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Introduction

Evaporation is a ubiquitous phenomenon in our planet - it is a type of vapor-
ization that occurs on the surface of a liquid as it transitions to the gas phase.
As one of the most common forms of liquids, droplets and their evaporation
are omnipresent in nature and technology, be it a rain droplet on a lotus leaf;
an inkjet droplet on a paper; a suspension droplet on an uncoated substrate;
or a cooling droplet on a hot surface (see examples in Fig. 1). Over a century
ago, it was already discovered that the diffusion of vapor in the surrounding
gas is the mechanism that limits the evaporation rate of a droplet. Yet, it still
remains one of the most challenging topics for scientists and engineerings.

Diffusion-limited process

Single-component droplets

In 1910, Harry W. Morse studied the evaporation of a small sphere of iodine
in quiescent air [1]. He placed the spheres of about one millimeter diameter
on the flat surface of a microbalance and weighed them at intervals until they
disappeared. The experiments surprisingly indicated that the rate of the mass
loss was proportional to the radius of the sphere instead of to its surface. A few
years later, the linear dependency on the radius was explained theoretically
by Irving Langmuir who showed that the evaporation of the small sphere of
iodine is determined by the rate of diffusion through the surrounding air [2].
In 1950, Epstein & Plesset [3] gave the mathematical solution of the diffusion
problem for a spherical gas bubble dissolving in a liquid-gas solution. They
calculated the gas concentration field by solving the diffusion equation:

∂c/∂t = κ∆c (1)

where c is the dissolved gas concentration in the solution at a distance rg

1
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(a) (b)

(c) (d)

Figure 1: Examples of sessile droplets on different substrates: (a) Rain droplets
on a lotus leaf; (b) A ink drop on paper; (c) Droplets sprayed on a solid surface;
and (d) Droplets on a hydrophobic surface. (Source for images: a. c. d. Pixabay
website; b. Shutterstock website.)

from the origin, κ is the coefficient of diffusivity of the gas in the liquid. In a
spherically symmetric solution, the following conditions are satisfied:

c(r, 0) = ci, rg > Rg; lim
rg→∞

c(rg, t) = ci, t > 0; (2)

c(Rg, t) = csg, t > 0; (3)

where Rg is the bubble radius, ci is the initial gas concentration in the sur-
rounding liquid and csg is the saturated gas concentration on the gas-liquid
interface. By solving the diffusion equation together with these boundary
conditions, the concentration gradient at rg = Rg can be obtained:(

∂c

∂rg

)
Rg

= (csg − ci)

[
1

Rg
+

1

(πκt)
1
2

]
. (4)
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Thus, the mass flux of the gas that dissolves into the liquid has the value

ṁ = −4πRg
2κ

(
∂c

∂rg

)
Rg

= 4πRg
2κ(csg − ci)

[
1

Rg
+

1

(πκt)
1
2

]
. (5)

However, different from the gas dissolution, the evaporation of droplets in air
is treated to be a quasi-steady process [4] by arguing that the characteristic
diffusion time td = R2/D is much smaller than the typical droplet evaporation
time tf = ρl/(cs − c∞)td, with D the diffusion coefficient, cs is the saturated
vapor concentration, c∞ = Hcs (H relative humidity) is the vapor concentra-
tion in the surrounding air and ρl is the liquid density. In this quasi-steady
case, the concentration field c around the droplet becomes

∇2c = 0. (6)

Therefore, the diffusive flux on the droplet surface is given by

ṁ = 4πRκ(cs − c∞), (7)

which is proