume with
an increasing initial ethanol concentration, as apparent from Figure 4.3A. The
figure also reveals that indeed all drops experience two stages with two dis-
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tinguished dissolving rates, as discussed above: These two stages correspond
successively to the initial stage dominated by the dissolution of the ethanol
and the subsequent slow dissolution of the remaining water. This is supported
by the consistence between the initial water ratios and the drop residual vol-
ume percentage after the stage transition. The same behaviour also exists
in the evaporation process of multicomponent drops [57, 101]. Water has
extremely small solubility (immiscible), therefore, the second stage takes an
incomparably longer time than the first one (Fig. 4.3D).

The evolutions of the contact angle (Fig. 4.3B) and the footprint diameter
(Fig. 4.3C) also reveal the variation of the ethanol content in the drop. In first
10 to 15 min, the contact angle increases by around 20 degrees, accompanied
by a receding of the contact line. The increase of the contact angle is a result
of the rising water concentration in the drop as ethanol is dissolving much
faster than water. In this period, neither the constant contact radius (CR)-
mode nor the constant angle (CA)-mode applies [37]. In the second stage,
the drop evolves nearly in CR-mode – there is a slightly decreasing contact
angle with a stabilized contact area. During the whole process, the drop has
a very high contact angle, more than 150°, because of the higher interfacial
energy between the substrate and anethole compared to the energy between
the substrate and the aqueous solution.

It is worth noting that, at the very beginning (∼ 2min), the contact angle
falls down and the footprint diameter increases by a small amount. To our
best knowledge, this is the first observation of this phenomenon in dissolving
multicomponent drops, although there are a few reports on this phenomenon
in evaporating multicomponent drops [56, 57]. A plausible explanation is
that after deposition of the drop, the ethanol molecules in the drop tend to
move towards the surface because of the lower interfacial energy between the
hydrophobic substrate and ethanol compared to water, which results in the
decreasing contact angle and the increasing contact area size [57].

4.4 Spontaneous emulsification

As stated above, during the dissolution, spontaneous emulsification happens
both in the host oil and in the drop, forming w-in-o emulsions and o-in-w
emulsions successively. The former ones are nucleated water microdroplets
suspending in anethole oil, whereas the latter ones are anethole oil micro-
droplets nucleated in the aqueous phase. We performed 24 groups of dissolu-
tion experiments with five different water-to-ethanol ratios as the drop initial
composition to study the impact of the composition on the emulsification phe-
nomena. In Table 4.1, the observed emulsification behaviours for the different
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Figure 4.3: Morphology evolution of dissolving drops created with five different initial water-
to-ethanol ratios (v/v 30:70, 40:60, 50:50, 60:40, 70:30). (A-C) present temporal evolutions
of the nondimensionalized volume V/V0 by initial drop size V0, contact angle θ, and foot-
print diameter L, respectively, during the dissolution. For one case (v/v 30:70) the volume
evolution of the whole dissolution process is displayed in (D). The sheded area on the left is
shown in (A). In (E), a recording image of a dissolving drop is shown with annotations of
the geometrical parameters.
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Figure 4.4: Experimental snapshots of the w-in-o emulsification (A) and the o-in-w emulsi-
fication (B) of five different dissolving water/ethanol drops with different initial water-to-
ethanol ratios (v/v 30:70, 40:60, 50:50, 60:40, 70:30). The side-view photographs in A show
that water-in-oil emulsification only happens for the high initial ethanol concentration cases
(60 vol% and 70 vol%). The synchronized side- and top-view photographs in B display o-in-w
emulsification occurring in all the cases. The scale bars are 0.5 mm.

initial drop compositions are listed. Y/N stands for presence/absence of the
emulsification. The waiting time for the onset of emulsification, measured
with respect to the moment of needle detachment from the drop, are given in
parentheses. W-in-o emulsification occurs only when initial ethanol content in
drop is high (≥ 50vol%) and its onset time is very short, within seconds. On
the contrary, o-in-w emulsification occurs for all the cases, independent of the
ethanol content, but more than half a minute later. The corresponding onset
time has a negative correlation with the initial ethanol content in the drop.

Figure 4.4 shows photographs of the emulsion detection experiments. In
Figure 4.4, cloudy-white w-in-o emulsions (nucleated water microdroplets) ap-
pear and suspend outside the drop, when the drop is created with 60 % and
70 % volume percentage ethanol. While for the 30 vol% and 40 vol% cases, the
surrounding anethole oil remains clean – there is no w-in-o emulsions. 50 vol%
is apparently the transition point, as for this case, in some experiments the w-
in-o emulsions appear and in others they do not. As stated above, in all of our
experiments, we found that the emulsions only appear at a certain location,
close to the tropic of capricorn of the drop and in the vicinity of the drop inter-
face, as pointed out by arrows in the inserted pictures. The appeared emulsion
move up and down at this location and some microdroplets are driven away
by natural convection in the host liquid (cf. section 4.7). After around half

68



4

CHAPTER 4. DISSOLVING OUZO DROPS

a minute, the w-in-o emulsion disappears and the surrounding liquid becomes
transparent again.

The o-in-w emulsion (nucleated oil microdroplets) in the drop shows up
independently of the initial ethanol concentration of the drop. The cloudy-
white o-in-w emulsions inside the drop are visible in all cases, as displayed in
Figure 4.4B. The oil microdroplets emerge near the equator of the drop and
then follow the Marangoni flow. Gradually, the oil microdroplets concentrate
at the centre of the convection rolls and form two microdroplets rings. We
provide top view photographs (second row of Fig. 4.4B) for each case, from
which the rings are clearly visible. The first two columns of photographs
show two already formed rings of oil microdroplets, whereas the last three
columns show the early chaotic arrangement of the microdroplets before the
rings formed.

4.5 One-dimensional multicomponent diffusion model

More quantitative insight into the spontaneous emulsification is gained by
theoretically analysing the multi-diffusion process of the water-ethanol drop
dissolving in the host liquid. A pure diffusion model is developed for the
early stage of the diffusion process, which, together with the so-called diffu-
sion path method [130, 138], is used to predict the absence or appearance of
emulsification. Our model consists of two parts, namely one modelling the
mass transport in the two multicomponent fluids in contact (Sec. 4.5.1) and
the other one calculating the liquid-liquid equilibrium at the interface of the
two regions (Sec. 4.5.2). The mass transport is modelled as a one-dimensional
problem with a moving interface separating the aqueous phase and the oil-
rich phase, known as Stefan problem [18]. The liquid-liquid equilibrium of
the ternary mixture is calculated by applying the condition of equal chemi-
cal potentials (fundamental thermodynamic relation) in combination with the
UNIFAC model to quantify the nonideality of the mixture.

Mass transport in liquids happens on a large time scale compared to the
macroscopic phase separation at the interface, and therefore these two pro-
cesses are decoupled in our model. To decouple those two processes, the fol-
lowing assumptions were made: We assume that the equilibrium at the inter-
face is instantaneously achieved and remains stable during the mass transport
across the interface. To further simplify the model, we also assume zero bound-
ary thickness, i.e. disregarding the microscopic details of the thermodynamic
equilibrium process. With these assumptions, the interfacial composition is
directly given by the liquid-liquid equilibrium calculation and thereby deter-
mines the mass transport model.
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drop spontaneous emulsification

solution trial w-in-o onset o-in-w onset
w:e time time

1 N - Y 69.0 s
7:3 2 N - Y 81.5 s

(v/v) 3 N - Y 62.0 s
4 N - Y 69.5 s

1 N - Y 57.5 s
6:4 2 N - Y 70.0 s

(v/v) 3 N - Y 61.0 s
4 N - Y 62.5 s

1 Y 5.0 s Y 27.0 s
2 N - Y 33.0 s

5:5 3 Y 5.0 s Y 32.5 s
(v/v) 4 Y 3.0 s Y 36.0 s

5 Y 2.0 s Y 28.0 s

1 Y 5.0 s Y 26.0 s
4:6 2 Y 3.5 s Y 29.0 s

(v/v) 3 Y 1.5 s Y 29.5 s
4 Y 3.0 s Y 39.5 s

1 Y 4.0 s Y 28.0 s
2 Y 3.0 s Y 30.0 s

3:7 3 Y 3.5 s Y 30.0 s
(v/v) 4 Y 5.0 s Y 29.0 s

5 Y 2.0 s Y 25.5 s
6 Y 3.0 s Y 29.5 s
7 Y 1.0 s Y 34.5 s

Table 4.1: Spontaneous emulsifications by dissolution of multicomponent drops with different
initial compositions in the host liquid. The subindices e, w, and o denote components
ethanol, water, and anethole oil, respectively. Y and N stands for presence and absence of
the emulsification, respectively. The time values are onset time of emulsification.
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Stefan problems commonly exists in many studies involving diffusion, such
as heat transfer with a phase transition (thawing, freezing, melting), moisture
transport of swelling grains or polymers [139]. Classic solutions to Stefan
problems are given by Crank [18]. In subsection 4.5.1, we present definitions
and the derivation of the equations with respect to our problem.

The establishment of the liquid-liquid equilibria between two phases hap-
pens on a short time scale compared to the diffusion process in the adjacent
bulk regions. Once the aqueous medium and the host liquid are in contact,
thermodynamic equilibrium favours an oil-rich phase on one side coexisting
with a water-rich phase on the other side, i.e. a macroscopic phase separation,
which is observed as the sharp boundary of the water-ethanol drop in oil. The
composition of these two phases are situated on the binodal curve (or coex-
istence curve) in the ternary phase diagram of the system and are connected
by a tie line. A brief description of the applied equilibrium theory is given in
subsection 4.5.2.

4.5.1 Mass transport
Our system is composed of three species in two different phases, i.e. it is
a multicomponent and multiphase diffusion system. The diffusion process is
modelled in a one-dimensional infinite space, as illustrated in Figure 4.5. The
diffusion process of each individual constituent is assumed to depend only on
its own concentration gradient in radial direction (Fick’s diffusion laws). mα

denotes the mass fraction of the species water (α = w), ethanol (α = e) and
anethole oil (α = o) as function of time t and position x. The superscripts
indicate the region, i.e. either drop region (d) or host liquid region (h). The
two regions are separated by the moving interface at position s(t). The initial
position of the interface is set to the origin, i.e. s(0) = 0. The mass transport
of each component α is formulated by a system of equations

∂md
α

∂t
=Dd

α

∂2md
α

∂x2 −∞< x≤ s(t), (4.5a)

∂mh
α

∂t
=Dh

α

∂2mh
α

∂x2 s(t)≤ x <+∞, (4.5b)

(
mh
α−md

α

)ds
dt =Dd

α

∂md
α

∂x
−Dh

α

∂mh
α

∂x
when x= s(t), (4.5c)

where the first equation governs the diffusion process in the drop region
with a corresponding diffusivity Dd

α, and the second one for the host liquid
with diffusivity Dh

α. The Stefan condition is considered in the third equation,
implying mass balances at the interface between the change rate of local mass
due to the interface movement (lhs) and the combined diffusive mass flux of
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drop side host liquid side

Interface

d h

Figure 4.5: Sketch of the one-dimensional multiphase and multicomponent diffusion model
with a moving interface at x= s(t) separating the two regions of drop (d) and host liquid (h).
The subscript α stands for the species water (w) and anethole oil (o). The mass fractions
of the different species in the two different regions md

α and mh
α are function of time t and

position x. The initial position of interface s(0) is defined to be at the origin.

the species at the interface (rhs). The composition in both phases is subject
to the constraints

md
w +md

e +md
o = 1, (4.6a)

mh
w +mh

e +mh
o = 1. (4.6b)

Therefore, only two of three species, for instance water (α= w) and anethole
oil (α = o), are solved by equations (4.5), and the third one, ethanol (α = e),
is calculated by this relationship.

As we only focus on the early stage of the diffusion process, the boundaries
at±∞ do not influence the dynamics in the vicinity of the interface. Therefore,
the initial condition and the far field boundary condtitions are given by

md
α =md

α0, −∞< x < 0, t= 0, (4.7a)
mh
α =mh

α0, 0< x <∞, t= 0, (4.7b)
md
α =md

α0, x=−∞, t > 0, (4.7c)
mh
α =mh

α0, x=∞, t > 0. (4.7d)

The initial values are input from experimental conditions, as we know the
initial composition of the drop mixture and the host liquid. Denoting the
interfacial compositions at the drop and the host liquid side of the interface
as md

αs and mh
αs, respectively, we have

md
α =md

αs, x= s(t), t > 0 (4.8a)
mh
α =mh

αs, x= s(t), t > 0. (4.8b)

The interfacial composition on the two sides of the interface are calculated by
applying the liquid-liquid equilibrium constraint at the interface condition, cf.
Sec. 4.5.2. In a ternary system, the interfacial composition has four degrees
of freedom by virtue of mass conservation of the mixture. The composition on
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two sides of the interface are situated on the binodal and are connected by a
tie line in the phase diagram of the ternary system. Therefore, in accordance
with Gibbs’ phase rule, the number of degrees of freedom for the interfacial
composition reduces to one (for instance md

ws).
The solution of the governing diffusion equations (4.5) with the given con-

ditions (4.7) reads

md
α = B1

α+B2
α erf x

2
√
Dd
αt
, (4.9a)

mh
α = B3

α+B4
α erf x

2
√
Dh
αt
, (4.9b)

where B1
α, B2

α, B3
α and B4

α are coefficients to be determined. By applying the
additional conditions (4.8) to the solution form, we obtain the coefficients

B1
α( s√

t
) =

md
α0 erf s

2
√
Dd
αt

+md
αs

erf s

2
√
Dd
αt

+ 1 , (4.10a)

B2
α( s√

t
) = md

αs−md
α0

erf s

2
√
Dd
αt

+ 1 , (4.10b)

B3
α( s√

t
) =

mh
α0 erf s

2
√
Dh
αt
−mh

αs

erf s

2
√
Dh
αt
−1 , (4.10c)

B4
α( s√

t
) = mh

αs−mh
α0

erf s

2
√
Dh
αt
−1 , (4.10d)

which are function of s/
√
t. Following the way successfully used by previous

researchers [130, 138, 140], we assume the movement to be proportional to√
t, which is consistent with the fact that the interface movement is driven by

diffusion, i.e.
s(t) = λ

√
t, and

√
Ds = |λ|, (4.11)

where the sign of the constant λ gives the direction of the interface movement,
and Ds can be regarded as the “diffusion coefficient" of the moving interface.
Thus, the undetermined coefficients are function of λ.

To simplify the expression of the equations, we introduce the definitions

Kα = λ

2
√
Dh
α

, Rα =
√
Dh
α

Dd
α

, χw
o =

√
Dh

o
Dh

w
, (4.12)
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which together with equation (4.11) are substituted into the coefficients (4.10)
and the Stefan condition (4.5c). Thereby, we obtain the coefficient constants

B1
α = md

α0 erf (RαKα) +md
αs

erf (RαKα) + 1 , (4.13a)

B2
α = md

αs−md
α0

erf (RαKα) + 1 , (4.13b)

B3
α = mh

α0 erfKα−mh
αs

erfKα−1 , (4.13c)

B4
α = mh

αs−mh
α0

erfKα−1 , (4.13d)

as well as the new expression of mass conservation (4.5c)
√
πKα

(
mh
αs−md

αs

)
= 4e−K2

α
[
−B4

α+eK
2
α(1−R2

α)B2
α/Rα

]
. (4.14)

We thus have a closed-form solution for the problem, given by the mass
balance equation (4.14) above in adjunction with thermodynamic equilibria
theory. The number of the mass balance equations is two, one for water
(α= w) and the other for anethole oil (α= o) and the five unknown variables
are md

ws, d md
os, mh

ws, mh
os, and λ. As discussed above, the composition on two

sides of the interface are situated on the binodal and are connected by a tie
line in the phase diagram. Due to these equilibrium constraints, the number
of the freedom degrees of interfacial composition is one (for instance md

ws).
Hence, there are in total two unknown variables, namely md

ws and λ, in the
equation. By applying Newton’s method with a given initial guess, we can
find roots of equations (4.14) and the whole problem is solved. All quantities
defined in the model are list in Table 4.2.

4.5.2 Liquid-liquid equilibrium at interface
The liquid-liquid equilibrium is achieved when the chemical potentials µα are
the same in both phases for each species α. The chemical potential is function
of pressure, temperature, and mole fractions xα of the liquid constituents. At
fixed temperature and pressure, a three component liquid-liquid equilibrium
system only has a single degree of freedom [17]. The condition of equality of
the chemical potentials then reduces to

xd
α γ

d
α = xh

α γ
h
α, (4.15)

where γ is the liquid activity coefficient, a correction factor accounting for the
nonideality of the mixture. Subscripts and superscripts here have the same
meaning as in the previous section.
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Figure 4.6: Phase separation predicted by UNIFAC. (A) gray regions indicated homogenoeus
mixing, whereas phase separation is expected in the coloured region. The blue line indicates
the good agreement with the titration experiments of Tan et al. [136]. If the liquid is
undergoing phase separation, the composition of the resulting two phases can be read off
from the binodal in (B) by the color code.

Obviously, the mixture can only undergo phase separation if the mixture
is nonideal, i.e. γα 6= 1. Thus, the activity coefficients are fundamental to
accurately describe the liquid-liquid equilibrium. Unfortunately, we have nei-
ther found sufficiently detailed experimental data for the present mixture, nor
parameters for the UNIQUAC model, which was used by Chu and Prosperetti
[17]. Therefore, we employed the UNIFAC model [141], which is more gen-
eral than the UNIQUAC model, to perform the splitting of the molecules into
functional subgroups. For detailed information about this model, we refer to
the reference [142]. Due to the better agreement with the titration experi-
ments by Tan et al. [136], we took the recent modified UNIFAC (Dortmund)
parametrization [143].

In order to find the liquid-liquid equilibrium curve and the regions of phase
separation, we followed the method propsed by Zuend et al. [144]: if equations
(4.15) can only be solved trivially, i.e. xd

α = xh
α, or if the Gibbs free energy at

the trivial solution is below the Gibbs free energy of all non-trivial solutions,
the mixture remains in a well-mixed single phase configuration. On the con-
trary, if there is a non-trivial solution with a lower Gibbs free energy than the
trivial solution, phase separation is expected and the system will take on the
solution with the globally minimal Gibbs free energy.

The data obtained by this procedure is depicted in Figure 4.6. In Figure
4.6A, the region of phase separation is shown in a ternary diagram in terms
of mass fractions mα. In gray regions, the liquid at the specific composition
remains perfectly mixed, whereas in the coloured regions, phase sepearation
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occurs. The composition of the two resulting phases can be read off from
Figure 4.6B by the color code: The system splits into an aqueous phase and
an oil-rich phase which compositions are indicated by the same color. Al-
though the UNIFAC model is in general not perfect due to its dependence on
the parameter table, the comparison of the phase separation region with the
titration data of Tan et al. [101] in Figure 4.6A show good agreement.

4.5.3 Diffusion coefficients

In the model, there are in total four different diffusion coefficients, namely
in each of the two different regions one coefficient for one of the two species:
water diffusivity in the drop medium Dd

w, anethole oil diffusivity in the drop
medium Dd

o , water diffusivity in the host liquid medium Dh
w, and anethole oil

diffusivity in the host liquid medium Dh
o .

To acquire the diffusivities, we were confined to model predictions, since
the direct measurement is complicated. In the drop medium at the early stage,
the trans-anethole content is negligible, so that the coefficient Dd

w is assumed
to be given by the mutual diffusivity in a binary water-ethanol mixture. The
corresponding values were obtained by fitting the experimental data in litera-
ture [69]. The coefficient Dd

o , i.e. dilute anethole in a water/ethanol mixture,
is calculated in the limit of infinite dilution based on the model of Perkins and
Geankoplis [145].

Both Dd
w and Dd

o depend on the initial ethanol content in drop. The model
of Hayduk and Minhas [146] was used to calculate the coefficients of dilute
water in host anethole oil Dh

w. The corresponding diffusivity constant Dh
o is

estimated according to the Stokes-Einstein equation, which states diffusion co-
efficient is inversely proportional to the size of molecules at constant viscosity.
Since both ethanol and water content in the host liquid are negligible, we take
Dh

w = 1.2×10−9 m2/s and Dh
o = 0.66×10−9 m2/s, both of which are assumed

to be constant.

4.6 Model predictions

4.6.1 Concentration profiles

The mass concentration distribution of each constituent as function of time is
obtained from the model described above. Figure 4.7ABC and corresponding
close-up images, Figure 4.7DE, show the development of the concentration
profiles for different cases of binary drops with different initial water-ethanol
ratios (70:30 v/v in A, 50:50 v/v in B, and 30:70 v/v in C). Anethole oil,
water, and ethanol are labeled with yellow, blue, and red colours, respectively.
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Figure 4.7: Calculated results of the diffusion model using the parameters described in the
text. (A-C) Snapshots of the mass fraction profile at 0 s (first row) and 20 s (second row)
for different cases. The vertical black dash-dotted line indicates the initial position of the
interface, which separates the drop solution on the left side of figures and the host liquid on
the right side. Panels D and E are zoom-in pictures of panels A and C, showing the profile
evolution.

The vertical black dashed line stands for the initial position of the interface
between the aqueous water-ethanol region (left side) and the anethole oil-rich
region (right side). Initially, the concentration profile of each species is a
step function (first row of Fig. 4.7ABC), which is consistent with the initial
condition (4.7ab) of the model. Different initial ethanol content in the drop
accounts for the difference of the step heights in the figures.

In the close-up Figure 4.7D, once the diffusion starts, the discontinuity
in the profile at t = 0s is immediately smoothed with a new turning point
emerging. The dynamics of the concentration profiles is apparent from the
temporal curves at t= 10ms, t= 1s, t= 2s and so on.

The concentration gradient at the interface induces a diffusive flux for each
constituent towards or from infinity (anethole in Fig. 4.7D, ethanol and wa-

77



4

4.6. MODEL PREDICTIONS

ter in Fig. 4.7E). The step height at infinity remains unchanged due to the
Dirichlet boundary condition (4.7cd). Thanks to the introduction of mathe-
matical aspect of the Stefan problem, the interface has the freedom to shift
towards the aqueous region (left side), for all the constituents in the system.
After 20 s, the developed concentration profiles in different cases are displayed
in the second row of Figure 4.7ABC. The height of the new turning point,
corresponding to the interfacial concentration md

αs and mh
αs (ethanol, α = e,

in Fig. 4.7E), is fixed during the movement of the interface, which reflects the
assumption of the stability of liquid-liquid equilibrium at interface.

4.6.2 Diffusion paths theory and calculated results
The diffusion path method was proposed by Kirkaldy and Brown [138], who
mapped the composition of the ternary solution on its phase diagram. The
values of the composition along the domains are mapped in the diagram as a
line, known as diffusion path or composition path. It provides an effective way
of representing the relationship between kinetic and thermodynamic aspects
for a multiphase and multicomponent system.

In the spirit of the pioneering work by Ruschak and Miller [130], we predict
the diffusion-induced spontaneous emulsification by examining the geometrical
relationship between diffusion paths and binodal curve. If the diffusion path
crosses the binodal curve between start and end point, supersaturation in the
media is present, which induces spontaneous emulsification. It is noteworthy
that the intersections of all considered diffusion paths with the binodal curve
are far away from the plait point and the intersections are located at the edge
of the ouzo effect region.

In ternary system, the path is determined by any two independent con-
stituents. Since we know the evolution of the distribution of all species, we
can mathematically express their relationship. We know that the coefficients
(4.13ab) are constant for a certain case, which implies that equation (4.9a)
is well-determined. Therefore, equation (4.9a) gives functional relationships
md

w = f1( x√
t
) and md

o = f2( x√
t
). Upon substituting them into equation (4.6a),

we obtain the mathematical expression of the diffusion path in drop region,

md
e = 1−F(md

o)−md
o , (4.16a)

where F = f1 ·f−1
2 . By the same way, we obtain the expression of the diffusion

path in the host liquid medium,

mh
e = 1−mh

w−G(mh
w), (4.17a)

where G = g2 ·g−1
1 , given mh

w = g1( x√
t
) and mh

o = g2( x√
t
). Notably, the math-

ematical expressions reveal that the diffusion path is independent of time and
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Figure 4.8: Phase diagrams showing the calculated diffusion paths in the water-ethanol
phase diagram (A) and in the anethole-ethanol phase diagram (B). The oil-rich part of
binodal curve is labeled in red and the water-rich part in blue. The black dotted lines are
the tie lines. (A) The close-up figure (inserted) shows that the diffusion path in the host
liquid passes through the binodal for the cases with high ethanol content (≥ 50vol%). (B)
In contrast, in the aqueous phase, in all cases, there is no diffusion path crossing the binodal
curve.

space. In other words, the set of the compositions at a certain position for
different moments and the set for a certain moment among different positions
share the same diffusion path. The composition at the end point of diffusion
path lies on the binodal curve and corresponds to the interfacial composition,
whereas the composition at the start point of the diffusion path indicates the
composition at infinity, which is the same as the initial composition in the
domain.

Figure 4.8 shows the calculated results, displayed in mass fraction phase di-
agrams of two independent constituents. Figure 4.8A shows the water-ethanol
phase diagram, enhancing the oil-rich regime with w-in-o emulsions, whereas
Figure 4.8B shows the anethole-ethanol phase diagram, highlighting the water-
rich regime with o-in-w emulsions. The binodal curve is divided by the plait
point into two different colours, blue for oil-rich phase and red for water-rich
phase. The tie lines, connecting the composition points belonging to both sides
of the liquid-liquid equilibrium, were calculated by the method described in
Section 4.5.2. Dot-dashed lines with different colours are the diffusion paths
for different cases (same colour labeling for Fig. 4.8AB). The inserted close-
up image in Figure 4.8A reveals that, when the ethanol volume fraction in
the aqueous phase is higher than 51.98 vol%, corresponding to a transition
mass fraction md

e∗ calculated by the model, the diffusion path has to pass
through the binodal curve to meet the equilibrium points (diamond dots) at
the binodal. The segment of diffusion path that is below the binodal is in su-
persaturation condition, which indicates the appearance of w-in-o emulsions in
oil-rich side (host liquid region). Whereas, in the water-rich side (Fig. 4.8B),
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Figure 4.9: (A) Comparison between the model prediction and the experimental observation
for the appearance of w-in-o emulsions outside the drop. The ordinate is the initial mass
fraction of ethanol in the drop and the abscissa gives the trial number. The black and white
dots are experimental observation data from Table 4.1 and denote presence and absence
of emulsification, respectively. The red dashed line is a transition value calculated by the
model, above which w-in-o emulsification is predicted to happen. (B) Calculation results of
the total amount of oil transported into the drop as function of the initial ethanol content of
the drop using the one-dimensional diffusion model. Different symbols present the entered
oil amount at different moments. The inserted figure gives the same data on a log-log plot.

all the diffusion paths meet equilibrium points without intersecting the bin-
odal curve. Therefore, according to the model, there is no supersaturation
region induced by pure diffusion processes, which predicts the absence of o-in-
w emulsions in drop region. The time independence implies self-emulsification
immediately occurs once diffusion process starts.

4.6.3 Self-emulsification: comparison between model predictions and
experimental observations

For w-in-o emulsion, the comparison between model prediction and experi-
mental observation is presented in Figure 4.9A. The vertical ordinate denotes
the initial ethanol mass fraction in the water/ethanol drop and the abscissa
gives the trial number, i.e. the individual experiments at this particular initial
composition. The data points are from Table 4.1: black symbols indicate the
presence of w-in-o emulsion; white symbol means that the w-in-o emulsion is
absent. The red dashed line is the calculated transition percentage md

e∗, above
which (blue region) the model predicts the presence of w-in-o emulsion in the
host liquid, otherwise absence (grey region). The comparison reveals the good
prediction of the model. In the blue region, all data points are black, whereas
in the grey region far from transition line, all the data dots are white. Around
the transition line, both black and white data points exist.

For the o-in-w emulsion in the drop medium, no diffusion-tiggered self-
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emulsification was observed in experiments within half a minute (Tab. 4.1),
which is consistent with the model prediction. However, oil microdroplets must
appear since the ethanol content in the drop is reducing over time, while the
oil content is increasing. At some point, the composition in the drop region
will be supersaturated and cause the ouzo effect inside the drop. However,
due to the infinite domain in the model with Dirichlet boundary conditions,
the model cannot account for the long time behavior. The onset time for
the oil microdroplets is at least more than half a minute, and has a negative
correlation with initial content of ethanol in the drop as recorded in Table4.1.

Although we are unable to obtain the overall composition of the three-
dimensional drop from the one-dimensional model, it is possible to gain more
understanding about the transport of anethole oil during the early stage by
calculating the total amount of anethole transported into drop Md

o . Its defi-
nition is given by integrating mass fraction of anethole md

o on the interval of
aqueous region (−∞,s)

Md
o =

∫ s

−∞
(md

o−md
o0)dx. (4.18)

Then we have

Md
o =

(
md

os−md
o0
)
s+

(
smd

os−md
o0
)
s

√
πRoKo

e−R
2
oK2

o

erf (RoKo) + 1 . (4.19)

Figure 4.9B shows that a higher ethanol percentage in drop md
e0 leads to a

higher rate of transport of oil into the drop Md
o . The inserted figure reveals

that it is an exponential growth relationship. So the difference in the oil
amount in the drop caused by the ethanol content increases over time (from
red solid � dot line, at 0.1 s, to purple solid C dot line, at 30 s). This gives
a possible explanation for the experimental observation, as a higher ethanol
concentration in the drop leads to more oil after the early stage of the diffusion
process, which favours the occurrence of the ouzo effect inside the drop.

4.6.4 Model evaluations
Although the model provides information on the mass transport of the mul-
tiphase and multicomponent diffusion process, as well as a good prediction
to the behaviour of spontaneous emulsification, it is subject to the following
limitation: (i) The diffusion model is developed as a one-dimensional model
without consideration of flow motion, i.e. a pure multiphase and multicompo-
nent diffusion process; (ii) The dependence of diffusivity on the local species
concentration is disregarded and off-diagonal diffusion terms, i.e. as in the
Maxwell-Stefan theory, are not considered; (iii) We apply Dirichlet boundary

81



4

4.7. DISCUSSION ON THE FLUID DYNAMICS OF THE SYSTEM

conditions at infinity, which implies that the model is only applicable in the
early stage of the diffusion process. In the long-time limit, the finite size of the
regions, in particular of the drop, will become important, since there is not
an infinite reservoir for the species. (iv) The detailed process of phase separa-
tion at interface is not considered, as we apply an instantaneous liquid-liquid
equilibrium assumption;

The flow motion in system has a big impact on the position where emul-
sification takes place. A strong flow rate has the capacity to prevent emul-
sification by changing the local concentrations or by directly dissolving the
nucleated emulsion. Therefore, it is necessary to have an investigation on the
fluid dynamics of the system in Section 4.7.

4.7 Discussion on the fluid dynamics of the system

4.7.1 Scaling analysis

In the studied system, diffusion-induced advection, in the laminar flow regime,
can in turn play a significant role for the diffusion process, i.e. diffusion and ad-
vection are highly coupled in the system. The diffusion causes non-uniformities
in the species distribution in both drop and host liquid media, which drives
bulk flow motions (advection). The flow reorganises the concentration field and
consequently, in turn, affects the diffusion. The generated advection mainly
encompasses solutal Marangoni flow and buoyancy-driven flow, i.e. solutal
natural convection, whereas thermal effects are negligible compared to the
two of them. As solutal Marangoni flow and buoyancy-driven flow have alter-
nating dominance inside respective outside the drop their impacts on diffusion
can be treated separately. To confirm that only one of the two respective
flows is dominant in the respective domain, we perform the following scaling
analysis.

The characteristic velocity of the solutal Marangoni flow UM scales like

UM ∼∆γ/µ, (4.20)

where µ is the dynamic viscosity, and ∆γ is the interfacial surface tension
difference caused by compositional variations. The characteristic velocity as-
sociated with the buoyancy-driven convection UB is obtained by balancing the
viscous dissipation rate within the convection roll with the gaining rate of
potential energy due to gravity [147], i.e.∫

µ(∇u)2 dV ∼∆ρgUB`
3, (4.21)
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where the left side scales as µ`(UB)2. Here ` is the characteristic length scale
and g is the gravitational constant. Hence, the characteristic velocity of the
buoyancy-driven flow UB scales as

UB ∼∆ρg`2/µ. (4.22)

With equations (4.22) and (4.21), we can estimate the ratio of buoyancy-driven
flow to Marangoni flow by

UB
UM
∼ ∆ρg`2

∆γ . (4.23)

We can note the ratio is a Bond number, which measures the importance of
gravitational forces compared to interfacial surface tension. The Bond number
is proportional to `2, which indicates that relative importance of the two flow
mechanisms has a strong dependence on the spatial scale of the domain.

We can estimate the ratio inside the drop by taking the drop radius R ∼
0.75mm as the length scale `. Since the interfacial surface tension is composition-
dependent and varies during drop dissolution, we estimated the difference
∆γ ∼ 12.1mNm−1, as half of the interfacial surface tension between pure wa-
ter and anethole oil [136]. The density difference is selected as the biggest
density difference between water and ethanol, i.e. ∆ρ= ρw−ρe (∼ 211kg/m3).
The estimation shows that UB ∼ UM/10, which implies Marangoni flow inside
the drop is prevailing. Outside the drop, the length scale ` is selected as the
host liquid depth, `= 7.5mm. Then the estimate of the velocity ratio becomes
UB ∼ 10UM, which indicates that buoyancy-driven flow is dominating outside
the drop.

4.7.2 Flow motions and its influence on spontaneous emulsification
Taking the understanding of the flow motion in the system from the scaling
analysis, we disregard the Marangoni flow in the following discussion about the
hydrodynamics in the host liquid (large scale domain), whereas the buoyancy
effect is neglected inside the drop (small scale domain). The hydrodynamics
outside and inside drop are discussed successively.

As water-ethanol drop dissolves, ethanol diffuses into the surrounding anet-
hole oil. Then, buoyancy starts to play a role, as ethanol is less dense than wa-
ter and anethole oil, i.e. ρe < ρo and ρe < ρw (ρw = 998kg/m3,ρe = 787kg/m3,
and ρo = 988kg/m3 at 22 ◦C). The surrounding ethanol-rich oil floats up in a
form of the solute plume, causing an upwelling flow. Simultaneously, fresh oil
liquid far from the drop replenishes to achieve mass continuity, as sketched in
Figure 4.1A. So a convection flow outside the drop forms as a consequence,
which is clearly observed through PIV measurements (Fig. 4.1B). In the re-
gion next to the tropic of capricorn of the drop and not far from the drop
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surface, there is weak flow, enclosed by the yellow circle in the close-up image.
It indicates a subtle influence of the convection on the diffusion process in
this region, whereas in other regions, the refresh oil brought by the relatively
strong flow prevents the formation of a local supersaturation. This is the rea-
son that accounts for the appearance of w-in-o microdroplets in the certain
position with the weak flow rate.

The generation of the buoyancy-driven convection affects the distribution
of the diffusion rate along the drop surface. The convection flow brushes away
the diffused ethanol next to drop surface and varies the concentration distri-
bution of ethanol in the surrounding oil. Around the equator of the drop the
concentration boundary layer is thin, due to the intense inflow of bulk oil with-
out ethanol (Fig. 4.1B): the normal ethanol concentration gradient outside the
liquid-liquid interface (∂rce)side has a steep slope. At the top of the drop, the
ethanol concentration gradient (∂rce)top may also be increased, but only to a
lower extent, as the replenishing oil is already contaminated with ethanol (and
water) during its travel along the drop surface. Due to the boundary condi-
tion, the replenishment of fresh oil caused by the convection is suppressed near
the corner of the drop, where the ethanol concentration gradient (∂rce)C.L. is
much less effected. Therefore, the buoyancy-driven convection predominantly
enhances the diffusion flux near the drop equator rather than that above the
drop or in the contact region and, as a consequence, the radial gradients of
ethanol concentration along the drop surface obey the a relationships

(∂rce)side > (∂rce)top, (4.24a)
(∂rce)side > (∂rce)C.L.. (4.24b)

The two different gradients of the ethanol concentration result in a inhomo-
geneneous ethanol concentration along the inside of the interface. The intense
concentration gradient of ethanol around the equator (∂rce)side generates a
large ethanol diffusion flux, resulting in a locally higher water concentration
inside the drop. As the interfacial surface tension between oil phase and aque-
ous phase has a positive correlation with the water concentration in aqueous
phase, the interfacial surface tension has gradients from the south pole and
north pole towards the equator. Thus, two solute Marangoni convections arise
following the gradients, as sketched in Figure 4.1A. Meanwhile, the high wa-
ter concentration around the equator of the drop accounts for the prefered
emulsification there (Fig. 4.2C).
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Symbol Description unit
index α species: water (w); ethanol (e); anethole oil (o)

superscript d drop region
superscript h host liquid region

s position of drop&host-liquid interface m
md
α mass fraction (drop region)

mh
α mass fraction (host liquid region)

md
α0 initial mass fraction (drop region)

mh
α0 initial mass fraction (host liquid region)

md
αs mass fraction at interface (drop region)

mh
αs mass fraction at interface (host liquid region)

Md
αs Md

a =
∫ s
−∞m

d
a−md

a0 dx m
Dd
α diffusivity (drop region) m2/s

Dh
α diffusivity (host liquid region) m2/s

B1
α, ...,B4

α undetermined coefficients
λ prefactor defined as s/

√
t m/s 1

2

Ds λ2 m2/s
Kα λ/

√
Dh
α

Rα
√
Dh
α/D

d
α

χw
o

√
Dh

o/D
h
w

xα mole fraction of species α
γα activity coefficient of species α

Table 4.2: All quantities used in the model for the ternary liquid.

4.8 Summary and conclusions

We have experimentally presented the rich phenomena of water/ethanol drops
dissolving in oil as host liquid, which encompass w-in-o emulsification outside
the drop, o-in-w emulsification inside the drop, buoyancy-driven convection
dominating outside the drop, and prevailing solutal Marangoni convection
inside the drop. O-in-w emulsification occurs around half minute later than
w-in-o emulsification and w-in-o emulsification does not occur when reducing
the initial ethanol concentration of the drop.

A quantitive understanding and the predictions of the diffusion-induced
emulsification were theoretically achieved by developing a one-dimensional
multiphase and multicomponent diffusion model, which incorporates thermo-
dynamical equilibrium theory and diffusion path theory. The prediction of the
model agrees with experimental observations: diffusion-triggered w-in-o emul-
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sification occurs when the drops have a ethanol content higher than 51.98 vol%;
o-in-w emulsification cannot be induced by pure diffusion. Due to the infinite
domain and the Dirichlet boundary conditions used in the model, the model
is only applicable for the early stage of the multiphase diffusion process. In
practice, the continuous reduction of ethanol and increasing of oil in the drop
lead to the occurrence of the o-in-w emulsification in a long time, which is
thereby independent of the initial ethanol content of the drop.

A scale analysis and the experimental investigation of the diffusion-induced
flow motion were performed to gain insight into its influence on the emulsifica-
tion process. By the scale analysis, we demonstrated that in drop domain, the
solute Marangoni flow prevails over the buoyancy-driven flow, while in host liq-
uid domain, the latter dominates. The buoyancy-driven convection enhances
the ethanol diffusion rate around the equator of the drop, which gives rise to
a reduction of the local ethanol concentration around the equator of the drop,
arising of two Marangoni convection rolls inside the drop with opposite direc-
tions, and the generation of prioritized position for o-in-w emulsification. Due
to the buoyancy-driven flow, fresh oil is replenished at the interface. There-
fore w-in-o emulsification can only occur around a region next to the tropic of
capricorn of the drop, where only weak flow and replenishment is present.

Although in this paper we provided a systematic study about the emulsi-
fication triggered by the dissolution of multicomponent drop in a host liquid,
further investigations and discussions are expected. A more comprehensive
model can be generated, either by considering the finite domain size and the
appropriate boundary conditions, or by taking fluid motion into account and
developing an axisymmetric model. Experimentally, the influence of tempera-
ture, different chemical systems, or different geometries by varying the contact
angle of the drop are appealing open questions to explore. A better under-
standing of the dissolution of multiphase and multicomponent systems may
provide valuable information for the investigation of multiphase systems and
spontaneous emulsifications in general. We also hope our work may provide
contribution to industrial application, such as modern liquid-liquid microex-
traction techniques.
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5
Evaporating pure, binary & ternary

sessile drops ∗ †

The Greek aperitif Ouzo is not only famous for its specific anise-flavored taste,
but also for its ability to turn from a transparent miscible liquid to a milky-
white colored emulsion when water is added. Recently, it has been shown that
this so-called Ouzo effect, i.e. the spontaneous emulsification of oil micro-
droplets, can also be triggered by the preferential evaporation of ethanol in an
evaporating sessile Ouzo drop, leading to an amazingly rich drying process with
multiple phase transitions [H. Tan et al., Proc. Natl. Acad. Sci. USA 113(31)
(2016) 8642]. Due to the enhanced evaporation near the contact line, the nu-
cleation of oil droplets starts at the rim which results in an oil ring encircling
the drop. Furthermore, the oil droplets are advected through the Ouzo drop by
a fast solutal Marangoni flow. In this article, we investigate the evaporation of
mixture droplets in more detail, by successively increasing the mixture complex-
ity from pure water over a binary water-ethanol mixture to the ternary Ouzo
mixture (water, ethanol and anise oil). In particular, axisymmetric and full
three-dimensional finite element method simulations have been performed on
these droplets to discuss thermal effects and the complicated flow in the droplet
driven by an interplay of preferential evaporation, evaporative cooling and so-

∗Based on: C. Diddens, H. Tan, P. Lv, M. Versluis, J.G.M. Kuerten, X. Zhang, and D.
Lohse, Evaporating pure, binary and ternary droplets: thermal effects and axial symmetry
breaking, Journal of fluid mechanics 823, 470-497 (2017).
†Numerical work performed by C. Diddens.
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lutal and thermal Marangoni flow. By using image analysis techniques and
micro-PIV measurements, we are able to compare the numerically predicted
volume evolutions and velocity fields with experimental data.

5.1 Introduction

Evaporation of sessile droplets is a ubiquitous phenomenon which is utilized
in a wide-spread range of applications, e.g. inkjet printing, coating and spray
cooling. The pioneering work of Deegan et al. [38], explaining the so-called
coffee-stain effect, incented the scientific investigation of evaporating droplets
in general.

While the evaporation process of droplets consisting of a pure liquid is
mainly understood [35], multi-component droplets show in general far more
complex evolutions during evaporation. This is due to the complicated cou-
pling of multi-component evaporation, flow of the mixture and possibly also
thermal effects. Even for binary mixtures, the presence of the second com-
ponent can result in non-monotonic contact angle evolutions [51, 148–151],
initial condensation of the less volatile component [152] or entrapped residuals
of the more volatile component at later times [56, 57, 110, 111]. Furthermore,
the flow in the droplet is primarily driven by the solutal Marangoni effect.
In particular, it has been shown that water-ethanol droplets exhibit initially
chaotic and highly non-axisymmetric flows, followed by a fast transition to
nearly axisymmetric flow and outward radial flow towards the end of the life-
time [59, 100, 153]. By adding surfactants and surface-absorbed polymers, the
Marangoni flow can be controlled, leading to homogeneous deposition patterns
[72]. Neighboring binary mixture droplets can also interact through the vapor
phase which allows for the assembly of intriguing autonomous fluidic machines
[154]. Also the dissolution of a binary droplet in a third liquid shows highly
nontrivial and unexpected behavior [17, 127].

Recently, it has been shown that ternary mixture droplets, as the next more
general liquid, can show an even richer evolution process: By investigating the
evaporation of an Ouzo drop (ethanol, water and anise oil), we have revealed
multiple phase transitions, where the drop temporarily changes its appearance
from an initially transparent liquid to a milky-white colored emulsion [101].
The reason lies in the so-called Ouzo effect [41], i.e. the spontaneous emulsi-
fication of oil microdroplets once the local ethanol concentration has reduced
by preferential evaporation below a specific threshold. Since the evaporation
rate for droplets with contact angles below 90° is highest at the contact line,
the onset of the Ouzo effect starts near the rim which additionally results in an
oil ring encircling the drop. While most of the oil droplets are quickly trans-
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ported by solutal Marangoni flow through the entire droplet, also sessile oil
droplets immersed in the surrounding drop were observed – so-called surface
nanodroplets [36, 37, 63]. If the contact angle of an Ouzo droplet exceeds 90°,
the Ouzo effect initially occurs close to the apex, i.e. where the evaporation is
pronounced in this case, and no persistent oil ring formation can be observed
[136]. Instead, a continuous oil phase wraps up the drop due to Marangoni
forces.

Although the numerical results for the volume evolution of an Ouzo droplet
are in good agreement with the experimental data, there are some drawbacks
in the study of Tan et al. [101]: On the one hand, the applied lubrication
theory is only valid for very flat droplets, but the experimentally found contact
angle of the Ouzo droplet temporarily exceeds 80°, which causes a considerable
inaccuracy of the predicted flow velocity [110, 111]. On the other hand, it is
well known from the afore-mentioned experiments that the flow in ethanol-
water droplets is initially highly non-axisymmetric, which cannot be covered
by the used axisymmetric model. Finally, the influence of the latent heat of
evaporation has been neglected and the relative humidity had to be adjusted
in order to match the experimental volume evolution. In particular on a thin
substrate, as used in the experiment, thermal effects can play a crucial role
[111, 136].

In this study, we take advantage of a finite element method model to in-
vestigate the flow velocity inside evaporating multi-component droplets in
more detail, i.e. without being subject to the mentioned limitations of our
previous study. The model comprises multicomponent evaporation, evapo-
rative cooling, thermal and solutal Marangoni flow as well as composition-
and temperature-dependent fluid properties. We start our investigation with
a pure water droplet as the simplest case and successively generalize it to
a binary water–ethanol droplet and to the ternary Ouzo droplet. This pro-
cedure allows us to discuss possible disagreements between simulations and
experiments for complicated mixtures in the light of the agreement for sim-
pler mixtures. In the next step, the previously axisymmetric model is gen-
eralized to a full three-dimensional variant. Thereby, we are able to investi-
gate the aforementioned axial symmetry breaking of the flow and compare it
to micro-particle-image-velocimetry (micro-PIV) measurements and to under-
take a qualitative analysis by confocal microscopy.

Details about the performed experiments are described in section 5.2. In
section 5.3, the axisymmetric finite element method model is outlined and its
results are compared with the corresponding experimental data. The model is
generalized to three dimensions in section 5.4 to account for non-axisymmetric
flow and the numerical results are compared with experimental micro-PIV

89



5

5.2. EXPERIMENTAL SETUP

measurements.

5.2 Experimental setup

5.2.1 Droplet composition

In total, we have experimentally investigated the evaporation of three differ-
ent types of droplets, namely a pure water droplet, a binary water-ethanol
droplet and a ternary Ouzo droplet. The liquids used for these droplets were
pure Milli-Q water [produced by a Reference A+ system (Merck Millipore)
at 18.2 MΩ·cm (at 25 ◦C)], a mixture of 37.88% (wt/wt) Milli-Q water and
62.12% (wt/wt) ethanol [Sigma-Aldrich; ≥ 99.8 %], and a mixture of 37.24%
(wt/wt) Milli-Q water, 61.06% (wt/wt) ethanol and 1.70% anise oil [Sigma-
Aldrich], respectively. Furthermore, for the experimental micro-PIV measure-
ments described later on in section 5.2.3, tracer particles have been added to
the binary water-ethanol droplet.

5.2.2 Setup and image analysis

The droplets were deposited through a teflonized needle [Hamilton; 8646-02]
by a motorized syringe pump [Harvard; PHD 2000] on a flat hydrophobic oc-
tadecyltrichlorosilane (OTS)-glass surface with a thickness of ds = 0.17mm.
The advancing and receding contact angles of water on the surface are 112°
and 98°, respectively. The entire evaporation process of the droplets was
recorded by a CCD camera [Ximea; MD061MU-SY, 3 frames per second (fps)
at 1372×1100 pixel resolution] equipped with a long-distance microscope sys-
tem [Infinity; Model K2 DistaMax] for side-view recordings and a digital SLR
camera [Nikon D750] equipped with a CMOS sensor [24 frames per seconds
(fps) at 1920×1080 pixels resolution] attached to a high-magnification zoom
lens system [Thorlabs; MVL12X3Z] for top-view recordings. The side-view il-
lumination was provided by a homemade collimated LED source. A universal
hand-held probe [Omega; HH-USD-RP1, accuracy relative humidity is ± 2 %
over 10 to 90 % @25 ◦C and a temperature accuracy of ± 0.3 K @25 ◦C] was
used to measure the relative humidity and temperature in the laboratory at a
sampling rate of one per second. A similar sketch of the setup is described in
detail in Tan et al. [101].

The image analysis was performed by a custom-made MATLAB program,
through which all of the geometric parameters at every frame were success-
fully determined. For the millimetric droplets in this study, the characteristic
lengths of the droplets are smaller than the capillary length scale, which is
equal to 2.7mm for water and 1.7mm for ethanol. Thus, gravity effects influ-
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Figure 5.1: Experimental setup of the micro-PIV system. The dual-cavity laser and the high-
speed camera are synchronized to record consecutive image pairs. To apply fluorescence
techniques, the inverted microscope is equipped with a dichroic cube and the droplet is
seeded with fluorescent particles. The focal plane of the microscope is placed at the bottom
of the droplet, i.e. close and parallel to the substrate.

encing the shape of the droplets can be disregarded. For pure water droplets
and binary water-ethanol droplets, a spherical-cap shape assumption was used
over the whole evaporation process. The program fits a circle to the contour
of the droplet silhouette in side view. The contact angle θ was calculated
based on the position of the intersection of the base line and the fitted circles.
Since Ouzo droplets temporarily show a very characteristic deviation from the
spherical cap shape due to the appearance of an oil ring at the rim, only the
top part of the contour above the oil ring was fitted by a circle. A polynomial
fit was applied to the profile of the oil ring and gave the contact angle θ. The
contact angle θ∗ of the spherical cap shaped top part was calculated based
on the position of the intersection point where the fitted line of the oil ring
profile and the fitted circle of the top contour cross. The droplet volume V was
calculated by integrating the volumes of horizontal disk layers and assuming
rotational symmetry of each layer with respect to the vertical axis.

5.2.3 Micro particle image velocimetry (micro-PIV)

To determine the velocity in the binary water-ethanol droplet, Micro Particle
Image Velocimetry (micro-PIV) measurements were performed. To that end,
the binary water-ethanol mixture was seeded with fluorescent particles. Per
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1mL of the water-ethanol solution, 30µL of aqueous tracer particle solution
[microParticles GmbH; PS-FluoRed-5.0: Ex/Em 530nm/607nm] was used.
The diameter of these tracer particles is dp = 5µm.

An overview of the experimental micro-PIV setup is given in Figure 5.1. It
consists of a dual-cavity Nd:YAG laser [Litron; NANO S 65-15PIV], a high-
speed camera [Photron; Fastcam SA-X2 64 GB] and an inverted microscope
[Olympus; GX-51] which is equipped with a dichroic cube. The laser and
the high-speed camera are synchronized by a pulse/delay generator [BNC;
Model-575]. The laser beam illuminates the droplet from below through a 10×
magnification objective lens with a numerical aperture (NA) of 0.30 (zoom-in
of Figure 5.1). The objective focal plane was placed just above the surface at
approximately 13µm to match the thickness of the focal plane, or the depth of
field (DOF), which was calculated to be 13.4µm. Thus, we had a sharp image
of the tracer particles closest to the substrate.

In this way, 10 consecutive image pairs with an interframing time of 4ms
were taken per second. To calculate the velocity field, the obtained images
were first post-processed with a custom MATLAB code to enhance the con-
trast. Then, the image pairs were analyzed with PIVlab [132, 133], using an
interrogation window of 64 × 64 pixels, corresponding to 128µm×128µm. An
interrogation window overlap of 75% leads to a 32µm vector spacing.

To qualify the degree to which the tracer particles exactly follow the flow,
we analyzed the Stokes number and the ratio of Stokes number to a buoyancy-
corrected Froude number [134]. The Stokes number is defined as St≡ t0umax/rc,
where t0 ≡

ρpd2
p

18µf
(1 + ρf/(2ρp)) is the characteristic time, umax the maximum

fluid velocity (∼ 10mms−1), ρp the density of the tracer particles (1.04gcm−3),
and µf the dynamic viscosity of the droplet liquid (∼ 10−3Pas). The factor
(1+ρf/(2ρp)) accounts for the added mass force [135]. The buoyancy-corrected
Froude number is defined as Fr ≡ u2

max/rc
(1−ρf/ρp)g , where ρf is the density of the

droplet liquid (0.977gcm−3 for water and 0.789gcm−3 for ethanol) and g is
the gravitational acceleration. The calculated values for St and St/Fr are
∼ 10−5 and ∼ 10−2 respectively, which indicate that the tracer particles are
truly tracers for the liquid flow inside the evaporating droplets.

The side-view recording setup (section 5.2.2) was coupled to the micro-PIV
setup to monitor the geometric shape evolution of the evaporating droplet
synchronized with the flow inside.

92



5

CHAPTER 5. EVAPORATING PURE, BINARY & TERNARY DROPS

5.3 Axisymmetric investigation
In a first step in the model used in the numerical simulations, the drop is
assumed to be axisymmetric. Although the flow velocity investigation later
on in section 5.4 shows that this symmetry is broken, the assumption of ax-
isymmetry drastically reduces the computation time. As shown by Diddens et
al. [110], the exact details of the flow in a droplet are not relevant for macro-
scopic quantities as e.g. the volume evolution V (t), whenever the flow is driven
by an intense Marangoni flow. This fact allows to discuss e.g. the influence of
the latent heat of evaporation on the droplet evolution within an axisymmetric
model.

5.3.1 Axisymmetric finite element method
In the following an outline of the axisymmetric finite element method is given.
A detailed description of the model can be found in the work of Diddens et
al. [111]. As depicted in Figure 5.2, the space, represented by axisymmetric
cylindrical coordinates (r,z), is separated into individual subdomains, namely
the gas phase Ωg, the droplet liquid Ωl, the substrate Ωs with a finite thickness
ds and the air below the substrate Ωb. The droplet shape, defined by the liquid-
gas interface Γlg, is assumed to be always in a spherical-cap shape. According
to the ellipticity measurements of Tan et al. [101], this is a good approximation,
at least as long as the oil ring in case of the Ouzo droplet is not taken into
account.

The following derivation of the model considers the Ouzo droplet, but it
can easily be simplified to the pure water droplet and the binary water-ethanol
droplet. The composition-dependence of the physical fluid properties, i.e. vis-
cosity µ, diffusivity D, mass density ρ, surface tension σ and thermodynamic
activities, are locally considered by fitting experimental data for water-ethanol
mixtures [67–69] and using thermodynamic models [70, 71]. Due to the small
initial concentration of anise oil in the Ouzo mixture, its influence on the liquid
properties is not considered. The temperature-dependence of the surface ten-
sion is also considered based on the experimental data of Vazquez et al. [68] to
account for thermal Marangoni flow. Plots of all these relations can be found
in the work of Tan et al. [101] and Diddens et al. [110].

In the gas phase, the diffusion equation for the vapor concentration cα with
α = e and α = w for ethanol and water, respectively, has to be solved. With
the vapor diffusivity Dg

α of α in air, this reads

∂tcα =Dg
α∇2cα . (5.1)

The anise oil is assumed to be non-volatile due to the low vapor pressure of
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Figure 5.2: (a) The problem is expressed by axisymmetric cylindrical coordinates. The
individual domains Ωg, Ωl, Ωs and Ωb are the gas phase, the liquid droplet, the substrate
with finite thickness ds and the air below the substrate, respectively. (b) The model solves
the coupled processes of vapor-diffusion-limited mixture evaporation, multi-component flow
with composition-dependent quantities and driven by solutal and thermal Marangoni flow,
as well the temperature field.

trans-anethole. As boundary condition of (5.1) for (r,z)→∞, the ambient
vapor concentrations cα,∞ have to be imposed. While there is no ethanol vapor
present far away from the droplet, i.e. ce,∞ = 0, the water vapor concentration
can be expressed by the ideal gas law:

cw,∞ = φ
Mwpw,sat(T∞)

RT∞
. (5.2)

Here, φ is the relative humidity, R is the ideal gas constant, T∞ is the
room temperature and pw,sat is the saturation pressure, which temperature-
dependence is given by the Antoine equation. At the liquid-gas interface Γlg,
the vapor-liquid equilibrium concentration cα,VLE is imposed, which can be
calculated via Raoult’s law, i.e. by

cα,VLE = γαxα
Mαpα,sat(T )

RT
. (5.3)

The vapor-liquid equilibrium couples the vapor concentration at the droplet
interface to the liquid mole fraction xα, where non-idealities are considered
by the activity coefficient γα. Since (5.3) has to be evaluated at the local
temperature, the evaporation rates are also coupled to the temperature field
T . From the solution of (5.1), one can directly calculate the diffusive vapor
flux at the interface:

Jg
α =−Dg

α∇cα·nlg . (5.4)
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The mass transfer rates jlg
w and jlg

e can be determined from the diffusive vapor
fluxes via the coupled mass transfer jump conditions

jlg
α −Jg

α·nlg−yg
α

(
jlg

w + jlg
e

)
= 0 , (5.5)

where yg
α is the mass fraction of α-vapor in the gas phase. By assuming

constant gas density ρg, one can approximate yg
α = cα,VLE/ρ

g.
In the droplet, the spatio-temporal liquid composition is governed by the

convection-diffusion equations for the liquid mass fractions yα, i.e.

ρ(∂tyα+u·∇yα) =∇·(ρD∇yα)−Jα·nlgδlg . (5.6)

For simplicity, the composition-dependence of the mass density ρ is approx-
imated by the spatially averaged composition. This assumption has been
validated in Diddens et al. [111] and simplifies Eq. (5.6) as well as the mo-
mentum equation. At the liquid-gas interface, a source/sink term is imposed
via the interface delta function δlg. The corresponding flux Jα is obtained by
the counterpart of Eq. (5.5) for the liquid phase, i.e.

jlg
α −Jα·nlg−yα

(
jlg

w + jlg
e

)
= 0 . (5.7)

The mass fraction of the non-volatile anise oil is not solved explicitly, but
calculated via ya = 1−ye−yw.

Due to the latent heat of evaporation Λα, the interface is cooled down by
the evaporative mass fluxes jlg

α . This effect is taken into account by considering
the convection-diffusion equation for the temperature T , i.e.

ρcp (∂tT +u·∇T ) =∇·(λ∇T )− δlg
(
jlg

w Λw + jlg
e Λe

)
. (5.8)

The mass density ρ, the specific heat capacity cp and the thermal conductiv-
ity λ are different on the individual subdomains. In the droplet, the values
furthermore depend on the local mixture composition according to the exper-
imental data of Grolier&Wilhelm [155] and Yanoet al. [156].

Finally, the velocity u has to be solved. For the moment, the flow in
the gas phase is disregarded. The influence of convective mass and thermal
transport in the gas phase is discussed later on in section 5.3.4. Due to the
micrometer-sized droplet, the Bond number Bo and the capillary number Ca
are small, i.e. � 1 (Bo< 0.08 and Ca< 3·10−4 holds for all droplets discussed
in this article). While the former allows to disregard gravitational effects, the
latter ensures that the flow in the droplet is dictated by the surface tension.
Thus, it is assumed that the droplet is always in an axisymmetric spherical
cap shape. Thereby, it is possible to calculate the normal interface velocity
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ulg·nlg along the entire interface directly from the evolution of the volume
V (t) and the contact angle θ(t). The volume loss V̇ (t) can easily be calculated
by integrating the evaporation rates over the liquid-gas interface and by tak-
ing the spatially averaged composition-dependence of the mass density into
account. The contact angle θ can be imposed from fitted experimental data
for θ(t) or θ(V ) or, alternatively, obtained from an appropriate model for the
composition-dependent contact angle evolution (cf. e.g. Diddens et al. [111]).

The normal interface velocity defines via the kinematic boundary condition
the normal flow velocity nlg·u in the droplet, i.e.

nlg·u = nlg·ulg + 1
ρ

(
jlg

w + jlg
e

)
=: un . (5.9)

With the stress tensor

T(u) =−pI+µ
(
∇u + (∇u)t

)
, (5.10)

the tangential velocity component is subject to the shear stress boundary
condition

nlg·T·tlg−nlg·Tg·tlg = tlg·∇lgσ . (5.11)

Due to the small viscosity ratio between gas and liquid phase, i.e. µg � µ,
and the continuous tangential velocity at the interface, the contribution of the
shear stress in the gas phase, i.e. the term nlg·Tg·tlg, can be neglected. This
assumption is validated later on in section 5.3.4. Since the surface tension σ
is a function of the composition and the temperature, solutally and thermally
driven Marangoni flow has to be expected.

Inside the droplet, a slightly modified Stokes flow is solved:

−∇·T(u) = 0 and ∇·u =−∂tρ

ρ
(5.12)

along with the no-slip boundary condition u = 0 at the substrate z = 0.
For the implementation of the finite element method, the governing equa-

tions are converted to corresponding weak forms [111] and solved with the
help of the finite element package FEniCS [157].

5.3.2 Pure water droplet
To validate the model on the basis of the simplest case, the experimental setup
was used to measure the evolution of a 0.63µL pure water droplet at ambient
temperature T∞ = 20.4◦C and relative humidity φ = 54%. The case of pure
water can easily be simulated by setting yw = 1 in the model equations. The
experimental data is depicted along with the corresponding simulation data in
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Figure 5.3: (a-b) Snapshots of a pure water droplet with velocity field in the droplet and
vapor concentration in the gas phase (left) and temperature field (right) at two different
times t= 100s (a) and t= 1000s (b). A corresponding movie is available as supplementary
material. (c) Volume evolution of the experiment and according to simulations with and
without considering thermal effects. (d) Contact angle of the experiment and corresponding
fit, which is used as input parameter for the simulation. (e) Averaged tangential fluid velocity
at the interface.

Figure 5.3. The right side of the snapshots (a) and (b) show the temperature
field of the droplet and its surrounding. Due to the thin substrate, the latent
heat of evaporation leads to an intense cooling, which can be more than 3K.
From the volume evolution V (t) depicted in (c), it is apparent how the cooling
influences the evaporation rate: If the latent heat and the corresponding reduc-
tion of the vapor pressure are considered, the numerical simulation perfectly
agrees with the experimental data. For comparison, also the corresponding
isothermal simulation, i.e. without considering thermal effects, is indicated.
This simulation, which resembles the result of the model equation by Popov
[32], predicts a noticeably faster drying than the experiment. Thus, even for
pure droplets evaporating at room temperature on a glass substrate, thermal
effects cannot be disregarded, provided the substrate is thin, i.e. comparable
with the droplet size, with air below.

The contact angle evolution in Figure 5.3(d) shows the typical stick-slip
behavior, i.e. an initial decrease of θ(t) at constant contact line radius rc,
followed by a constant contact angle with a receding contact line rc(t). While
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this behavior could be incorporated into the simulation by introducing a re-
ceding contact angle, the contact line dynamics of mixture droplets are more
rich and complicated to account for with an accurate model. To that end, we
have simply fitted the contact angle measured experimentally and used it as
an input parameter throughout the simulation.

As can be seen from the left side of the snapshots (a) and (b), the simulation
predicts a strong thermal Marangoni flow from the contact line along the
liquid-gas interface towards the apex. The corresponding temporal evolution
can be inferred from Figure 5.3(e), where the average tangential fluid velocity
at the interface

ūt(t) = 1∫
Γlg
rdl

∫
Γlg

u·tlg rdl (5.13)

is plotted. The tangent tlg is defined to point along the interface towards
the apex. One can infer that the simulation predicts a persistent thermal
Marangoni flow throughout the entire lifetime of the droplet. In experiments,
the observed thermal Marangoni flow in water droplets is usually much slower
than the theoretical predictions [94]. We discuss this issue later on in section
5.4.2.

5.3.3 Binary water-ethanol droplet
As a next step, the model is validated by a binary water-ethanol droplet at
ambient temperature T∞ = 21.4◦C and relative humidity φ = 55%. Due to
practical reasons in the experiment, it took some seconds between the de-
position of the droplet and the first snapshot at t = 0s. Since the average
composition changes within this offset time, the initial composition in the
simulation has a slightly lower ethanol content (57.7 wt%) than specified in
section 5.2.1. This particular correction was determined by extrapolating the
numerically obtained initial compositional rate of change over the offset time.

Representative snapshots of the simulation are shown in Figure 5.4(a-c).
Initially, the droplet is rather flat and both components evaporate with the
typical singularity near the contact line. In combination with the fact that
water (evaporation rate by arrows on the left side) has a lower volatility than
ethanol (arrows on the right side), this leads to an enhanced water concen-
tration near the contact line. The resulting surface tension gradient drives an
intense solutal Marangoni flow, which breaks up into chaos due the Marangoni
instability of water-ethanol mixtures [158].

In the initial regime, thermal Marangoni flow is almost irrelevant, but the
incorporation of the latent heat of evaporation is still important, as it affects
again the volume evolution, which is depicted in Figure 5.4(d). As for the
case of pure water, the volume V (t) of the simulation agrees perfectly with
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Figure 5.4: (a-c) Snapshots of a binary water-ethanol droplet with ethanol mass fraction ye in
the liquid phase and water vapor concentration in the gas phase (left) and temperature field
(right) at three different times t= 20s (a), t= 150s (b) and t= 250s (c). The arrows at the
interface indicate the evaporation rates of water (left) and ethanol (right). A corresponding
movie is available as supplementary material. (d) Volume evolution according to experiment,
full simulation and isothermal simulation. (e) Partial masses of both components in the
drop. (f) Experimentally obtained contact angle and corresponding fit for the model. (g)
Mean tangential fluid velocity at the interface and its rms-average. (h) Average interface
temperature.

the experimental data, but only if the evaporative cooling is considered. In the
case of a binary mixture, the evaporative cooling has another effect, namely
the suppression of the water evaporation at initial stages: Due to the highly
volatile ethanol, the interface is cooled down to a temperature, at which the
vapor-liquid equilibrium for the water vapor concentration at the interface
almost reaches the level of the vapor concentration in the ambient. At a
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higher relative humidity, this coupling between the evaporation rates and the
temperature would even induce an initial condensation of water [111].

The two distinct slopes in the volume curve V (t), which we already observed
and explained in Tan et al. [101], result from the preferential evaporation of
ethanol in the initial regime followed by the slower evaporation of the remain-
ing water residual at later times. This interpretation is validated by resolving
the evolution into the partial masses of water and ethanol as shown in Fig-
ure 5.4(e). It is apparent that the evaporation rate of water, i.e. the slope
of the partial mass ṁw(t), is slightly reduced as long as ethanol is present.
This is due to Raoult’s law (5.3), but is also caused by the reduction of the
vapor pressure due to the additional cooling stemming from the evaporation
of ethanol.

The contact angle was again fitted from experimental data and used as
input parameter for the simulation. The data for θ(t) depicted in Figure 5.4(f)
reveals an initial decrease due to a pinned contact line followed by an intense
increase, which can be understood by considering the composition-dependence
of the surface tension in the Young-Laplace equation.

At later times, when virtually all ethanol has evaporated, a flow transi-
tion occurs (cf. Figure 5.4(c)): The chaotic solutal Marangoni flow suddenly
switches over to regular thermal Marangoni flow as for the pure water droplet
of Figure 5.3. The abrupt transition can also be inferred from the plot of the
average tangential velocity ūt(t) in Figure 5.4(g). While the chaotic solutal
flow induces a net flow towards the contact line, ūt < 0, it suddenly converges
to the regular thermal Marangoni flow towards the apex, i.e. ūt > 0. Addi-
tionally, to estimate the average flow speed at the interface without respecting
the local direction, the rms-averaged tangential fluid velocity

ūt,rms(t) =
√

1∫
Γlg
rdl

∫
Γlg

(u·tlg)2 rdl (5.14)

is plotted in Figure 5.4(g). It is apparent that the flow is most intense in
the limit of rather dilute ethanol. In this region, the compositional surface
tension gradient, i.e. ∂σ/∂ye, has its maximum and hence drives the most
intense solutal Marangoni flow.

Finally, in Figure 5.4(h), the average temperature of the liquid-gas interface
T̄lg is depicted. Again, cooling can be up to 3.5K and is most pronounced
during the initial regime, where both components evaporate. Although water
has a 2.7 times higher specific latent heat than ethanol, most of the initial
cooling is induced by the up to 9 times faster evaporation rate of ethanol.
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5.3.4 Influence of convective transport in the gas phase
Before addressing the ternary Ouzo droplet, the flow in the gas phase is in-
vestigated. Until now, this flow has been disregarded, but since it generates
convective vapor and thermal transport, it can influence the evaporation rates
and the temperature field. The flow in the gas phase can most generally
be driven by four mechanisms, namely forced convection, natural convection,
Marangoni convection and Stefan flow. While forced convection can be ruled
out due to the geometry of the experimental setup, the mass density gradient
required for natural convection can be caused by a thermal gradient as well
as by vapor concentration gradients. Since the temperature at the droplet is
lower than the ambient temperature, thermally driven natural convection can
be ruled out. To estimate the influence of solutally induced natural convection,
we define the solutal Rayleigh number

Raα = gβα (cα,VLE− cα,∞)r3
c

νDg
α

, (5.15)

where g is the acceleration due to gravity, ν the kinematic viscosity of the
gas phase (assumed to be independent of the vapor concentration) and βα =
(∂ρg/∂cα)/ρg is the solutal expansion coefficient, which can be calculated by
the ideal gas law. The solutal Rayleigh numbers with the largest modulus of
the simulations discussed so far read Raw ∼ 1 and Rae ∼−10 for water vapor
and ethanol vapor, respectively. Note that the different signs originate from
the fact that water vapor is less dense than dry air, whereas ethanol vapor
is more dense. However, according to Dietrich et al. [127], an influence of
solutally driven natural convection on the evaporation rate can be ruled out
at these Rayleigh numbers.

Since the tangential velocity is continuous at the interface, the fast Marangoni
flow will be also present in the gas phase. Furthermore, the density differ-
ence of liquid and vapor leads to a discontinuous jump in the normal veloc-
ity component, which constitutes the so-called Stefan flow. To investigate
the influence of these effects, the Stokes flow is solved in the gas phase as
well, where the normal component of the gas velocity is imposed analogously
to (5.9) and the tangential component is imposed to be continuous with its
counterpart in the liquid. Furthermore, the convection-diffusion equations
(5.1) and (5.8) are augmented with the corresponding convective term in the
gas phase and the additional convective vapor transport at the interface, i.e.
cα,VLE(ug−ulg)·nlg, is added to the evaporative mass fluxes.

In Figure 5.5(a,b), the simulation of the binary water-ethanol droplet of
Figure 5.4 with consideration of Marangoni and Stefan flow in the gas phase
is depicted. From the velocity field on the right side of the snapshots, it is
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apparent how the Marangoni flow creates vortices in the gas phase, which are
initially chaotic and become regular once the ethanol has evaporated. The
contribution of the Stefan flow, i.e. the normal velocity jump, is barely visi-
ble, since the typical Stefan flow velocity is only about 1 mms−1. As can be
inferred from Figure 5.5(c-e), the additional convective transport of vapor and
energy has virtually no influence on the volume evolution, the fluid velocity
and the interfacial temperature. Hence, disregarding the flow in the gas phase
is justified for the discussed cases.

Furthermore, the simulations with flow in the gas phase allow to validate
the assumption of omitting the shear stress term nlg·Tg·tlg in (5.11): The
ratio of the shear stresses in the gas phase and in the liquid phase is indeed
below 2%.

5.3.5 Ternary ouzo droplet

Now that the model has been validated based on a pure water and a binary
water-ethanol droplet, we focus on a ternary Ouzo droplet at T∞ = 22.5◦C
and φ = 40% in the following. To that end, we took the experimental data
of our previous article [101] and performed corresponding simulations with
the finite element method described in section 5.3.1. Different from the lu-
brication theory model used in our previous article [101], the present model
takes thermal effects into account and is not subject to the limitation of the
lubrication approximation where the contact angle has to be small. In the
previous article, we furthermore had to adjust the relative humidity to repro-
duce the experimental data with the isothermal lubrication theory model in
Tan et al. [101].

In Figure 5.6(a-c), the numerically determined onset of the Ouzo effect is
depicted (white regions on the left side). As in the experiment, the nucleation
of oil microdroplets starts at about t= 20s at the contact line. Different from
the predictions of the isothermal lubrication theory model [101], the flow in the
droplet is chaotic, which leads to a chaotic propagation of the phase separation
front through the droplet. At t≈ 30s, nucleation can occur everywhere in the
droplet.

As it is apparent from the volume evolution curve in Figure 5.6(d), the
initial slope matches the experimental results perfectly, but shows deviations
at later times. Since the volume evolution of the pure water droplet and the
binary water-ethanol droplet perfectly matches the experiments, the disagree-
ment in the ternary case can definitely be attributed to the presence of the
third component, namely the anise oil. While it is initially miscible, which is an
assumption of the model, the simulation shows perfect agreement in the first
regime. At later times, however, the oil ring starts to form, which changes the
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ū
t
[m

m
s−

1
]

t [s]

T̄
lg

[◦
C
]

experiment

no gas flow

no gas flow

no gas flow

with gas flow

with gas flow

with gas flow

T∞

0

0.1

0.2

0.3

0.4

0.5

−15

−10

−5

0

5

10

17

18

19

20

21

22

0 100 200 300 400 500 600

Figure 5.5: (a-b) Same as in Figure 5.4 at two different times t= 25s (a) and t= 250s (b),
but now considering in the calculation and showing in the picture the flow in the gas phase
(depicted on the right side). (c-e) Comparison of relevant quantities obtained by simulations
with and without flow in the gas phase, revealing hardly any difference.

geometry from the typical spherical cap shape to a more complicated shape,
i.e. a water droplet sitting on an oil ring. This leads to a reduction of the
water-air interface area and thereby reduces the evaporation rate. The model
cannot account for this change in geometry since it always assumes a perfect
spherical cap shape and hence predicts a faster evaporation rate. Another pos-
sible factor that could contribute to the disagreement is the fact that the anise
oil used is not a pure grade of trans-anethole and consists of about 10% of
unknown components [159]. These could also influence the evaporation rate,
e.g. by forming a shielding monolayer suppressing evaporation [160].

The other quantities depicted in Figure 5.6(e-h), e.g. the fluid velocity and
temperature, are qualitatively similar to the case of the binary water-ethanol
droplet of Figure 5.4. While there are temporarily two contact angles in the
experiment, i.e. the contact angle θ between the oil ring and the substrate and
the contact angle θ∗ of the spherical cap-shaped upper part of the droplet, the
present simulation can only take a single contact angle. Here, θ∗ was imposed
as the contact angle in the simulation during the time the oil ring was present
in the experiment.
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Figure 5.6: (a-c) Snapshots of a ternary Ouzo drop with ethanol mass fraction ye in the
liquid phase and water vapor concentration in the gas phase (left) and temperature field
(right) at three different times t= 20s (a), t= 22.5s (b) and t= 25s (c). Regions where the
Ouzo effect occurs are shaded white on the left side. The arrows at the interface indicate
the evaporation rates of water (left) and ethanol (right). A corresponding movie is available
as supplementary material. (d) Volume evolution according to experiment and the full
simulation. (e) Partial masses of all components in the drop. (f) During the evolution, the
droplet shape temporarily deviates from a spherical-cap shape due to the presence of the
oil ring. During this period, the contact angle in the model was set to the contact angle θ∗
of the spherical cap-shaped upper part. Otherwise, the usual contact angle θ was imposed.
(g) Mean tangential fluid velocity at the interface and its rms-average. (h) Average interface
temperature.
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5.4 Axial symmetry breaking

While the volume evolution predicted by the model has already been com-
pared to the experimental data, a quantitative comparison of the flow velocity
remains to be made. However, for the investigation of the initially chaotic flow
in the binary water-ethanol and in the ternary Ouzo droplet, an axisymmetric
model clearly falls short, since the Marangoni instability will also induce com-
positional perturbations around the circumference of the droplet and drive
Marangoni flow in this direction. This breaking of the axial symmetry for
binary water-ethanol droplets has already been observed by Christy et al. [59],
Bennacer & Sefiane [100] and Zhong & Duan [153]; however, to our knowledge,
it has not yet been studied by numerical simulations. In the following, we in-
vestigate this aspect of multi-component droplets by comparing experimental
micro-PIV measurements with the results from the three-dimensional finite el-
ement method. Here, we focus on the binary water-ethanol droplet as depicted
in Figure 5.4 for two reasons: On the one hand, the volume evolution shows
perfect agreement for this droplet and, on the other hand, the presence of oil
microdroplets in the Ouzo droplet hinders the use of the micro-PIV technique
as described in section 5.2.3.

5.4.1 Three-dimensional model

To investigate the axial symmetry breaking within the framework of the model,
it has to be generalized to three dimensions. Mathematically, this generaliza-
tion from the two-dimensional axisymmetric model to a full three-dimensional
variant is an easy step. One just has to transfer the weak forms [cf. 111]
to their corresponding three-dimensional equivalents. However, from the per-
spective of implementation, one faces the challenge of having to treat a free
boundary problem. In the axisymmetric model, the movement of the sharp
liquid-gas interface was made possible by shifting interfacial mesh nodes and
performing a local reconstruction of the mesh whenever necessary to prevent
the elements from collapsing. For the interpolation from the previous mesh
to the reconstructed mesh, the supermesh method introduced by Farrell et
al. [161] was utilized. Both the local mesh reconstruction and the supermesh
method constitute a fundamental challenge to be generalized to three dimen-
sions. To circumvent these problems, we focus on a static three-dimensional
mesh instead. This approach does not allow to perform a single simulation over
the entire lifetime of the droplet, but can still capture the three-dimensional
flow statistics for a specific droplet composition. The use of a static mesh
is possible, since the typical flow velocity in the droplet is several orders of
magnitude larger than the movement of the interface.

105



5

5.4. AXIAL SYMMETRY BREAKING

(a)

vapor diffusion

Stokes flow
and

mixture composition

temperature field

(d)

t3d [s]

in
te
rf
a
ce

v
el
o
ci
ty

[m
m

s−
1
]
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Figure 5.7: (a) View into a mesh for the three-dimensional model. (b) Axial symmetry
breaking for snapshot time t= 150s at different three-dimensional simulation times t3d. The
droplet is depicted in top view showing the ethanol mass fraction at the interface. The
composition and the tangential fluid velocity at the interface (white arrows) quickly break
up into a chaotic, highly non-axisymmetric behavior with a cellular structure. (c) Same as
(b), but for the snapshot time t= 200s. Due to the low ethanol concentration, the break-up
is slower. At later times, a cellular pattern can be observed along the rim, which is pulled in
filaments towards the apex by thermal Marangoni flow. (d) Evolution of the rms-averaged
tangential fluid velocity components ūapex

t,rms and ūcircum
t,rms for the simulation of (c). After a

transient regime, the dynamics end up in a chaotic long-time regime with converged mean
values and standard deviations.
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The procedure is as follows: For selected individual times t of the axisym-
metric simulation depicted in Figure 5.4, we project the axisymmetric data
on a corresponding three-dimensional mesh (cf. Figure 5.7(a)). This is used
as initial condition for the generalized three-dimensional model, which is in-
tegrated over another time t3d to obtain the characteristic three-dimensional
flow at time instant t. Again, the vapor diffusion equations for the volatile
components are solved in the gas phase, the convection-diffusion equations for
the composition and the Stokes flow are solved in the droplet, and the temper-
ature field is solved in all domains, including the substrate and the air below
it. Since the mesh is static, the kinetic boundary condition has to be modified
to nlg·u = 0. Furthermore, to capture the characteristic three-dimensional
flow at time instant t, one has to ensure that the average composition is not
changing within the simulation time t3d of the three-dimensional model. This
can be achieved by augmenting the convection-diffusion equation (5.6) by a
spatially uniform correction term which compensates for the evaporation, i.e.

ρ(∂t3dyα+u·∇yα) =∇·(ρD∇yα)−Jα·nlgδlg + 1
V

∫
Γlg

Jα·dA . (5.16)

The axisymmetry of the initial condition from the axisymmetric model can
break up by the Marangoni instability. Azimuthal perturbations of the com-
position can arise, yielding to non-axisymmetric solutal Marangoni flow which
in turn feeds back to the coupled dynamics of multi-component flow, evapora-
tion and thermal effects. A representative example is shown in Figure 5.7(b)
for the snapshot time t= 150s, which corresponds to the axisymmetric initial
condition of Figure 5.4(b). Within a very short three-dimensional simula-
tion time t3d, the axial symmetry of mixture composition and Marangoni flow
is broken and the system exhibits highly non-axisymmetric dynamics with a
cellular structure.

When the ethanol concentration is lower and thermal Marangoni flow be-
comes relevant, the symmetry break-up is slower. This can be seen from the
simulation at snapshot time t = 200s depicted in Figure 5.7(c). In an initial
transient regime, perturbations arise at the apex and near the contact line,
which coalesce to four large cells. With ongoing simulation time, however, new
perturbations arise at the contact line, which form small spots with enhanced
ethanol concentration. Due to thermal Marangoni flow, filaments of enhanced
ethanol concentration are pulled out of these spots towards the apex. The
spots near the contact line have a remarkable similarity to the hydrother-
mal waves in ethanol droplets on heated substrates as reported by Sobac &
Brutin [162]. The fundamental difference is, however, that the hydrothermal
waves are a result of an intense thermal Marangoni effect alone, whereas here
a combination of thermal and solutal Marangoni flow induces these structures.
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For even lower ethanol concentrations, i.e. for snapshot times t > 225s, the
initial axisymmetry persists, i.e. a breaking of the axial symmetry cannot be
observed.

To determine the typical three-dimensional flow characteristics, the simu-
lation time t3d has to be sufficiently long. In particular, we are interested in
the long-time regime only, i.e. not in the transient regime as e.g. depicted
in the central picture of Figure 5.7(c). To determine whether the simulation
has already reached its long-time behavior, the rms-averaged tangential fluid
velocity at the interface is investigated. In order to distinguish between ax-
isymmetric behavior and broken symmetry later on, the rms is split into its
two components, namely

ūapex
t,rms(t) =

√
1∫

Γlg
dA

∫
Γlg

(
u·tapex

lg

)2
dA (5.17)

ūcircum
t,rms (t) =

√
1∫

Γlg
dA

∫
Γlg

(
u·tcircum

lg

)2
dA, (5.18)

where tapex
lg is the interface tangent pointing towards the apex and tcircum

lg is
the tangent pointing along the circumference of the droplet. Hence, a non-
vanishing value of ūcircum

t,rms with respect to ūapex
t,rms indicates the absence of axial

symmetry. A typical evolution of these quantities is depicted in Figure 5.7(d).
Initially, the Marangoni instability breaks the axial symmetry, which results
in an increasing value of ūcircum

t,rms . After that, it can take several seconds of
simulation time t3d until the system enters its long-time behavior. The long-
time behavior regime can be identified when both ūapex

t,rms and ūcircum
t,rms show a

converged mean value and variance.
The characteristic flow statistics were finally extracted based on at least

t3d = 30s of long-time behavior for different snapshot times t. The resulting
data for the tangential fluid velocity components is depicted in Figure 5.8.
Initially, the droplet is highly non-axisymmetric with ūapex

t,rms ≈ ūcircum
t,rms . With

ongoing time, ethanol evaporates and since the composition-dependence of
the surface tension has its steepest gradient in the limit of dilute ethanol,
the flow becomes faster. After a maximum at about t ≈ 130s, the average
velocity decreases again. Until t = 175s, the characteristic flow pattern is
predominantly driven by solutal Marangoni flow. The ethanol concentration
at the interface exhibits spatio-temporally chaotic cellular patterns. Moreover,
it is possible that a net flow from one side of the rim to the opposing side can
build up (e.g. from right to left in the inset at t = 175s). After t = 175s,
i.e. after the local minimum of ūapex

t,rms, a transition can be observed. The
flow is mainly directed towards the apex due to the thermal Marangoni effect,
but the dilute ethanol still causes symmetry-breaking perturbations (cf. inset
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Figure 5.8: Evolution of the rms-averaged tangential velocity components based on the long-
time behavior of individual 3d-simulations corresponding to the axisymmetric simulation
of Figure 5.4. The error bars indicate the standard deviation and the insets show typical
snapshots of the 3d-simulations at the indicated times. The numbers below the snapshot are
the time and the averaged ethanol mass fraction.

at t = 185s). This characteristic flow pattern has already been discussed in
Figure 5.7(c). With ongoing time and vanishing ethanol, the flow gets more
and more axisymmetric and regular, which can be inferred by the vanishing
value of ūcircum

t,rms .

5.4.2 Comparison with experiment

As described in section 5.2.3, micro-PIV measurements were performed during
the evaporation of the binary water-ethanol droplet. Thereby, experimental
data for the flow in the focal plane, i.e. close to the substrate became available.
Since the simulation solves the entire flow field in the bulk, it is possible to
extract the corresponding velocity by slicing the three-dimensional mesh at
the focal plane and projecting the local velocity vectors onto it. This allows
for a direct comparison of experimentally and numerically determined velocity.

Representative snapshots of the experimental micro-PIV measurement are
depicted in Figure 5.9(a-f). It is apparent that the axisymmetry is initially
broken by the presence of multiple vortices near the liquid-air interface (a,b).
With ongoing time, the flow gets more intense and more chaotic up to a
maximum at about t= 100s (c,d). Directly after that, a net flow towards the
center of the focal plane is building up, which is not perfectly axisymmetric

109



5

5.4. AXIAL SYMMETRY BREAKING

but globally it is directed radially inward (e). The flow is slowing down until
it completely stops at about t= 140s (f).

The data extracted from the numerical simulation is depicted in Figure 5.9(g-
l) for comparison. It is apparent how the typical flow is very similar at early
times (g,h), but in the numerics the maximum averaged flow intensity can
only be found at t ≈ 150s (i,j), i.e. when the flow has already ceased in the
experiments. After this maximum, the flow does not turn inward, but outward
instead, which is caused by the thermal Marangoni effect. As long ethanol re-
sides in the droplet, deviations from perfect axisymmetric thermal Marangoni
flow can be seen (k). These eventually decrease over time until the flow fi-
nally converges to a perfectly axisymmetric intense thermal Marangoni flow.
The initial agreement of experiment and simulation can also be inferred from
Figure 5.10(a), where the averaged velocities in the focal plane are plotted
following both methods. At later times, however, the disagreement is obvious.

Since the disagreement is most pronounced at later times, it cannot be
attributed to the presence of a binary mixture. In fact, for t & 250s the
droplet is virtually a pure water droplet, which should show an intense ther-
mal Marangoni flow according to the simulation, which is not observed in
experiment. This disagreement between prediction and observation of ther-
mal Marangoni flow in water droplets is well-known [94]. At t = 250s, the
numerically obtained temperature difference between contact line and apex
reads ∆T ≈ 0.57K, which corresponds to a surface tension difference of ∆σ ≈
−0.084mNm−1, i.e. 0.1% of the averaged surface tension. As already dis-
cussed by Hu & Larson [94], this small thermally induced difference can be
counteracted by a very small amount of surface-active contaminants, which
are unavoidable during the experiment.

Therefore, the present scenario, i.e. good agreement at initial stages and
large disagreement in the limit of pure water, can presumably be attributed to
the presence of contaminants. Since the initial solutal Marangoni instability
is intense and chaotic, the contaminants are unable to arrange to a coun-
teracting distribution along the interface. With ongoing time, three mecha-
nisms can contribute to an increase of the overall contaminant concentration
at the interface. These are the fact that the droplet and thus the interface are
shrinking, a possible ongoing adsorption of contaminants from the gas phase
during the evaporation process, and a possibly increasing interface affinity
of the contaminants with decreasing ethanol concentration. Once the con-
taminant concentration is sufficiently high, they start to stabilize the solutal
Marangoni flow leading to the almost symmetric radially inward flow as seen
in Figure 5.9(e). Eventually, the thermal Marangoni flow is completely sup-
pressed by the contaminants (cf. Figure 5.9(f)). However, to substantiate
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Figure 5.9: (a-f) Experimental snapshots of the velocity field in the focal plane at different
instants. The arrows display the local velocity and the vorticity is color-coded. The yellow
circle indicates the intersection of the liquid-air interface and the focal plane. (a) Small
vortices are present close to the liquid-air interface, breaking the axial-symmetry in the
entire droplet. (b) Small vortices can coalesce into a pairs of bigger vortices. (c,d) The
overall flow velocity and vorticity increase. (e,f) After a while, the flow has an inward flow
pattern (but not perfectly axisymmetric) and finally calms down. (g-l) Velocity in the focal
plane as extracted from the numerics. While the simulations shows initially good agreement
with the experiment, deviations are present at later times. Note that the color code is the
same for both experiment (a-f) and numerics (g-l). Corresponding movies are available as
supplementary material.
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Figure 5.10: Averaged velocity (a) and vorticity (b) in the focal plane based on the exper-
iment and the numerical simulation. The error bars indicate the standard deviation of the
numerically obtained quantities.

this scenario, more elaborate experiments, in particular measurements of the
contaminant concentration at the interface, or a generalization of the model
considering surface-active contaminants would be necessary. It can also not
be ruled out that the hydrophobic polystyrene tracer particles influence the
interface dynamics.

5.5 Conclusion

In conclusion, we have investigated the evaporation of multi-component droplets
with numerical and experimental methods. By comparing the results of these
methods, we are able to draw the following main conclusions:

Due to the good agreement of the numerical predictions and the experi-
mental data for a pure water droplet and a binary water-ethanol droplet, we
have validated the axisymmetric finite element method model of Diddens et
al. [111]. It has been shown that the quality of the agreement decisively de-
pends on the consideration of the interplay of multi-component evaporation
and thermal effects. In particular, it has been shown that even for a pure
water droplet the accuracy of the isothermal model of Popov [32] is limited
if the substrate is thin. Any noticeable influence of Marangoni flow and Ste-
fan flow in the gas phase on the evaporation has been ruled out for these
droplets. While the pure water droplet and the binary water-ethanol droplet
are in perfect agreement with the experiment, the simulation of the ternary
Ouzo droplet initially shows good agreement, including the onset of oil nucle-
ation, but exhibits a faster evaporation of the remaining water residual than
in experiment. This issue can presumably be attributed to the presence of the
oil ring, i.e. a geometric deviation from the typical spherical cap shape, and
which was not included in the present model.
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To experimentally investigate the flow in the binary water-ethanol droplet,
micro-PIV measurements have been performed. Since the flow is clearly non-
axisymmetric as long as ethanol is present, the model had to be generalized to a
full three-dimensional version. While the data is initially in good quantitative
agreement, deviations between experiment and simulation can be found at
later times. In particular, the simulation shows an intense thermal Marangoni
flow once pure water remains, whereas the micro-PIV measurement shows
no flow at all. Since all other aspects, i.e. composition-dependent liquid
properties and thermal influences, are considered in the model, the mismatch
can only be attributed to the presence of surface-active contaminations. This
observation encourages the development of even more elaborate models which
will take the role of surfactants into account and the conduction of novel
experiments which try to completely exclude any contamination.
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6
Porous supraparticle assembly in

colloidal ouzo drops∗

The assembly of colloidal particles from evaporating suspension drops is seen
as a versatile route for the fabrication of supraparticles for various applications
in catalysis, environmental pollution management, diagnostics, and material
science. However, the assembly is hindered from the interaction of the particles
with the substrate, as pinning effects lead to uncontrolled shapes of the emerg-
ing supraparticles. Liquid-repellent surfaces minimize line pinning, however,
they are known to be high-cost and fragile, and their practical application is lim-
ited by the difficulty of the supraparticle collection. Here we demonstrate how
the pinning problem can be overcome by self-lubrication. The colloidal particles
are dispersed in ternary drops, here consisting of water, ethanol, and anise-
oil. As the ethanol evaporates, oil microdroplets form (“ouzo effect"), leaving
behind the colloidal particles in the aqueous phase. Later the oil microdroplets
become jammed, eventually, coalesce and form an oil ring. The water drop
with the dispersed colloidal particles and dispersed oil microdroplets is sitting
on the oil ring (“self-lubrication”). Then the water evaporates, leaving behind a
porous supraparticle, which easily detaches from the surface. The dispersed oil
microdroplets act as templates, leading to multi-scale, fractal-like structures
inside the supraparticle. Employing this method, we could produce a large
number of supraparticles with tunable shapes and high porosity on hydrophobic
∗Based on: H. Tan, S. Wooh, H.J. Butt, X. Zhang and D. Lohse, Porous supraparticle

assembly through self-lubricating evaporating colloidal ouzo drops, Submitted.
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surfaces. Combing our new method with piezoacoustic inkjet technology opens
the way to mass production of controlled porous colloidal supraparticles.

6.1 Introduction

Supraparticles (SPs) refer to three-dimensional macroscopic structures by self-
assembly of colloidal (micro-) nanoparticles [163–166]. Such particles have
been identified as prominent candidates for a wide variety of modern appli-
cations like catalysis [167, 168], catalytically active particles [169], adsorbents
in environmental pollution management [170, 171], diagnostics [172], chro-
matography [173], photonics [163, 174], barcodes [175], biomedical delivery
[172], and sensing [176, 177]. Supraparticle fabrication by drying microlitre
colloidal dispersion drops on surfaces has been extensively investigated in last
few decades because of its versatility, operability, energy-efficiency, and po-
tential scalability [163, 165, 178]. Through controlling evaporation rates [166],
adding electric or magnetic fields[165, 179, 180], adjusting pH or ionic strength
of dispersion [181, 182], or regulating the surface properties of (multi-) par-
ticles and substrate [84, 168, 183–185], the generated SPs can acquire many
impressive features, including high surface-to-volume ratio, long-range order,
and periodicity at the mesoscale [163, 167, 174, 186–188].

However, the strong adhesion between the colloidal dispersion drops and
the surface hinders this promising technique. Since evaporating colloidal drops
normally suffer from a pinned contact line, a capillary flows inside the drop
arise and carry the colloidal particles to the edge, leading to a ring deposition,
i.e., the so-called “coffee ring effect” [38]. Up to now, the feasible way to
suppress the coffee ring effect for supraparticle synthesis is to employ super
liquid-repellant surfaces by reducing the initial contact area of the colloidal
drops [167, 183]. These special surfaces, however, are high-cost and fragile.
Besides, it is difficult to achieve a complete detachment of the supraparticles
from the surfaces. Another potential way to overcome the pinning effect is to
partially submerge the colloidal drops on a lubricated oil layer on the substrate
or use a lubricant-impregnate surface, but the mutual attraction of the floating
drops through the so-called “Cheerios effect” hinders controllability of this
method [180, 189].

In this paper, we will employ the so-called “ouzo effect” to prevent pinning
of the evaporating drops by what we call self-lubrication. “Ouzo” is the Greek
anise-flavored aperitif, mainly consisting of water, ethanol, and anise-oil. As
recently found [101], in evaporating ouzo drops phase separation occurs due
to the preferred evaporation of ethanol and the resulting lower oil solubility
(“ouzo effect”), preferentially at the contact line, where oil droplets first form.
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Figure 6.1: Supraparticles self-assembly by drying drops of ouzo suspensions on hydropho-
bic surfaces. a, Snapshots of the evaporation of a drop of ouzo suspensions. The contact
diameter of the drop smoothly decreased during the whole process, and ultimately with a
supraparticle generated, as displayed in SEM photographs (e,f ); b, The evaporation of a ses-
sile drop of water-ethanol suspensions with the same water-ethanol-nanoparticle proportion
(without anethole). The shrinkage of the contact diameter stopped soon and no supraparticle
formed in the end; c, The evaporation of an ouzo drop with the same water-ethanol-anethole
proportion (without nanoparticles), which displays the same dynamical evolution as panel
(a); d, A schematic illustration of the variation of contact diameter. In cases (a) and (c),
drops achieve a much smaller final contact diameter (red line) than case (b) (blue line) as a
consequence of the addition of the little anethole, which we call “self-lubrication.” The time
t is nondimensionalized by the depletion time tD. Scale bars (a-c), 250 µm.

Inspired by this phenomenon, we propose a reliable, robust and cost-efficient
method for supraparticle fabrication by employing a ternary liquid with ap-
propriately chosen mutual solubilities (“ouzo” solution) in evaporation-driven
particle assembly, which enables us to produce highly porous supraparticles
with a tunable shape on commonly-used hydrophobic surfaces.

6.2 Methods and results
The method is achieved by using the ternary liquid, here consisting of milli-Q
water (39.75 vol%), ethanol (59.00 vol%), and a slight amount of trans-anethole
(1.20 vol%) (“ouzo” solution), as the suspension medium of TiO2 nanoparticles
(0.05 vol%). We deposited a drop of 0.5 µL ouzo suspension on a hydrophobic
trimethoxy(octadecyl)silane (OTMS)-glass surface. A camera recorded the
drop evaporation from the side (Fig. 6.1a). During the drying, an oil ring
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emerged under the colloidal drop [101]. After that, the drop shrank on the
surface without pinning. After complete evaporation of first the ethanol and
then the water, a supraparticle emerged (Fig. 6.1e, f).
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Colloidal
ouzo drop
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Nanoparticles
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Oil microdroplets

Hydrophobic substrate

*NP

Figure 6.2: Schematic illustrations of supraparticles formation by self-lubrication effect, and
the corresponding confocal photographs. Colour indications under a confocal microscope:
yellow, oil; blue, water/ethanol; black, clusters of nanoparticles; red, substrate. a, Initial
state of evaporating drops of ouzo solution with well-dispersed nanoparticles. High nanopar-
ticle concentration causes the black appearance of the drop under confocal; b, Prevention
of nanoparticle deposition at the contact line. The self-formed oil ring thanks to the ouzo
effect prevents a pinned contact line and equips colloidal drops with high mobility and low
hysteresis. Nanoparticles aggregate and oil microdroplets nucleate on them; c, The shrinkage
of the oil ring, which sweeps nanoparticles/clusters from the substrate, preventing sedimen-
tation. After the evaporation of ethanol and water, the generated supraparticles either float
on the residual oil (panel d) or sit on the substrate (panel e), depending on the relation of
volume between the supraparticle and residual oil. All the confocal photographs were from
a horizontal scanning just above the substrate.

We performed a control experiment (Fig. 6.1b) by evaporating a water-
ethanol-nanoparticle drop (no oil contained, i.e., a binary drop), with the
same proportion of water, ethanol, and nanoparticle on the same substrate.
In this case, no self-lubricating oil ring could form, and the nanoparticles de-
posited on the surface with various deposition patterns [153, 190]. In a second
control experiment, we evaporated an ouzo drop without dispersed nanopar-
ticles (Fig. 6.1c). It had the same characteristics during evaporation as the
case with all ingredients in Figure 6.1a. The comparison of these three cases
demonstrates that the self-formed oil ring plays a crucial role for the charac-
teristics of the decrease of the contact diameter (illustration Fig. 6.1d). The oil
ring lubricated the colloidal drop during the self-assembly of supraparticles.
Therefore we call this process “self-lubrication” (Fig. 6.2).
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We further studied the dynamics of the self-lubrication process and the
supraparticle self-assembly with laser scanning confocal microscopy. The for-
mation of the oil ring is followed by conducting a series of horizontal scans
≈ 10µm above the substrate. Perylene (for oil) and rhodamine 6G (for aque-
ous) were added into the solution to distinguish different phases: Blue, yellow,
black, and red in the confocal images of Figure 6.2 represent the aqueous solu-
tion, the phase-separated oil, the nanoparticles (clusters), and the substrate,
respectively. Initially, the colloidal ouzo drop appeared black due to the disper-
sion of high concentration nanoparticles (Fig. 6.2a). The blue color of the so-
lution became visible once nanoparticles started aggregating (inset Fig. 6.2b).
The nucleated oil microdroplets attached to nanoparticles (clusters) due to
the preference of heterogeneous nucleation as compared to homogeneous nu-
cleation. Next, after the microdroplet nucleation, further nanoparticles will
attach to the oil-aqueous interface [191]. Thanks to the presence of the oil
ring from the coalescence of surface oil microdroplets, nanoparticles (clusters)
were restrained from accumulating at the air-oil-substrate contact line (red-
yellow boundary line in Fig. 6.2b). Driven by evaporation, the colloidal drop
contracted radially and forced the oil ring to slide inwards (Fig. 6.2c). The
drop contraction led to the nanoparticles assembly forming three-dimensional
structures. Here, surface tension prevailed over gravity, as the small drops have
small Bond number Bo= ρgL2/σ ∼ 10−1� 1. ρ is the density of the drop so-
lution (∼1000 kg/m3), g the gravitational acceleration, L the characteristic
size of the drop (∼0.5 mm), and σ the surface tension (water/trans-anethole
interfacial tension [136] ∼24.2 mNm−1).

The shrinkage of oil ring causes the levitation of the colloidal drop, and
the final geometry of the supraparticle is affected. The ridge of the oil ring
arched the colloidal drop (Fig. 6.2c). The inner ridge of the oil ring acted as
the lower half of the dynamical mold for supraparticle self-assembly, while the
liquid-air interface formed the upper half. Consequently, the oil wetting ridge
affects the shape of the formed supraparticles. By changing the geometry of
the oil wetting ridge, we could obtain different configurations of the mold and
thus the different morphologies of the generated supraparticles (Fig. 6.2de).

We controlled the shape of the generated supraparticles by varying the ra-
tio of the oil volume fraction χoil to the nanoparticles volume fraction χNP
in the initial colloidal solution. The full parameter space is shown in Fig-
ure 6.3a, giving quantitative information on the final geometry (Fig. 6.3b) and
the porosity (Fig. 6.3c) of the supraparticles. The ethanol-to-water volume
ratio is 6:4 and the black dashed lines in the parameter space represent differ-
ent oil-to-nanoparticle ratios χoil/χNP. For each data point with a prepared
solution composition, the initial profiles of the drops and the final profiles of
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Figure 6.3: Supraparticles with tunable shape and high porosity. a, Parameter space showing
the initial oil volume fraction χoil and nanoparticles volume fraction χNP of colloidal drops
in different cases with a same ethanol-to-water ratio (3:2). The calculated red solid line
(χoil/χNP = 110.7) divides the space into a high (grey) and a low (green) oil-to-nanoparticle
ratio regions. b, Both height and depth of the shrunken region (lower part) of supraparticle,
nondimensionalized by the height and depth of the upper part, are proportional to the oil-
to-nanoparticle ratio in the green region. Profile photographs show the diverse shapes, from
a spherical-cap shape (d), to a mushroom-like one (e,f ), and to a cupcake-like one (g), as
the increase of the ratio. In the high ratio region, supraparticles have a ball-like shape
(SEM image h). c, the calculated porosity φ of supraparticles ranges from 78 % to 92 %. i,
Cross-section of the supraparticle in panel h obtained by FIB cutting illustrates the highly
porous structure inside. Panels (j-l) are a sequence of 3 zooms into the inner structure. The
horizontal white dotted lines in panels (d-g) indicate the substrate position. The shadows
below the lines are reflections. The temperature and relative humidity during experiments
was 20-23 ◦C and 35-50 %, respectively.
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the supraparticles (after the depletion of oil) were captured by a grey-scale
camera from the side, see Figure 6.3d-g. These images reveal that the oil-
to-nanoparticle ratio determines the supraparticle shape. When the volume
fraction of oil greatly exceeded the volume fraction of nanoparticles, more
spherical supraparticles formed (Fig. 6.3h). For less oil, the supraparticles as-
sumed a more flat, oblate shape (Fig. 6.3d-g). Data points a, b (χoil = 0),
and c (χNP = 0) represent the oil and nanoparticle concentrations in the three
cases displayed in Figure 6.1a, b, and c, respectively.

We defined the geometric characteristics of the non-ball-like shape by the
height and the depth of the dent of the oil ridge, i.e., δh=H−h and δl= l−L
(annotations in Fig. 6.3e). This geometrical information was extracted through
imaging analyses with a self-made MATLAB program, assuming axial-symmetry.
The data in Figure 6.3b show that both dimensionless height δh/h and the di-
mensionless depth δl/l increase monotonously with increasing oil-to-nanoparticle
ratio. The inset shows the dimensional data. The monotonic dependence re-
flects the fact that the oil wetting ridge sculpts the supraparticles. High oil
ratios lead to a prominent oil wetting ridge, which causes a noticeable dent in
the formed supraparticles.

Ball-like supraparticles are achievable when the oil to nanoparticle ratio is
high enough to have developing supraparticles submerged in the oil phase. A
cohesive force of the interface layer between the surrounding oil and the sub-
merged drop pulled the developing supraparticle into spherical shapes. Thus
ball-like supraparticles are generated, as displayed in the SEM image of Fig-
ure 6.3h. The critical oil-to-nanoparticle ratio k∗ to have ball-like supraparti-
cles can be estimated by assuming a spherical-cap oil drop with a developing
supraparticle submerged inside. The developing supraparticle is in its up-
per limit size, which is equal to the height H of the oil drop. The residual
water fills the porous structure. With these assumptions, we obtained (see
supplementary material) k∗ = (3cot2 θoil

2 )/(1−φ), where φ is the porosity of
the supraparticle, and θoil the contact angle of oil on the surface. Given 90 %
porosity and an advancing contact angle of 55° as found in our measurements,
the calculated value is 110.7 (solid red lines in Fig. 6.3ac). This line divides
the parameter space into the grey region of ball-like supraparticles and the
green region of supraparticles in diverse shapes, being consistent with our
observations.

The observed very high porosity of 90 % and beyond is another prominent
feature of the supraparticles. We calculated this porosity based on the initial
volume of the colloidal drops, with the known nanoparticles concentrations
and the final size of the supraparticles. The calculated porosity data shown
in Figure 6.3c range from 77 % to 92 % and monotonically increase with the
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oil-to-nanoparticle ratio. The nucleated oil microdroplets in bulk provided a
significant contribution to the porosity of the supraparticles. Due to capillary
forces, particle network formed among the microdroplets [191], which was also
observed in our confocal image Figure 6.2c. Consequently, empty cells were left
behind after all the liquids diffused out, dramatically increasing the porosity of
the generated supraparticles. Increasing the oil-to-nanoparticle ratio increases
the volume of the empty cells, so the porosity of the supraparticles increases
(Fig. 6.3c). The limitation of the porosity (92 %) is that, during the contraction
of the developing supraparticle, the oil microdroplets merged up gradually and
part of them absorbed into the oil ring [101].

The inner structure of the supraparticles reflects the explanation above to
the high porosity feature. To reveal this high porosity on all length scales in the
interior of the supraparticle, we used the focused ion beam cutting technique
to analyze the supraparticle: In Figure 6.3h, slide-by-slide cuts reveal the inner
structure. Figure 6.3i displays an exemplary cross-section of the supraparti-
cle. It reveals a multi-scale, fractal-like interior structure, and clearly shows
that around half of the particle volume are micron-size holes (Fig. 6.3j). The
rest contains many smaller holes of sub-micron size (Fig. 6.3k). Nanoparticles
joint together forming nanoparticle branches and mesopores (nanometer size)
(Fig. 6.3l). These holes of (sub-) micron size originate from the nucleated oil
microdroplets in the colloidal ouzo drop, as the nucleating oil microdroplets
act as cells devoid of (clusters of) nanoparticles during the supraparticle ag-
gregation.

An engineering benefit of this method is the ease of scalability of the supra-
particle fabrication. To give a demonstration to this advantage, we built up a
simple system in our laboratory (Fig. 6.4a), which enables the automatic pro-
duction of drops of similar size on trichloro(octadecyl)silane (OTS) or OTMS
surfaces at rates of 20 drops per minute. Few minutes after the drop deposited,
the supraparticles synthesis achieved. The supraparticles harvest was carried
out by merely immersing the supraparticle-attached surface inside ethanol, and
shaking them off with ease. As a result, we had the supraparticles stored in
liquid for future usage, and the surface was clean and ready for the next fabri-
cation process. After several cycles, the supraparticle suspension is available.
The self-lubricant layer and the complete detachment of the supraparticles
increase the flexibility of supraparticle fabrication. Masses of supraparticles
without controlled sizes can be fabricated through spraying the colloidal ouzo
solution on the surface.

By applying different types of nanoparticles or multiple types of nanopar-
ticles, we produced different kinds of supraparticles for demonstration. Fig-
ures 6.4b-f are the SEM photographs of a large quantity of the generated supra-
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Figure 6.4: Scalability of the process with different and multiple types of nanoparticles. a,
Demonstration of the flexible and handy scalability of supraparticle fabrication on OTM-
S/OTS surface. As self-lubrication and the robust surfaces allow for a simple harvesting
process and to recycle the surfaces. b-h are SEM images of the generated supraparticles.
b, Large quantities of generated porous TiO2 supraparticles. Panel (c) is the zoom into the
porous surface of the particle. d, Bunches of porous supraparticles made by TiO2 (0.05 vol%)
and SiO2 (0.05 vol%) nanoparticles. Panel (e) is a zoom into the side of the particles. f,
Bunches of porous supraparticles with three different nanoparticles, TiO2 (0.06 vol%), SiO2
(0.03 vol%), and Fe3O4 (0.01 vol%). Panels g and h are a sequence of two zooms into the
panel f. In panel h, the supraparticle surface was imaged with energy-selective backscatter
(EsB) detector to present different materials in different grey levels: Fe3O4 (bright spots
pointed by the yellow arrow), TiO2 (light grey regions by the blue arrow), SiO2 (dark grey
regions by the red arrow). Darkness indicates holes.

particles by the self-assembly of TiO2 nanoparticles (Fig. 6.4b), TiO2 & SiO2
nanoparticles (Fig. 6.4d), and TiO2 & SiO2 & Fe3O4 nanoparticles (Fig. 6.4f).
Table 6.1 in the Supplementary Material lists the composition of the ouzo so-
lutions. Figure 6.4c displays the porous surface of the TiO2 supraparticles.
For the TiO2 & SiO2 supraparticles, different roughnesses are observed at the
top surface and the bottom surface (Fig. 6.4e). The calculated porosity is
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Table 6.1: Composition list of the colloidal solutions for Figure 6.4.

Nanoparticles Ouzo solution
TiO2 SiO2 Fe3O4 Oil Ethanol Water

Fig. 6.4b 0.005 v% - - 1.2 v%a 58.8 v% ∼40 v%
Fig. 6.4d 0.05 v% 0.05 v% - 1.8 v%b 58.2 v% ∼40 v%
Fig. 6.4f 0.06 v% 0.03 v% 0.01 v% 1.7 v%b 58.3 v% ∼40 v%

a Anise oil (Sigma-Aldrich; Anise oil);
b Trans-anethole oil (Sigma-Aldrich; trans-anethole, ≥ 99.8 %).

around 93 %. Figures 6.4gh are a sequence of zooms into the surface of the
TiO2 & SiO2 & Fe3O4 supraparticle. The calculated porosity is around 91 %.
In Figure 6.4h, different materials are distinguishable on the surface through
energy-selective backscatter detector (EsB): The bright spots pointed at by
the yellow arrow are Fe3O4 nanoparticles; the light grey regions (the blue ar-
row) are TiO2 nanoparticles; the dark grey regions (the red arrow) are SiO2
nanoparticles. The darkness indicates holes on the surface.

6.3 Conclusion and outlook

In conclusion, our new method of mass production of self-lubricating, self-
assembled supraparticles is a dramatic improvement over evaporation-driven
supraparticle self-assembly on super liquid-repellent surfaces and lubricant-
impregnate surfaces. With our technique, commonly used hydrophobic sur-
faces are sufficient for the supraparticle fabrication, which improves flexibil-
ity, operability, and cost-efficiency of the fabrication. Moreover, the shape
of the generated supraparticle is tunable by varying the oil-to-nanoparticle
ratio of colloidal solutions. Combing our method with piezoacoustic inkjet
technology can dramatically scale up fabrication, as there is no limitation
on supraparticle collection. The generated highly porous supraparticles with
multi-scale, fractal-like inner structures are suitable for many practical applica-
tions, such as catalysis, photonics, chromatography, environmental pollution
management, and material science [163, 167–171, 173, 174, 176, 177, 192].
The self-lubrication effect, in conjunction with easy detachments of the three-
dimensional particle aggregates after the particle-laden drop evaporation, im-
plies potential applications in surface self-cleaning as well. We also note that
the nucleated oil microdroplets in the colloidal drop can act as a carrier phase
for different purposes. Additionally, by controlling the composition and tem-
perature of the ouzo solution, different morphological features of the nucleated
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oil microdroplets – size, number, distribution – are tuneable [193]. There-
fore, we expect more complex and exciting supraparticles created through this
route.

6.4 Method details and supplementary information

6.4.1 Preparation of colloidal ouzo solution

The purchased nanoparticles, titanium (IV) oxide (Aldrich, nanopowder 21 nm,
≥ 99.5 %), silicon dioxide (Aldrich, nanopowder 10−20 nm, ≥ 99.5 %), iron
(II,III) oxide (Aldrich, nanopowder 50−100 nm, 97 %) were burned at 400 ◦C
for one hour to remove surfactants or contaminants attached on the particles
before use. After that, the cleaned particles were added to specific amounts
of Milli-Q water (produced by a Reference A+ system (Merck Millipore) at
18.2 MΩ·cm at 25 ◦C) to make nanoparticle suspensions. Trans-anethole oil
(Aldrich, 99 %) and ethanol (Boom BV, 100 % (v/v), technical grade) were
used as received. Ethanol-oil (anethole) solutions were prepared separately
beforehand and then mixed with the nanoparticle suspensions to make the fi-
nal colloidal ouzo solutions with the required compositions for the experiments.
We performed each mixing step in an ultrasonic bath for around 20 min.

6.4.2 Preparation of hydrophobic substrates

The chemicals used for the hydrophobic substrate preparation, trimethoxy-
(octadecyl)silane (Aldrich, 90 %), toluene (Aldrich, 99.8 %), tetrahydrofuran
(Aldrich, ≥ 99.9 %), and ethanol (Boom BV, 100 % (v/v), technical grade)
were used as received as well. In our experiments, the microscope glass
slides (Thermo Scientific) were used as solid substrates for the OTMS layer
coating. We first carefully wiped the glass slides with ethanol wetted tissue
for mechanically removing contaminants from the surfaces. Then the slides
were successively sonicated in fresh acetone, ethanol, and Milli-Q water, each
for 15 min, to remove organic contaminants from the surfaces. We repeated
this step once and dried the slides by nitrogen flow. Then the slides were
cleaned by plasma cleaner for 10 min. After that, the cleaned glass slides
were immersed into the coating mixture of 1 vol% octadecyltrimethoxysilane
and 99 vol% toluene for 3 h. After that, the coated slides were removed and
then put into fresh toluene and tetrahydrofuran successively to dissolve the
unlinked octadecyltrimethoxysilane above the surfaces. Finally, we dried the
slides by nitrogen flow and put them in a clean petri dish for temporary stor-
age. The preparation of octadecylsilanes(OTS)-treated substrate follows the
same process.
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6.4.3 Imaging analyses
We used self-developed Matlab scripts to extract the profiles of the generated
supraparticles in the side-view pictures. The details of the method refer to our
previous work [101]. Through the top-view images, we confirmed the analyzed
supraparticles are axisymmetric.

6.4.4 Initial oil-to-nanoparticle ratio to have spherical supraparticles

H

Figure 6.5: Schematic illustration of the model

Illustration Figure 6.5 shows a spherical supraparticle (SP) submerged in a
spherical-cap oil drop. The maximum size of the supraparticle is the height H
of the oil drop. From simple geometrical consideration, we obtain the volume
of the spherical supraparticle

VSP = 1
6πH

3 , (6.1)

and the volume of the oil droplet

VOD = 1
6πH

3[1 + 3cot2 (θoil
2
)]
, (6.2)

with the oil contact angle θoil. The volume of the oil is estimated as

Voil = VOD−VSP, (6.3)

while the total volume of nanoparticles is given by

VNP = VSP(1−φ), (6.4)

where φ is the porosity of the supraparticle. Thus, we obtain an estimate of
the initial oil-to-nanoparticles ratio k∗ to have spherical supraparticles, namely

k∗ = 3
1−φ cot2 θoil

2 , (6.5)

which only depends on the oil contact angle θoil and the supraparticle porosity
φ and is independent of the drop size. In equation 6.3, we use VSP instead of
VNP, because we assume that the residual water fills the porous structure.
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7
Surface nanodroplets formation∗ †

Solvent exchange is a generally-used approach for producing many nanoscale
droplets on an immersed substrate. In this process, a good solvent is displaced
by a poor solvent of oil, leading to oil nanodroplets nucleation and subsequent
growth on the substrate. This work is the first attempt to quantitatively under-
stand the relationship between the droplet size and the flow conditions during
the solvent exchange, and to pave the way for the droplet size control. The
experimental results show that the droplet volume increases with increasing
Peclet number of the flow as ∝ Pe3/4, in good agreement with our theoretical
analysis. We also reveal that the buoyancy effects contribute to the formation
of bigger and less homogeneously distributed droplets in tall channels.

7.1 Introduction
Nanodroplets on a solid surface (i.e. surface nanodroplets) have practical im-
plications for high-throughput chemical and biological analysis, lubrications,
lab-on-chip devices, and near-field imaging techniques. Oil nanodroplets can
be produced on a solid-liquid interface in a simple step of solvent exchange in
which a good solvent of oil is displaced by a poor solvent. In this work, we
∗Based on: X. Zhang, Z. Lu, H. Tan, L. Bao, Y. He, C. Chao, D. Lohse, Formation of

surface nanodroplets under controlled flow conditions, Proceedings of the National Academy
of Sciences 112, 9253-9257 (2015).
†Imaging analysis, convection effects analysis (in part), data processing (in part) and

figure preparation by H. Tan.
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experimentally and theoretically investigate the formation of nanodroplets by
the solvent exchange process under well-controlled flow conditions. We find
that the contact angle of the nanodroplets is independent of the flow condi-
tion. However, there are significant effects from the flow rate and the flow
geometry on the droplet size. We develop a theoretical framework to account
for these effects. The main idea is that the droplet nuclei are exposed to an
oil oversaturation pulse during the exchange process. The analysis gives that
the volume of the nanodroplets increases with the Peclet number Pe of the
flow as ∝ Pe3/4, which is in good agreement with our experimental results.
In addition, at fixed flow rate and thus fixed Peclet number, larger and less
homogeneously distributed droplets formed at less narrow channels, due to
convection effects originating from the density difference between the two so-
lutions of the solvent exchange. The understanding from this work provides
valuable guidelines for producing surface nanodroplets with desired sizes by
controlling the flow conditions.

Nanoscale droplets on a substrate are an essential element for a wide range
of applications, namely lab-on-chip devices, simple and highly-efficient minia-
turised reactors for concentrating products, high-throughput single-bacteria or
single-biomolecular analysis, and high-resolution imaging techniques, amongst
others [194–197]. Quite some effort has been devoted to produce a large
amount of nanodroplets in a controlled way. The current techniques include
trapping by microcavities, emulsion direct adsorption, microprinting and oth-
ers [198]. The solvent exchange process is a simple and generic approach
for producing droplets or bubbles at solid-liquid interfaces that are only sev-
eral tens to hundreds nanometers in height, or a few femtoliter in volume
[63, 73, 199–201]. It has attractive advantages, such as its capability of pro-
ducing a large number of nanodroplets in one simple step, and its generality
in chemical composition of the droplet liquid, and flexibility in aspect ratio of
the droplets and spatial structure or size of the substrate [73, 202].

For the formation of surface nanodroplets by solvent exchange, a hydropho-
bic substrate is exposed sequentially to two miscible solutions of oil, where
the second solvent has a lower solubility of oil than the first. Such solubility
difference leads to supersaturation of the liquid with oil during the solvent ex-
change and consequently to the nucleation of nanodroplets on the substrate.
The analogue technique in a bulk system is called solvent shifting or nanopre-
cipitaion through the Ouzo effect [41], which has been increasingly applied to
obtain nanodroplets in a surfactant-free emulsion [203], monodispersed poly-
meric nanoparticles with precisely-controlled sizes [202, 204–206], or assemble
colloidal particles on a microscale [207].

Although the chemical composition of the solutions has been used to adjust
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Figure 7.1: Solvent exchange process and morphologic features of surface droplets formed at
different flow rates for the narrow channel (h = 0.33 mm). (a) Schematic drawings of a fluid
channel. The channel consists of a glass top window, spacer and a base. The hydrophobic
substrate is placed inside the cell, facing to the transparent glass window. The distance
between the substrate and the glass bottom surface can be adjusted by the thickness of
the spacer. The flow direction is in x direction. (b) shows a representative AFM image of
the polymerized droplets. (c) Droplet height, H, and (d) the contact angle, θ, versus the
lateral diameter, L, of the nanodroplets. The macroscopic advancing and receding angles
are labelled for comparison.

the average size of the droplets [202], the flow properties dramatically com-
plicate the formation of nanodroplets by the solvent exchange. The reason
is that the mixing of the two liquids strongly depends on the flow condi-
tions [208, 209]. Inspired by the pattern formation of mineral aggregates from
liquid displacement under a quasi-2D flow conditions [210, 211], we may be
able to control the droplet nucleation and growth by the flow conditions in
a well-defined flow system. In this work, we theoretically and experimentally
investigate the effects of the flow conditions on the formation of surface nan-
odroplets. We find that the averaged volume of surface nanodroplets increases
with the Peclet number as ∝ Pe3/4, in good agreement with the experiments.
As far as we know, this work is the first attempt to quantitatively understand
the effects of the flow conditions during the solvent exchange on the formation
of surface nanodroplets.
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7.2 Results and discussion

7.2.1 Droplet volume dependence on the flow rate

The geometry of the solvent exchange channel and process is shown in schematic
drawings in Figure 7.1(a). Three fluid channels with different heights were
used and their dimensions are listed in Table 7.1. During the solvent exchange
process, solution A (50% ethanol aqueous solution saturated with polymeris-
able oil, with high oil solubility) was displaced by solution B (oil-saturated
water, with low oil solubility). The injection of solution B was performed
at a constant flow rate Q controlled by a syringe pump. Once the solvent
exchange was completed, the nanodroplets on the substrate were cured by
photopolymerization.

Figure 7.1(b) show a representative AFM image of the polymerised nan-
odroplets. The polymerised droplets are spherical caps with a certain size
distribution. The plot in Figure 7.1(c) shows that the droplet height increases
monotonically from 10 nm to 300 nm as the lateral size increases from 2 µm up
to 10 µm, in consistency with the previous reports [73]. The contact angles of
those polymerised droplets lie mainly between the macroscopic receding (8o)
and advancing (19o) contact angles of the system‡. Clearly, the flow rate does
not influence the contact angle of the surface nanodroplets.

The droplet volume is calculated from its lateral diameter in the optical im-
ages of the polymerised droplets in Figure 7.2, and the corresponding contact
angle in Figure 7.1. Figure 7.2(d) shows the probability distribution function
(PDF) of the droplet volume at different flow rates in the narrowest chan-
nel, where the distribution of the droplet volume became wider at a faster
flow rate. To further examine effects of the flow rate on the droplet size, we
measured the lateral diameter of droplets that were produced from different
flow rates at all three channels. The averaged lateral diameter of the droplets
versus the flow rate is plotted in Figure 7.2(e), which shows a fast increase of
the droplet size with an increase in the flow rate for all three channel heights.
For instance, in the narrow channel the spatially averaged droplet diameter
increased from 2 µm to 10 µm (20 nm to 300 nm in height) as the flow rate
increased from 100 µl/min to 2400 µl/min. It shows the same trend for the
two less narrow channels, but the absolute values are larger on average.

We analysed all droplet volumes over a surface area of 0.35 mm2 and ob-
tained the averaged droplet volume per unit area of µm2. The plot in Fig-
ure 7.2(f) shows a sharp increase of the averaged droplet volume with increas-
ing flow rate. The same data are shown in Figure 7.2(g) (in a log-log plot)

‡Strictly speaking, the contact angle of a liquid droplet before the polymerisation is about
1−2o larger than that of its polymerised counterpart due to curing shrinkage.
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Figure 7.2: Optical images and size of surface droplets formed at different flow rates in three
channels. (a-c) shows reflection-mode optical images of the polymerised droplets at different
flow rates. Length of scale bars: 50 µm. The flow rates were 100 µl/min, 400 µl/min, 800
µl/min, 1200 µl/min, and 1600 µl/min. The plots show the PDF of the droplet volume
produced in the narrowest channel (d), the averaged lateral diameter (e) and the averaged
volume (f) of the surface droplets at different flow rates. (g) shows the averaged volume of
droplets per µm2 as function of the Peclet number on a log-log plot. The dashed line shows
the scaling law < V ol >area∝ Pe3/4.
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versus the Peclet number
Pe= Ūh

D
= Q

wD
(7.1)

of the flow, where D is the diffusion constant. The data can be described with
the scaling law ∝ Pe3/4. Later we will show that this scaling law between the
droplet volume and the Pe number is in a good agreement with the theoretical
prediction.

5μm

AM

Α Β

Figure 7.3: (a) Modified Voronoi tessellation of a typical image of the droplets. Red circles
indicate the detected footprints of droplets, and black lines are the edges of Modified Voronoi
cells. (b) The correlation between the footprint areas a and the Modified Voronoi cell areas
AM

It is crucial to identify the formation mechanism of the droplets before
we develop a theoretical model to understand the effect of the flow rate. In
our tertiary system of ethanol-oil-water, surface nanodroplets may nucleate
on the surface, or through the standard “ouzo effect”, namely nucleate in
the bulk liquid [41, 206, 212–214], and only later adsorb onto the surface.
We analysed the droplet volume and the surrounding area of droplet-depleted
zone, following the modified Voronoï tessellation method in our previous work
[215]. In Figure 7.3, we show the relation between the depleted area and the
area of the corresponding footprint of nanodroplets produced at different flow
rates. For the relatively large nanodroplets, the depleted area is proportional
to the droplet footprint area. This correlation clearly suggests that surface
nanodroplets are not from random adsorption of emulsion droplets, but from
heterogenous nucleation and subsequent diffusion-driven growth. In this pro-
cess, the oil dissolved in the bulk is consumed by the growth of the droplets,
leading to the droplet-depleted area in the surrounding region. The same
diffusion-driven mechanism and the same correlation between the depleted
area and the footprint area was also observed (and derived) for the spatial
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Figure 7.4: (a) Parabolic flow profiles for various times t ≥ 0. Note the no-slip boundary
condition for the flow. The originally sharp interface will broaden with time. (b) Approxi-
mate temporal evolution of the oversaturation ζ(t) at fixed position downstream. The width
τ of the pulse is defined through

∫∞
−∞ ζ(t)dt= ζmaxτ .

arrangement of surface nanobubbles formed by the solvent exchange method
[215].

7.3 A simple theoretical model
Mathematical description of the solvent exchange process

As shown in the schematic drawings of Figure 7.1, the flow cell consists of a
channel with height h and channel width w. The maximal flow velocity is U ,
and mean flow velocity Ū . The resulting flow rate is Q = hwŪ , its Reynolds
numberRe= Ūh/ν=Q/(wν). For the theory we will focus on laminar flow, i.e.
Re. 1, which, as seen from Table 7.1, is justified for all channels. Furthermore,
we will neglect the density contrast between the ethanol solution and the water
(factor about 0.9), which, as we will see below, strictly speaking is only justified
for the narrow channel case h= 0.33 mm.

In principle, the solvent exchange process is described by the advection
diffusion equations for the ethanol solution and water and the oil dissolved in
it, with the no-slip boundary conditions on all walls. The initial conditions
are such that in the left part of the channel there is no ethanol dissolved
in the water, but oil up to its saturation concentration cs,wat in water. In
the right part of the channel we have ethanol solution with dissolved oil at
saturation concentration cs,eth > cs,wat. At time t = 0 the interface between
the two parts of the flow is assumed to be sharp. From t = 0 on, the flow is
driven by a pump such that the flow rate Q is constant. The interface will
then develop a parabolic shape, corresponding to the laminar flow situation.
It will smoothen out with advancing time, see the sketch Figure 7.4(a). Note
that downstream in the region which was initially filled with ethanol solution
the front will hit the surface nearly parallel to the surface, due to the no-slip
boundary condition. The width of the front is given by the diffusion process
of oil (and ethanol) towards the water and water towards the ethanol. The
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boundary conditions for the oil are no flux boundary conditions at the top and
bottom wall. Once there is oil droplet nucleation, the oil concentration equals
cs,wat at the droplet-water interface.

For nucleating and growing oil droplets the most relevant quantity is the
oil oversaturation

ζ(t) = c∞(t)
cs
−1. (7.2)

As the liquid is saturated in the ethanol phase, there we have c∞ = cs,eth
and thus ζ = 0. The same holds in the water oil phase, c∞ = cs,wat and thus
also ζ = 0. However, in the broadening front around the interface we have
oversaturation ζ > 0, as oil diffuses from the ethanol-rich phase towards the
water-rich phase, in which it is less soluble. The maximum oversaturation is

ζmax = cs,eth
cs,wat

−1> 0. (7.3)

At fixed position downstream (what initially is the ethanol phase) we first
have no oversaturation, ζ = 0. Then the front is passing by during which
ζ(t)> 0 so that oil droplets can nucleate and grow. In the end the ethanol is
basically fully replaced by the oil-saturated water and then again ζ = 0. This
front is characterised by the maximum ζmax and by some temporal width τ ,
see Figure 7.4(b). One may be tempted to argue that this temporal width τ
depends on the flow velocity. However, note that independent of the flow ve-
locity the nucleating droplets on the surface are horizontally hit by the mixing
front, given a no-slip boundary condition. We therefore argue that in our lam-
inar flow cell τ is independent of U and purely given by the diffusion process,
suggesting τ ∼ h2

D . For h= 0.33 mm as in the narrow channel experiments and
D = 1.6×10−9m2/s we get τ ≈ 60s.

Growth of a nucleated droplet

Once the oversaturation front passes, droplets nucleate and grow. Here we
focus on an individual droplet. We assume that there is no pinning and that
the contact angle θ is thus constant. The size of the droplet is characterised
by its lateral extension L. Alternatively, we can use the radius of curvature
R of the oil-water interface as a characterisation of the droplet size, which
we will do here. Then V ol ∼ R3 for the droplet volume, as θ is constant.
Assuming different growth modes as stick-slip or stick-jump [36] would only
change prefactors, but not the essence of below derivation.

Strictly speaking, for the droplet growth no symmetry holds: The axial
symmetry, which is obeyed for a drop diffusively growing in still liquid, is
broken by the flow direction. Nonetheless, to obtain the scaling relations we
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can still assume the diffusive growth equation even in spherical symmetry,

ṁ= 4πρoilR2Ṙ= 4πDR2∂rc|R. (7.4)

In this laminar flow situation the concentration gradient at the interface ∂rc|R
is given by the oil concentration difference between the oil concentration in the
flow c∞ and at the interface cs,wat and by the thickness λ of the concentration
boundary layer, for which we assume a Prandtl-Blasius Pohlhausen’s type
behavior [216, 217] as appropriate for laminar flow. Then λ ∼ R√

Pe
. I.e., we

have
∂rc|R ∼

c∞(t)− cs,wat
λ

∼ cs,wat
ζ(t)
λ
∼ cs,wat

√
Pe R−1ζ(t). (7.5)

Plugging this into equation (7.4) we obtain a simple ODE for R(t), namely

RṘ∼ Dcs,wat
ρoil

√
Pe ζ(t), (7.6)

which can easily be integrated respectively from 0 to the final radius Rf or
from 0 to t=∞, giving

Rf ∼
(
Dcs,wat
ρoil

ζmaxτPe
1/2
)1/2

. (7.7)

Here we have used
∫∞

0 ζ(t)dt = ζmaxτ . Using our prior assumptions τ ∼ h2

D
(in particular that it is flow rate independent) and equation (7.3) on ζmax we
obtain

V olf ∼R3
f ∼ h3

(
cs,wat
ρoil

)3/2
(
cs,eth
cs,wat

−1
)3/2

Pe3/4 (7.8)

for the final volume of the droplet after the solvent exchange. The scaling
V olf ∼ Pe3/4 of our theoretical model is in good agreement with the experi-
mental data shown in Figure 7.2(g), given that the droplet number density is
flow rate independent.

7.4 Buoyancy driven convection effects
We now examine the effect of the channel height on the droplet formation.
First of all we characterised the flow in the channels by using fluorescent mi-
croscopy, while water was dyed green to assist the visualisation. Top-view
videos of the entire exchange process are provided in the Supporting Videos.
The snapshots in Figure 7.5(a) show that in the narrowest channel the water
displaced the ethanol solution in a smooth and continuous manner. The flu-
orescent intensity on a specific location increased with time smoothly, as the
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Figure 7.5: Top-view snapshots of the flow during the solvent exchange in three channel
heights. The direction of the water (dyed green) in the fluorescent images was from left to
right. Length of the scale bar: 200 µm. Insert is the curve of integrated optical density of
selected area as function of time as water was pushed through the channel. The mean flow
velocity Ū = 0.36 mm/s in all three channels.

concentration of water increased in the liquid phase. The top-view snapshots
in Figure 7.5(b) and Figure 7.5(c) show the flow patterns for the two less nar-
row channels at the same mean flow velocity of Ū of 0.36 mm/s. Straight and
regular fingers were clearly visible in the channel with h= 0.68 mm, while the
flow already developed whirling patterns for h= 2.21 mm. The time evolution
of the fluorescent intensity of the dye in water shows some deflections and
jumps in the intensity, indicating the abrupt change in water contents due to
the non-uniform mixing. Such flow features are in contrast to the smooth flow
in the narrow channel at h= 0.33 mm. Note that in all three cases the flow is
still laminar, see Table 7.1.

The reason for the different flow patterns in the less narrow channels is that
for them we must consider the density difference between the two miscible
liquids [218, 219]. The density of water is 1 g/ml while the density of the
ethanol aqueous solution is ∼0.90 g/ml. At solvent exchange, at the bottom
side of the channel above the plate, the lighter ethanol will be pushed below
the entraining heavier water, potentially leading to some buoyancy driven
convection rolls. To estimate when these convection rolls set in, we can define
a “Rayleigh number”

Ra= ∆ρg(h/2)3

µDe,w
, (7.9)
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Figure 7.6: Solvent exchange and nanodroplet lines in the less narrow channels. (a) The
illustration shows convection rolls in the bottom part of interface between two solutions
during the solvent exchange, where the heavy oil-saturated water is above the light oil-
saturated ethanol aqueous solution. (b) Two representative images of the nanodroplet lines
formed in two less narrow channels. Left panel: Q = 1600µl/min and h = 0.68 mm. Right
panel: Q = 400µl/min and h = 2.21 mm. The droplets organise in rows, reflecting the
convection rolls with axes in flow direction. These rolls enhance mixing, leading to larger
droplets where the rolls hit the substrate.

where the density difference ∆ρ is 0.1g/ml, the gravitational acceleration g is
9.8m/s2, µ is the dynamic viscosity of ethanol solution, and the mass diffusion
coefficient of ethanol and water De,w at 300K is 1.6×10−9m2/s. Convection
only occurs at the lower half of the channel where heavy liquid (water) is above
light liquid (ethanol), see Figure 7.6(a). Therefore we take h/2 as vertical
length-scale in equation (7.9). The resulting estimated Rayleigh numbers are
≈ 1.1×103, 1.0×104, and 3.5×105 for the channel heights of 0.33 mm, 0.68
mm and 2.21 mm, respectively. So the convection rolls (in the top view seen
as stripes) only occur in the two less narrow channels, where the Rayleigh
number is larger than the critical Rayleigh number 1708 [220]. The existence
of convection rolls for the two less narrow channels also explain why for fixed
flow rate and thus fixed Peclet number, the average droplet size depends on the
channel height, in particular for high flow rates, as seen in Figure 7.2(a)(b)(c).
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The convection rolls lead to a better mixing between ethanol and water, and
thus better transport of oil towards the substrate and consequently to larger
oil droplets.

The development of the secondary flow at a high flow rate may lead to
some patterns of the droplets. Indeed, we observed that some of the droplets
produced in the least narrow channel line up along the flow direction as shown
in Figure 7.6(b). Such lines of droplets also formed at larger flow rate in
the channel with h = 0.68 mm. They form when the convection rolls hit the
surface, bringing down oil rich liquid. All these features do not develop when
we turn the channel by 900 (see Supporting Figure 2), through which we
eliminate buoyancy effects.

Table 7.1: Experimental cases and parameters for different fluid channel heights h. For all
cases the width of fluid channels w and the length l are 14 mm and 56 mm, respectively.
Q is the flow rate, Ū =Q/(wh) the mean flow velocity, Re= Ūh/ν =Q/(wν) the Reynolds
number, and Pe= Ūh/D =Q/(wD) the Peclet number.

Q (µl/min) Re Pe Ū (mm/s)
h=0.33mm h=0.68mm h=2.21mm

100 0.04 119 0.36 0.18 0.05
200 0.09 238 0.72 0.35 0.11
400 0.18 476 1.44 0.70 0.22
600 0.27 714 2.16 1.05 0.32
800 0.35 952 2.88 1.40 0.43
1200 0.53 1429 4.32 2.10 0.65
1600 0.71 1905 5.77 2.80 0.86
2400 1.06 2857 8.66 4.20 1.29

7.5 Experimental method
7.5.1 Substrate and solutions
A stock solution containing monomer and initiator was prepared by mixing
1, 6-hexanediol di-acrylate (HDODA) (80 %, Sigma-Aldrich) with 2-hydroxy-
2-methylpropiophenone ( 97 %, Sigma-Aldrich) in the ratio of 10:1. This
solution of monomer precursors served as oil phase. 4 ml of the monomer
solution was added into 100 ml ethanol/water (50 v%: 50 v%) solution, and
the bottom phase of the liquid was the solution A. Solution B was water
saturated with HDODA. The hydrophobic substrate of OTS-Si was prepared
and cleaned by following the protocol reported in previous work [73]. Before
use, the OTS-Si was cleaned with chloroform, sonicated in ethanol, and dried
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with nitrogen. The advancing and receding contact angles of water were 112o
and 98o, respectively.

7.5.2 Preparation, polymerisation and characterisation of nanodroplets

The experimental setup is shown in the schematic drawing Figure 7.1(a). A
flow cell was constructed by assembling a glass plate, a spacer and a base
together, forming a channel where the OTS-Si was put in. The channel height
between the OTS-Si substrate and glass plate was adjusted by the thickness of
the spacer. 5 ml solution A was first injected into the flow cell, followed by the
injection of 10 ml solution B with a constant flow rate controlled by a syringe
pump. After the formation of the nanodroplets, the flow cell was illuminated
under an UV lamp (20 W, 365 nm) for 15 min, allowing the polymerization of
the monomer droplets. The substrate was then washed with ethanol and dried
by a gentle stream of nitrogen. Images of the polymerised microdroplets were
acquired using a reflection-mode optical microscopy. High resolution images of
the polymerised microdroplets were also obtained from normal contact mode
AFM imaging in air (Asylum Research, Santa Barbara, CA).

7.5.3 Data analyses

As shown in Figure 7.2abc, there are mass of surface nanodroplets in a wide
range of sizes. To automatically extract the geometric information of these
nanodroplets, we developed a MATLAB program, which integrate the circular
Hough transform method [221] for the nanodroplet detection (red circles in
Fig. 7.3a). We assumed the nanodroplets have spherical-cap shapes, since the
interfacial surface tension dominates the gravity here. Given the contact angle
of the droplet liquid in the surrounding liquid, we can calculate the volume
of the detected nanodroplets. To gain insight into dissolution process, we
measured the effective area of each droplet by applying a Modified Voronoi
analysis. The Modified Voronoi cells, defined as the distance to the footprint
edge of the droplets [215], were calculated from the optical images by a custom-
made MATLAB function. Figure 7.3a shows the Modified Voronoi (MVor)
tessellation (black lines) on an optical image of surface nanodroplets. Each
red circle gives the footprint of a surface nanodroplet with area of a, while its
M-Voronoi cells with area of AM are displayed in white colour. Figure 7.3b
shows the correlation between the footprint areas a and the M-Voronoi cell
areas AM , i.e. AM ∝ a, which suggests that surface nanodroplets form through
heterogeneous nucleation and diffusive growth [215]. The dashed green vertical
line indicates the optimal optical resolution for the lateral boundary detection,
and K2/3 is a prefactor.
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7.6 Conclusions
In summary, we theoretically and experimentally investigate the formation
of surface nanodroplets by solvent exchange under well-controlled flow con-
ditions. We found that although the contact angle of surface nanodroplets
is independent of flow conditions, the flow rate and flow geometry have sig-
nificant effects on the droplet size. We developed a theoretical framework
for the solvent exchange process, whose result is in good agreement with the
experimental results, namely that the droplet volume increases with Pe3/4.
Increasing the channel height (for given flow rate and thus given Pe) can in-
duce convection driven by the density difference between water and ethanol,
leading to larger droplets and an inhomogeneous droplet nucleation pattern,
which reflects the convection rolls. The results presented in this work provides
valuable guideline for the device design to generate surface nanodroplets with
some desired sizes.
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8
3D fitting procedure for mass of
nanodroplets on flat surface or

micro-caps∗ †

In the study of nanobubbles, nanodroplets or nanolenses immobilised on a sub-
strate, a cross-section of a spherical-cap is widely applied to extract geometrical
information from atomic force microscopy (AFM) topographic images. In this
paper, we have developed a comprehensive 3D spherical cap fitting procedure
(3D-SCFP) to extract morphologic characteristics of complete or truncated
spherical caps from AFM images. Our procedure integrates several advanced
digital image analysis techniques to construct a 3D spherical cap model, from
which the geometrical parameters of the nanostructures are extracted auto-
matically by a simple program. The procedure takes into account all valid data
points in the construction of 3D spherical cap model to achieve high fidelity
in morphology analysis. We compare our 3D fitting procedure with the current
2D cross-sectional profile fitting method to determine the contact angle of a
complete spherical cap and a truncated spherical cap. The results from 3D-
SCFP are consistent and accurate, while 2D fitting is arbitrary in selection
of a cross-section with large variation due to limited data points taken for the

∗Based on: H. Tan, S. Peng, C. Sun, X. Zhang, and D. Lohse, 3D spherical-cap fitting
procedure for (truncated) sessile nano- and micro-droplets & -bubbles, The Europen Physical
Journal E 39 (11), 106 (2016).
†AFM images provided by S. Peng.
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fitting. We expect the developed 3D spherical-cap fitting procedure will find
many applications in imaging analysis.

8.1 Introduction

Atomic force microscopic (AFM) imaging has been one of the most popu-
lar techniques in the study of surface nanobubbles, nanodroplets and many
other spherical cap nanostructures [37, 63, 199, 222]. Thanks to the high
spatial resolution of AFM measurements, the size of nanobubbles and nan-
odroplets immobilised on the substrate can be characterised accurately in all
three dimensions. Geometrical features of the spherical cap structures, such as
lateral extension of the footprint, height and contact angle, can be compared
on a quantitative level [37, 223–225]. Although most of those parameters are
directly read out from the images, the contact angle of nanobubbles and nan-
odroplets requires further imaging analysis and data processing. As surface
nanobubbles or nanodroplets are usually spherical caps due to dominance of
capillarity on such small dimension, the data analysis requires the construction
of an ideal spherical cap to fit the AFM data.

Up to now, fitting a two-dimensional (2D) cross-sectional profile is the
most common approach for determining the contact angle of nanobubbles and
nanodroplets [225–233]. With an AFM off-line software, the cross sectional
profile through the centre of bubbles or droplets can be conveniently read out
from the image. For instance, Simonsen et al. [228] and Wang et al. [230]
calculated the contact angle of nanobubble, based on the measured height and
footprint size in the cross-section. Wang et al. [225] determined the droplet
size by simply averaging the values calculated from several different cross-
section profiles. In a slightly improved method, the cross-sectional profile is
fitted with a portion of an ideal circle (i.e. an arc). The angle subtended by the
arc and the flat baseline is the contact angle of the measured nanostructures.
This method has been applied by Zhang et al. [226, 227, 232, 233] and Yang
et al. [234] to obtain the contact angle of nanobubbles and nanodroplets
on several flat substrates. However, the drawbacks from 2D fitting are the
arbitrary selection of the cross-section, which leads to large variation in the
contact angle measured along different directions in the image [225, 229].

To obtain accurate a contact angle, the contribution of all valid the data
points on the nanostructure must be taken into account in the reconstruction
of the spherical cap model. This requires the development of a comprehensive
3D fitting [235, 236]. Although Song et al. [236] applied a 3D spherical-cap
fitting to analyse the morphology of nanobubbles, no 3D fitting procedure
has been reported for the analysis of a truncated spherical cap on a substrate
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with physical structures. A simple example of truncated droplets is that the
droplets form at the rim of a microcap [233]. The shape of those truncated
droplet resembles an apple slice with a part bitten off from the flat face. Fur-
thermore, sensible exclusion of unreliable data points is an important aspect
in 3D fitting which has not been considered so far. Particularly for highly
curved bubbles or droplets, the data points close to the three-phase contact
line should be excluded (i.e. contact angle larger than 90o), due to the tip-
sample convolution [37, 237]. In the analysis of an image of very small bubbles
and droplets, there may be also potential effects from the disjoining pressure
[238, 239], and hence only the data points above a certain threshold are valid
for the fitting [235, 236].

In this paper, we have developed a 3D spherical-cap fitting procedure (3D-
SCFP). The procedure employs the techniques of digital image processing to
recognise the features from a spherical cap. It performs well for an isolated
nanodroplet sitting on a flat substrate, but also for a truncated nanodroplet
on the rim of a microcap [233, 240]. In the latter case, a feature extraction
method, Circle Hough Transform, is performed to distinguish the AFM data
points from the part of the underlying microcaps and from the truncated
nanodroplets [221, 241, 242].

With our proposed 3D-SCFP, we will analyse polymerised nanodroplets
(i.e. nanolenses) in AFM images collected from our previous work [240], as
represented in Figure 8.1a. The nanodroplets (indicated by blue solid arrows)
to be analysed include both complete spherical caps on a flat area and trun-
cated droplets by the underlying microstructures (indicated by red dashed
arrow). 3D-SCFP will translate AFM data points to ideal spherical caps that
nicely match the nanodroplet morphology, as displayed in Figure 8.1b. For
those truncated nanodroplets, the procedure recognises the data points from
a part of the spherical cap and reconstruct a whole spherical cap model.

The following sections of the paper are organised as following: Section 2
details the algorithm of 3D-SCFP, and section 3 discusses the influence of
an important parameter, the threshold of height cut-off, on 3D fitted result.
After that, the paper gives two examples in section 4, showing the comparison
between 3D-SCFP and 2D cross-sectional profile fitting method. The results
reveal the 3D-SCFP is robust, compared to the 2D fit method. The Matlab
codes of 3D-SCFP are provided in the supplementary material, free access to
the audience.
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nanocap
nanodroplets

Figure 8.1: Three-dimensional representation of the nanodroplets and overlapped microcaps
(the arrows). (a) AFM image of nanodroplets sitting on the flat substrate and on the rim of
microcaps. Image size: 17.5µm×17.5µm. (b) Reconstructed three-dimensional image from
the 3D spherical-cap fitting procedure. The AFM data points are displayed as the black
dots, showing a nearly perfect agreement with the fitting surface.

8.2 Detailed 3D fitting procedure
The algorithm consists of four parts: raw image preprocessing, objective de-
tection, objective identification, and cut-off of vertical data points near the
rim.

8.2.1 Raw image pre-processing
The AFM images pretreated by second-order flattening by AFM off-line soft-
ware are used in this step. A representative image is shown in I (Fig. 8.2a). We
create a gamma encoded image I ′ (Fig. 8.2b) from the raw image I. Gamma
encoding is defined as Vout =AV γ

in with 1> γ > 0, where Vout and Vin present
pixel intensity of images I ′ and I respectively, and A is a constant. After the
operation, the pixel intensity of the whole image I ′ is nonlinearised, resulting
in a sharper contact line with the flat substrate. The obtained image is shown
in Figure 8.2b. The sharp boundary in the image increase the reliability of
the feature detection in next step [243].

8.2.2 Objective detection
This step determines the circular footprint of an complete nanodroplet on
the flat substrate, but also the footprints of multiple truncated nanodroplets
and the underlying microcaps (blue circles in Fig.8.2b). An edge detection
technique, Circle Hough Transform [221, 241, 242], is applied to the gamma
encoded image I ′. In order to have all the data points of a complete droplet
included in the circle of the footprint, we set a parameter pa0 to adjust the
radii of the fitting. As demonstrated in the zoom-in in Figure 8.2c, the initially
detected circle (blue) doesn’t envelop all the data points of a nanodroplet. By
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Figure 8.2: Screen snapshot series of the 3D spherical-cap fitting procedure (a-e). (a) 2D
representation of an AFM sample image. The pixel intensities of the graphics correspond to
the sample height. (b) In the second step of the procedure, the footprints of the objectives are
detected as blue circles. In order to surround all the data points (pixels) of each objective, the
radii of the circles are designed to be adjustable as shown in (c). (d) shows the identification
of the objective with coloured data points for 3D fit in the final step. The relation between
all the nanodroplets and the overlapped microcaps is also recognised. (f) The final fitted
ideal geometries (the dot lines), showing a very good agreement with corresponding AFM
sample image in 3D display (the coloured surface). (d) The sketch of an isolated nanodroplet
with annotations. The hcutoff is defined as the height respect to the flat substrate.

increasing the radius, a new circle (red) is generated, now wrapping up all
data points (pixels) in the image. The rim of the truncated nanodroplet on
the flat substrate is part of circle, which together with the rim of the underlying
microcap can be detected through advanced feature extraction method, Circle
Hough Transform. As shown in Figure 8.2b, those blue connected rings fit the
boundaries of microcap and the truncated droplets nicely.

8.2.3 Objective identification
If there are only isolated nanodroplets in the AFM image, the step discussed in
this subsection is not essential. For the case with nanodroplets sitting on the
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rim of a microcap, it is crucial to automatically identify weather the detected
objective is a nanodroplet or a microcap. The identification is based on the
characteristics from experiments: (i) Nanodroplets can sit above microcaps,
while the reverse does not apply; (ii) Serval nanodroplets can nucleate on
the rim of an identical microcap; (iii) The truncated nanodroplets are higher
or lower than the microcaps, depending on their materials (details refer to
Ref. [240]).

Based on those information, we perform some conditional statements to de-
termine the nanodroplet and the microcap. Then the data points in the overlap
region are attributed to the recognised nanodroplets according to character-
istics (i) (see appendix A for the details). In Figure 8.2d, the identification
numbers are displayed. Behind the label number of each microcap, the label
numbers of its overlapping nanodroplets are also listed in the parentheses.

8.2.4 Cut-off of vertical data points near the rim
As already mentioned in Introduction, the data points near the rim are subject
to the influence of tip convulsion and the disjoining pressure. Here we take
those data points above a threshold height for 3D spherical cap fitting (de-
tails are discussed in section 8.3). The threshold is a new parameter, hcutoff
(sketch in Fig.8.2f). The valid data points are shaded in different colours in
Figure 8.2d, and fitted with a spherical cap by the program. The fitting is gen-
erated by minizing the cost function, which is the summed distance from the
data points to the ideal spherical surface. The system of the nonlinear equation
for the optimisation is directly solved by MATLAB. As shown in Figure 8.2e,
the whole topographic AFM image (the coloured surface) is perfectly matched
by the corresponding ideal spheres (the black dot lines for nanodroplets and
red for microcap). The fitting results are saved as ideal spheres’ radii and their
centre-point coordinates with respect to the flat substrate surface. Based on
these parameters, the calculations of footprint lateral extension L, height H,
contact angle on flat substrate θfs (Fig.8.2f), contact angle on micro-cap θmc
and other relevant geometrical parameters are determined mathematically.

8.3 Evaluation of the effects from cut-off threshold
The selected threshold value hcutoff is import for the consequent contact angle
obtained by 3D-SCFP. In this section, we show the effect of the threshold by
analysing the droplet in Fig. 8.4a. We apply 3D-SCFP to this nanodroplet
with 31 different hcutoff in the range from 1 nm to 30 nm (around 10% height
of the nanodroplet), while all the other fitting parameters are fixed. The
result displayed in Figure 8.3a shows that when the threshold hcutoff increases,
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Figure 8.3: (a) The contact angle and the fraction of the corresponding fitted data points
versus the cut-off height hcutoff in 3D spherical-cap fit. When hcutoff is smaller than a
certain value (around 10 nm), the fitted contact angle has a relatively large variation. (b)
The fit error δrms versus the cut-off height hcutoff in 3D spherical-cap fit. The fit error
δrms has a sudden increase when hcutoff < 10 nm, indicating that the data points below 10
nm are questionable for 3D spherical-cap fit. The 3D representation of the nanodroplet is
shown in Figure 8.4(a).

both the fraction of data points above it (with respect to the number of the
data points above 1 nm) and the 3D fitted contact angle vary. The fraction
decreases as expected while the contact angles θ shows a strong dependence
on hcutoff for hcutoff < 10 nm. In Figure 8.3b, we define the fit error δrms as
root mean square of the radial distance between the data points and the ideal
sphere, showing the great contribution to fit error from the data points close
to the substrate.

According to evaluations of the contact angle and the fit error, an appro-
priate cut-off must be determined slightly after the turning point. Too small
hcutoff causes large 3D spherical-cap fitting error. On the other hand, too
larger hcutoff leads to less contributions from valid data points.

8.4 3D-SCFP versus 2D fitting
We provide in this section the comparison between the results of 3D-SCFP and
2D cross-sectional profile fitting method in two cases: an isolated nanodroplet
and two truncated nanodroplets.

8.4.1 Case1: An isolated nanodroplet on the flat substrate

The selected data points used to be fitted are above 10 nm in height, which
has been properly determined as described in section 8.3 (Fig. 8.3a). In fig-
ure 8.4a, the 3D fitting result (the coloured spherical surface) shows an excel-
lent agreement to the AFM data points (the black dots). The contact angle
θfs calculated from fit is listed in Table 8.1.
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Figure 8.4: (a) Reconstructed 3D image of an AFM sample image, in which an isolated
nanodroplet sitting on the flat substrate. The AFM data points displayed as the black
dots fit well with the coloured ideal spherical surface calculated from 3D-SCFP. Image size:
3.4 µm × 3.4 µm. Droplet height: 0.3 µm. (b) Defined averaged cross-sectional profile
hϕ(r) (square), showing an excellent agreement to the 3D fitting result (red curve). (c-e)
Three cross-sectional profiles CS-1, CS-2 and CS-3 of the same nanodroplet extracted along
different directions. The cross section cutting lines are shown in the inserted AFM images,
respectively. Based on the spherical-cap assumption, the fitting shapes (the black curves)
match the three different cross-sectional profile (circle) very well, but give different fitted
contact angles (Tab. 8.1). Corresponding to (c-e), (f-h) show the deviation of each profile
h2D(r) from its ideal spherical-cap fitting result h3D

fit(r), which considers the contributions
of all the data points.

We introduce an averaged cross-sectional profile hϕ(r) defined as:

hϕ(r) = 1
2π

∫ 2π

0
h(r,ϕ)dϕ, (8.1)

where h(r,ϕ) is the height of the data point in the cylindrical coordinates
(sketch Fig. 8.2f). The origin of the coordinate system is the centre point of
the circular footprint of the ideal sphere on the flat substate. As displayed in
Figure 8.4b, the 3D spherical-cap fitting result (the red line) and the averaged
cross-sectional (the black square line) profile perfectly match with each other
as expected.
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In 2D fitting, the nanodroplet is assumed to be an ideal spherical cap.
Part of three circles are used to fit three different cross-sectional profiles of
the same nanodroplet: CS-1 (along 45o direction), CS-2 (0o) and CS-3 (135o),
as shown in Figures 8.4c, d and e, respectively. It is notable that the pro-
file in CS-2 has more data points (pixels) than others, because CS-2 is along
horizontal direction of pixel matrix in the AFM image. The fitting results
show that the 2D fitting circle (the black line) perfectly matches the profile
data (the circular dots) in each cross section. Theoretically, the fitted contact
angles θfs of different cross-sectional profiles should be the same. But the
contact angles fitted from those three profiles data are different, as listed in
Table 8.1. θfs obtained from CS-1 is smaller than the fitted results of other
two cross-sectional profiles, due to a variation among the profiles in different
cross sections. To reveal where the difference comes from, we introduce a local
deviation defined as |(h2D(r)−h3D

fit(r))/H0|. It is the difference between the
extracted cross-sectional profile data h2D(r) and the corresponding ideal 3D
profile h3D

fit(r), normalised by the height of the nanodroplet H0. The intro-
duced definition displayed in Figure 8.4f-h clearly indicates that the departure
comes from the profile part that near the contact line. The largest departure
in CS-1 results in the greatest deviation of the fitted contact angle from others
θfs (Tab. 8.1), while the CS-2 and CS-3 with the small departure along the
whole profile (Fig. 8.4g and h) give the similar θfs value as the one calculated
from the 3D fit. It is also found that the departures are asymmetry and its
magnitude varies in different cross sections. This may be due to a typical issue
associated with long time scanning required to collect an image. The draft
from the previous scanned area may introduce inaccuracy in the lateral size.
Another possibility is that the droplet is never an ideal spherical cap, due to
the unavoidable chemical heterogeneities on the surface [20, 244]. Overall, the
variation of the extracted cross-sectional profile jeopardise the reliability of 2D
cross-sectional profile fitting method.

8.4.2 Case2: Truncated nanodroplets sitting on the rim of a microcap

In the second example, we test a complex case with two truncated nanodroplets
A and B sitting on the rim of a microcap C (Fig. 8.5a). The parameter hcutoff
is determined as 10 nm beforehand. 3D-SCFP programmatically distinguishes
the data points of the two truncated nanodroplets A, B and the overlapped
microcap C. Then it successfully fits valid data points of each them to an ideal
sphere. In the Figure 8.5a, an excellent agreement between the fitting result
(coloured spherical surface) and AFM data points (black dots) is obviously
displayed. Based on the definition in Equation 8.1, we also build their averaged
cross-sectional profiles. Three averaged cross-sectional profiles (black square)
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Table 8.1: Comparison of the calculated contact angles through 3D-SCFP and 2D cross-
sectional profile fitting method. The cross section labels correspond to those in Figures 8.4
and 8.5. Two kinds of contact angle are compared: θfs, contact angle of nanodroplets or
microcap on flat substrate, and θmc, contact angle of the nanodroplet on a microcap. d is
short for nanodroplet and c is short for microcap.

CS-1 CS-2 CS-3 CS-4 CS-5 CS-6a,b,c 3D fit

θfs 24.48o 25.10o 25.02o 24.98o
a: θfs (d) 29.08o 26.80o 26.99o
a: θmc (d) 30.73o 28.87o
b: θfs (d) 27.45o 27.64o 27.82o
b: θmc (d) 29.35o 30.28o
c: θfs (c) 7.16o 7.52o 7.81o 7.65o

are integrated in a height-radial coordinate with the origin defined as the
footprint centre of the microcap C (Fig. 8.5b). The 3D fitting results are
displayed as the red lines, showing perfect agreement to the averaged profiles.
Here, we introduce the contact angle of the nanodroplet on the overlapped
microcap, labeled as θmc. Then both θfs and θmc are calculated from 3D
fitting results and are listed in Table 8.1.

For this case, it is no longer convenient to apply 2D cross-sectional profile
analysis any more. To obtain the correct contact angle θmc, we must pick
up the cross section that passes both the centre point of the nanodroplet
and that of the microcap. However, there are unavoidable artificial errors of
locating the centra positions of the nanodroplet and the microcap. When the
cutting line of the selected cross section is not in the column direction or row
direction of the image pixel matrix, the profile of an selected cross section can
not be precisely depicted, because the cutting line may not pass pixel centres
(as sketched in Fig. 8.7 in appendix B). In low pixel resolution image, this
problem is even more crucial. In order to reduce those influence as much as
possible in this section, firstly we choose an AFM image with a relatively high
resolution. The lateral dimension of a nanodroplet is depicted by more than
40 pixels (Fig. 8.5a). Secondly, the extraction of the cross-sectional profile in
a particular direction is improved by applying a linear fitting, as described in
appendix B.

In Figures 8.5c, d and e, two cross sections (CS-4 and CS-5) that pass two
centre points of the objectives and three complete cross-sectional profiles of
each objective (CS-6a, b and c) are displayed. Notably, the profile of microcap
C in CS-4 is not only overlapped by nanodroplet A, but also slightly by the edge
of nanodroplet B, which is not conspicuous. The overlap reduces the number
of the valid data points for 2D fit. This situation tends to be common when
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Figure 8.5: (a) Reconstructed 3D image of an AFM sample image, in which two nanodroplets
A and B sitting on the rim of a microcap C. The AFM data points displayed as the black
dots fit well with the coloured ideal spherical surface calculated from 3D-SCFP. (b) Defined
averaged cross-sectional profiles hϕ(r) (square), showing an excellent agreement to the 3D
fitting results (red curves). The positions of the nanodroplets and the microcap are based
on the centre distances. (c-h) hold the same definitions as in Figure 8.4(c-h) (the calculated
contact angles refer to Tab. 8.1).

there are more nanodroplets sitting on a same microcap. We only apply 2D
fits to the valid segment of the extracted profiles. As shown in Figures. 8.5c-
e, the 2D fitting results (the black circles) have a good agreement to the
corresponding profile data. Based on the 2D fitting results, θfs and θmc of
the nanodroplets and the θfs of the microcap are calculated and are listed
in Table 8.1. The normalised deviation of h2D(r) from h3D

fit(r) is calculated
and is displayed in Figures 8.5f-h. It shows that the deviation increases in the
profile part nearby the contact point/line. Especially for nanodroplet A in
CS-4, its profile severely departs from its 3D fitting profile (Fig. 8.5f), leading
to 2o difference for both θfs and θmc (Tab. 8.1). However, with the partial
profile of nanodroplet B in CS-5, we obtain a similar 2D fitted θfs and θmc
with the 3D-SCFP results. We can also acquire similar fitted result θfs when
apply 2D fit to the complete extracted profiles CS-6a, b and c. But the contact
angle θmc is unaccessible from these complete profiles. In a conclusion, the
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2D cross-sectional profile fitting method loses its convenience features and is
more sensitive to image pixel resolution. The inconsistency of the 2D fitting
results is becoming more obvious. In other words, 3D-SCFP demonstrates its
incomparable superiority in this complex case.

8.5 Conclusion

In this paper, we provide a 3D spherical-cap fitting procedure (3D-SCFP) with
further advantages and capability. The procedure integrates powerful feature
extraction method – Circle Hough Transform. Through this method, the data
points of the truncated nanodroplets and the overlapped microcaps can be
accurately separated. Then the procedure applies 3D fit to the nanodroplet
and the microcap separately. The details of the procedure and the MATLAB
program are provided. We also provide comparison between the result of 3D
spherical-cap fitting procedure and that of the classical 2D cross-sectional pro-
file fitting method in two AFM images: one with an isolated nanodroplet and
another complex one with two truncated nanodroplets sitting on a microcap.
The result shows that the drawback of 2D fit lies in the small amount of fitted
data points, the artificial error of the cross section selection and the possible
distortion of the extracted profile nearby the contact line. All those lead the
inconsistent results of 2D cross-sectional profile fitting method. When an re-
quired cross section is not along the pixel array in the second case, it is difficult
to directly extract an accurate cross-sectional profile. However, the 3D-SCFP
takes consideration of all the valid data points and 2D profile extraction is
not necessary any more. It performs well for both cases and gives consistent
and accurate 3D fitting results. Therefore the 3D-SCFP is strongly prefer-
able. The method and codes created in this paper are readily implemented
for imaging analysis of similar nanostructures, and are accessible to all users
through the supplementary materials online.

8.6 Appendixes

8.6.1 Appendix A. Data points division

The projector of the contour of the truncated nanodroplet on the top surface
of microcap (the black solid line) is a part of an ellipse. It is within the overlap-
ping region of two detected circles. In “Objective detection" step of 3D-SCFP,
we prepare data points inside the microcap-circle and outside the nanodroplet-
circle (Data group 1) for 3D fit of the microcap, while the data points inside
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the nanodroplet-circle and outside the microcap-circle (Data group 2-1) for
3D fit of the nanodroplet.

In order to also consider contributions from the data points in the over-
lapping region, we divide the region into two parts with a straight line (the
red dash-line). The line passes through two intersection points of two circles.
Once the nanodroplet is recognised in “Objective identification" step, we can
determine the part that all belongs to nanodroplet. The part (Data group 2-2)
is labeled with red-line pattern as displayed in Figure 8.6. Hence, both the
data group 2-1 and the data group 2-2 are used in 3D fit of the overlapping
nanodroplet in the final step of 3D-SCFP.

Data group 2-1

Data group 2-2

overlapped microcap

nanodroplet

Data group 1

Figure 8.6: Schematic diagram of dividing the joint data points of a nanodroplet (the light
grey geometry) and the overlapped microcap (the dark grey geometry). Two blue circles,
detected by Circle Hough Transform, provide two regions: Data group 1 (with the pattern
of white diagonal dot-line) and Data group 2-1 (with black-diagonal-line pattern). The
red dash-line passes the intersection points and defines the region of Data group 2-2 (with
red-line pattern).

8.6.2 Appendix B. Cross-sectional profile extraction

AFM image is a raster image. Each pixel has a relative x-y position in the
image. The pixel intensity correspond to the sample height (or cantilever
deflection) at that location. When we extract a cross-sectional profile along
any direction except 0o, 45o or 90o, it is common to come across the situation
shown in Figure. 8.7. The cutting line of the cross section does not pass
through any pixel centres in a pixel column (row). In order to obtain the
height value If at position (x0,y), we assume there existing a linear variation
between the height values at positions (x0,yi) and (x0,yi+1). Hence, If is
calculated as below,

If = lBIA+ lAIB
lA+ lB

, (8.2)
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where IA and IB are the distances from the investigating point to the neighbour
pixel centres. The AFM image used in Figures 8.5 have high resolution, so the
linear fit is precise enough. For low resolution AFM image, it is required to
apply high order fit which considers contributions from more neighbour pixels.

lA

lB

IA(x ,y  )

If (x ,y)

Cutting line

Pixel A

Pixel B
Y

X

0 i+1

IB(x ,y)0 i

0

Figure 8.7: Schematic diagram of extracting an arbitrary line from a pixel-array/data-matrix.
Two big solid squares represent two pixel points A and B with corresponding recorded signal
(sample height in the pixel centre) IA and IB . When a line doesn’t pass through the centre
of the pixel, the grey values is If .
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9
Conclusions and outlook

In this thesis, we have studied the dynamical behaviors induced by the “ouzo
effect” in evaporating and dissolving multicomponent droplets through a com-
bined experimental-numerical-theoretical approach. During this study, we not
only discovered and further explained many amazing and unexpected phenom-
ena, which might drawn interests from a variety of fields, but also applied one
of these phenomena in supraparticle fabrication. In the end the surface nan-
odroplets were discussed.

In § 2, we studied the evaporation of the sessile ouzo droplet on an oc-
tadecyltrichlorosilane (OTS)-glass surface through a variety of experimental
technologies and numerical simulations. In this study, we revealed and theo-
retically explained the four different phases of the droplet life: In phase I, the
ouzo droplet appears transparent due to a large fraction of ethanol in the ouzo
solution. The high volatility of ethanol causes its concentration reduction in
the droplet, preferentially at rim of the droplet due to the singularity there.
Thus the phase separation initially takes place at the contact line. This is the
beginning of phase II, in which oil microdroplets quickly nucleate in the whole
drop, leading to its milky color which typifies the so-called “Ouzo-effect.” Dur-
ing the evaporation, the nucleated oil surface droplets merge up into an oil
ring, which consequently cause a characteristic non-spherical-cap shape. In the
first two phases, there are intense solutal Marangoni flows inside the droplet
due to concentration gradients. The phase III starts when the ethanol has
evaporated out. A water drop sits on the oil-ring and the solutal Marangoni
flows stop. In phase III, the droplet has a distinctly lower evaporation rate
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than in the first two phases due to the absence of the ethanol evaporation,
which is clearly proved in our simulations. Finally, in phase IV, also all water
has evaporated out, leaving behind a tiny spherical cap-shaped oil drop. Since
the divergence of the local evaporation rate at the contact line is essential to
the preferred evaporation-triggered “ouzo effect” at the droplet rim, we were
curious about what would happen to an evaporating ouzo droplet without the
divergence. This triggered the work in § 3, where we used a superamphipho-
bic surface, which is both superhydrophobic and superoleophobic, to obtain a
spherical ouzo droplet. Based on the evaporation theory, the divergence of the
local evaporation rate disappears for the droplet with a Young’s contact angle
higher than 90°. The work in this chapter experimentally and numerically
proved the absence of the preferred evaporation-triggered “ouzo effect” at the
droplet contact line for a spherical ouzo droplet. Now, the preferred posi-
tion moves to the top of the droplet because of the maximum evaporation rate
there. The comprehensive simulations with the Finite Element Method helped
us to notice the importance of the evaporative cooling effect for a droplet with
high contact angles. Taking advantage of the existence of the intense solu-
tal Marangoni flows, we assumed an isothermal field inside the droplet and
corrected the evaporation model with an overall reduced temperature of the
droplet. Meanwhile, Raoult’s law was applied to express the interactions be-
tween different species at the vapor-liquid interface. With these assumptions,
the generalized diffusion model successfully reproduced the experimental data.
We also discovered an interesting phenomenon, in which the separated-out oil
phase wraps up the droplet in the end, and explained it by calculating the
spreading coefficient.

In § 5, we have experimentally presented the rich phenomena of water-
ethanol drops dissolving in oil as host liquid. In this system, we observed
w-in-o emulsification outside the drop, o-in-w emulsification inside the drop,
buoyancy-driven convection dominating outside the drop, and prevailing solu-
tal Marangoni convection inside the drop. To understand the diffusion-induced
emulsifications, we developed a one-dimensional multi-diffusion model, which
incorporates thermodynamical equilibrium theory and diffusion path theory,
and successfully predict the experimental observations: diffusion-triggered w-
in-o emulsification occurs when the drops have a ethanol content higher than
51.98 vol%; o-in-w emulsification cannot be induced by pure diffusion. The
model is only applicable for the early stage of the multiphase diffusion process
due to the infinite domain and the Dirichlet boundary conditions used in this
model. In practice, the continuous reduction of ethanol and increasing of oil
in the drop lead to the occurrence of the o-in-w emulsification in a long time,
which is thereby independent of the initial ethanol content of the drop. We
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also performed a scale analysis and PIV measurements to gain insight into its
influence on the emulsification process by the diffusion-induced flow motions.
Through the scale analysis, we demonstrated that in drop domain, the solute
Marangoni flow prevails over the buoyancy-driven flow, while in host liquid
domain, the latter dominates. This work provided a systematic investigation
on the emulsification triggered by the dissolution of multicomponent drop in
a host liquid. We expect that the proposed multi-diffusion model will have an
important role in the study of the locomotion of dissolving multi-component
droplets.

In the last chapter of Part I, we provided a detailed investigation on the
evaporation of mixture droplets with numerical and experimental methods.
We first validated the axisymmetric finite element method model by Diddens
et al. [111] by providing the good agreement of numerical predictions and
the experimental data for a pure water droplet and a binary water-ethanol
droplet. It has been shown that the quality of the agreement decisively de-
pends on the consideration of the interplay of multi-component evaporation
and thermal effects. While the pure water droplet and the binary water-
ethanol droplet are in perfect agreement with the experiment, the simulation
of the ternary Ouzo droplet initially shows good agreement, including the on-
set of oil nucleation, but exhibits a faster evaporation of the remaining water
residual than in experiment. This issue can presumably be attributed to the
presence of the oil ring, i.e. a geometric deviation from the typical spherical
cap shape, which was not included in the present model. To experimentally
investigate the flow in the binary water-ethanol droplet, micro-PIV measure-
ments have been performed. Since the flow is clearly non-axisymmetric as long
as ethanol is present, the model was generalized to a full three-dimensional
version. While the data is initially in good quantitative agreement, deviations
between experiment and simulation can be found at later times. In particu-
lar, the simulation shows an intense thermal Marangoni flow once pure water
remains, whereas the micro-PIV measurement shows no flow at all. Since all
other aspects, i.e. composition-dependent liquid properties and thermal in-
fluences, are considered in the model, the mismatch can only be attributed
to the presence of surface-active contaminations. Although we were unable
to perform micro-PIV measurements in the Ouzo droplet, the flow inside this
droplet was qualitatively revealed by the use of confocal microscopy. By visu-
alizing the trajectories of the oil microdroplets, similar flow transitions as in
the micro-PIV results of the binary water-ethanol droplet were found.

Inspired by the evaporating phenomena observed in the study of § 2, in § 6,
we proposed a new method for supraparticle synthesis by applying an “ouzo”
solution in evaporation-driven particle assembly. In our method, the evapo-

161



9

rating colloidal drop was lubricated by its self-formed oil ring during the self-
assembly of supraparticles, and therefore we call it “self-lubrication.” Through
confocal microscope technique, we clearly observed and physically explained
the dynamics of the whole self-lubrication process during the evaporation. The
presence of the oil ring from the merging of surface oil microdroplets plays a
significant role in preventing the formation of a sticky contact line during the
particle assembly. By varying the ratio of oil volume fraction to nanoparticles
volume fraction in the initial colloidal solution, we generated supraparticles
in a variety of shapes with high porosity. We proposed a simple method to
explain the transition between ball-like shape and non-ball-like shape of the
generated supraparitcles. The high porosity of the generated supraparticles
was confirmed through the investigation of the inside structure by cutting the
supraparticle slide by slide. Our new method provides huge improvements
on evaporation-driven supraparticle self-assembly thank to its advantages of
scalability, improving its operability and cost-efficiency, and flexibility, allow-
ing for different sizes & porosity. We expect that combing our method with
piezoacoustic inkjet technology can dramatically scale up fabrication, as there
is no limitation on supraparticle collection. Through this route, we expect
more complex and interesting supraparticles can be generated by tuning the
properties of (multi-) particles, as we observed that the nucleated oil micro-
droplets in the colloidal drop have the potential to organise particles locally.

In the last part, we drew our attention to the nucleated surface nan-
odroplets by the non-standard “ouzo effect”. We used the solvent exchange
method to form the surface nanodroplets in a narrow channel with controlled
flow conditions. In § 7, we experimentally and theoretically investigated the
influence of the flow conditions on the formation of these nanodroplets. From
our experimental images, there are significant effects from the flow rate and
the flow geometry on the droplet size, although the contact angle of the nan-
odroplets is independent of the flow condition. We developed a theoretical
framework to account for these effects based on the main idea that the droplet
nuclei are exposed to an oil oversaturation pulse during the exchange process.
The theoretical model predicts that the volume of the nanodroplets increases
with the Péclet number Pe of the flow as ∝ Pe3/4, which is in good agreement
with our experimental results. In addition, at fixed flow rate and thus fixed
Péclet number, convections originating from the density difference between
the two solutions of the solvent exchange at wider channels cause larger and
less homogeneously distributed droplets to form. We believed that the un-
derstanding from this work will provide valuable contributions for producing
surface nanodroplets with desired sizes by controlling the flow conditions.

In § 8, we focused on the accurate extraction of morphological features
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from atomic force microscopy topographic images, which plays a vital role in
surface nanodroplets study. We have developed a comprehensive 3D spheri-
cal cap fitting procedure (3D-SCFP) to extract morphologic characteristics of
complete or truncated spherical caps from AFM images. The procedure inte-
grates powerful feature extraction method – Circle Hough Transform, through
which the data points of the truncated nanodroplets and the overlapped mi-
crocaps can be accurately separated. Then the procedure applies 3D fitting
to the nanodroplet and the microcap data separately. We compared our 3D
fitting procedure with the currently common-used 2D cross-sectional profile
fitting method by calculating the contact angles of some complete spherical
caps and truncated spherical caps. The comparison showed that the results
from 3D- SCFP are consistent and accurate, while 2D fitting method gives
results with large variations due to its arbitrary selection of the cross-sections
and the limited number of the data points for fittings. Therefore the 3D-SCFP
is strongly preferable. The method and codes created in this paper are read-
ily implemented for the imaging analysis of the nanostructures with similar
morphological features.

In the context of this thesis, the beauty and richness of the involved physics,
chemistry, and fluid dynamics in small droplet systems are demonstrated by
studying the evaporation and dissolution of ouzo drops. The fundamental fluid
dynamics of the evaporating/dissolving multicomponent droplets are illumi-
nated. We expect our work to give a contribution to bridging the gap from
fluid dynamics to chemical engineering and colloidal & interfacial science.

Much more effort is required to enable high-precision chemical engineer-
ing for droplets. Regarding to the topics discussed in this thesis, here we list
some of work which might be interesting to study in the future: (i) How to
locally trigger the “ouzo effect” by applying an extra field; (ii) A compre-
hensive theoretical model for the multiphase diffusion process at the moving
liquid-liquid interface with the consideration of phase separation; (iii) The
competitions of the different types of flows that driven by different forces –
Marangoni force, buoyant force, viscous force – inside multicomponent and
multiphase droplets; (iv) Applying different properties (micro-) nanoparti-
cles in the supraparticle fabrication by evaporating / dissolving colloidal ouzo
droplets; (v) Introducing ouzo droplets into other classical droplet system,
like Leidenfrost droplets, droplet impacting into liquid, micro- or picoliter
ouzo droplets in micro-channel. We believe many more interesting work will
be followed.
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Summary

The evaporation and dissolution of droplets in the multi-component system
are omnipresent in nature, science, and many advanced technologies. In the
droplets, the two-way interactions between the fluid properties and hydrody-
namics make the dynamical behaviors complicated. To have a quantitative
understanding of these processes is not only a challenge but also significantly
crucial for many applications, such as inkjet printing, liquid-liquid extraction,
DNA mapping, emulsion formation, and so on. In this thesis, we studied
the evaporation and dissolution of droplets in ternary systems with the “ouzo
effect” through a combined experimental-numerical-theoretical approach.

In Part I, we explored the evaporating and dissolving processes of “ouzo”
(water, ethanol, and anise oil) droplets on surfaces. Through a series of stud-
ies, we revealed microdroplet nucleation processes triggered by the evapora-
tion or dissolution of the droplets in ternary systems and consequently induced
dynamical behaviors of the droplets. The local diffusion rates of different com-
ponents determines the variation of the local composition and the consequent
preference of the microdroplet nucleation: at the contact line of the evaporat-
ing flat “ouzo” droplet (§ 2), at the top of the evaporating spherical “ouzo”
droplet (§ 3), and at the middle of the dissolving spherical “ouzo” droplet
(§ 4). To gain insight into the evaporation process of sessile mixture droplets,
we numerically and experimentally performed a systematic investigation in
§ 5, by successively increasing the mixture complexity from pure water over a
binary water-ethanol mixture to the ternary “ouzo” mixture. We provided an
in-depth discussion on several important factors to the hydrodynamics inside
the evaporating droplets, including preferential evaporation, evaporative cool-
ing effect, thermal and solutal Marangoni flows, and their interplays as well.
Based on these understandings, we proposed a generalized diffusion model in
§ 3 to predict the evaporative mass loss rate of the evaporating spherical ouzo
droplets. To explore the multi-diffusion process at the interface of the dis-
solving multicomponent droplets, in § 4 we proposed a one-dimensional model
by integrating multi-diffusion process theory and the liquid-liquid equilibrium
theory. Besides, there are many interesting phenomena discovered along with
the investigation in Part I, including self-formed oil ring at the droplet con-
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tact line (§ 2), wrapping of nucleated oil (§ 3), suspending microdroplets rings
(§ 4). In this part, we fully revealed the complicated dynamical behaviors in
the evaporating and dissolving multicomponent droplets.

In Part II, we performed exploratory research on the application of the evap-
orating multicomponent droplets. Inspired by the interesting phenomenon
observed in § 2, we employed the self-formed oil ring in evaporation-driven
particle fabrication to prevent the formation of the pinning contact line in
§ 6. That is, the evaporating colloid ouzo droplets acquire a “self-lubrication”
ability. Through our method, the evaporation-driven particles assembly is
practicable by using the commonly used hydrophobic surfaces and the fabri-
cation of high-porosity supraparticles with controllable shapes is feasible by
changing the initial ratio of oil to nanoparticles in the colloidal drops. The
appearance of self-formed lubricating oil layer conduces to the complete de-
tachment of the generated supraparticles, which allows the repeated utilization
of the surfaces. We believe that our approach of particle synthesis with many
advantages including, scalability, flexibility, operability, and cost-efficiency,
and chemical-consumption-efficiency, will give tremendous contributions to
the mass production of the advanced particles.

In the last Part III, our attention focused on the nucleated nanodroplets
on the surface induced by the “ouzo effect.” We used the solvent exchange
method to form the surface nanodroplets in a narrow channel with controlled
flow conditions. In § 7, we used this method to form surface nanodroplets
in different controlled conditions and statistically analyzed the volume of the
nucleated nanodroplets. Based on the idea that the growths of surface nan-
odroplets result from the exposure of the droplet nuclei to an oil oversaturation
pulse during the exchange process, we developed a theoretical framework and
revealed a 3/4 power law relationship between the volume of the nanodroplets
and the Péclet number of the flow. The convection effects by density difference
during the exchange process were also discussed. In § 8, we have developed a
comprehensive three-dimensional (3D) spherical cap fitting procedure for the
accurate extraction of the morphologic characteristics of complete or truncated
spherical caps from atomic force microscopy (AFM) images. Our method in-
tegrates several advanced digital image analysis techniques to construct a 3D
spherical cap model. We expect the developed 3D spherical-cap fitting proce-
dure will find many applications in imaging analysis.



Samenvatting

Het verdampen en oplossen van druppels in multi-compomenten systemen
zijn alomtegenwoordig in natuur, wetenschap en vele geavanceerde technolo-
gieën. De tweewegsinteractie tussen vloeistofeigenschappen en hydrodynamica
maakt het dynamisch gedrag van druppels gecompliceerd. Een kwantitatief
begrip van deze processen krijgen is niet alleen uitdagend maar ook cruci-
aal voor veel toepassingen, zoals inktjet printen, vloeistof-vloeistof extractie,
DNAmapping, emulsie formatie, en zo verder. In deze thesis hebben we de ver-
damping en oplossing van druppels in ternaire systemem met het “ouzo effect”
bestudeerd met van een gecombineerde experimentele-numerieke-theoretische
aanpak.

In deel I, hebben we de verdamping en oplossing processen van “ouzo” (wa-
ter, ethanol en anijsolie) druppels op oppervlakken verkent. Door een serie
van studies hebben we microdroppel nucleatie processen onthuld die getrig-
gerd worden door de verdamping of oplossing van de druppels in ternaire
systemen en de daardoor geïnduceerde dynamische gedragingen van de drup-
pels. De lokale diffusiesnelheden van verschillende componenten bepaalt de
variatie van de lokale compositie en de bijgevolge voorkeur van microdruppel
nucleatie: bij de contactlijn van de platte verdampende “ouzo” druppel (§,2),
bij de top van de verdampende sferische “ouzo” druppel (§ 3), en in het mid-
den van de oplossende sferische “ouzo” druppel (§ 4). Om inzicht te krijgen in
het verdampingsproces van sessiele druppels van mengsels hebben we een sys-
tematisch numeriek en experimenteel onderzoek gedaan in § 5, door het opvo-
eren van de mengselcomplexiteit van puur water via een binair water-ethanol
mengsel naar het ternaire “ouzo” mengsel. We hebben verschillende belangri-
jke factoren voor de hydrodynamica in de verdampende druppels diepgaand
bediscussieerd, inclusief preferentiële verdamping, verdampingskoeling effect,
thermische en oplossings Marangoni stromingen, en de interactie tussen deze
factoren. Gebaseerd op deze begrippen, hebben we een gegeneraliseerd diffusie
model voorgesteld in §,3 om de verdampingsmassaverliessnelheid van verdamp-
ende sferische ouzo druppels te voorspellen. Om de multi-diffusie processen op
het oppervlak van oplossende multicomponent druppels te verkennen, in § 4
hebben we een ééndimensionaal model voorgesteld, dat de multi-diffusie pro-
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cestheorie en de vloeistof-vloeistof evenwichtstheorie integreert. Daarnaast, er
zijn veel interessante fenomenen ontdekt tijdens het onderzoek in deel I, onder
andere zelf-geformeerde oliering bij de druppel contactlijn (§,2), inpakken van
genucleërde olie (§,3), hangende microdruppel ringen (§,4). In dit deel hebben
we de ingewikkelde dynamische gedragingen in verdampende en oplossende
multicomponent druppels volledig onthuld. In deel II hebben we verkennend
onderzoek gedaan naar de toepassing van verdampende multicomponent drup-
pels. Geïnspireerd door de interessante fenomenen geobserveerd in § 2, hebben
we de zelfvormende oiliering in verdampingsgedreven deeltjesproductie ge-
bruikt om de formatie van een gepinde contactlijn te voorkomen in § 6. Dat wil
zeggen, de verdampende colloïde ouzo druppels verkrijgen een “zelfsmerend”
vermogen. Door middel van onze methode is verdampingsgedreven deeltjes
assemblage uitvoerbaar door algemeen gebruikte hydrofobe oppervlaken te
gebruiken en de productie van hoog-poreuze supradeeltjes met te controleren
vormen is mogelijk door de initiële ratio van olie en nanodeeltjes te veranderen
in de colloïde droppels. Het verschijnen van zelf-vormende smerende olielaag
leidt tot de complete ontkoppeling van de gegenereerde supradeeltjes, wat het
hergebruik van de oppervlakken mogelijk maakt. Wij geloven dat onze aan-
pak van deeltjessynthese met vele voordelen zoals, schaalbaarheid, flexibiliteit,
operabiliteit, en kosten-efficiëntie, een geweldige bijdrage zal leveren aan de
massaproductie van geavanceerde deeltjes.

In het laatste deel III, richtte onze aandacht zich op de genucleërde nan-
odruppels op het oppervlak, geïnduceerd door het “ouzo effect.” We gebruikten
de oplossing uitwisseling methode om oppervlakte nanodruppels te formeren
in een smal kanaal met gecontroleerde stromingscondities. In §,7, gebruikten
we deze methode om oppervlakte nanodruppels in verschillende gecontroleerde
condities te maken en analyseerden statistisch het volume van de genucleërde
nanodruppels. Gebaseerd op het idee dat de groei van oppervlakte nanodrup-
pels een gevolg is van de blootstelling van druppel nucleatiepunten aan een olie
oververzadigde puls gedurende het uitwisselingsproces, hebben we een theo-
retisch kader ontwikkeld en een 3/4 powerlaw relatie tussen het volume van de
nanodruppels en het Péclet nummer van de stroming onthuld. De convectie
effecten bij dichtheidsverschillen gedurende het uitwisselingsproces zijn ook
bediscussieerd. In § 8, hebben we een veelomvattend driedimensionaal (3D)
bolkap fitting procedure ontwikkeld om de morfologische karakteristieken van
complete of afgeknotte bolkappen accuraat af te leiden uit atoomkrachtmi-
croscopie (AFM) afbeeldingen. Onze methode integreert verschillende gea-
vanceerde digitale beeldanalyse technieken om een 3D bolkap model te con-
strueren. Wij verwachten dat de ontwikkelde 3D bolkap fitprocedure veel
toepassingen zal vinden in beeldanalyse.
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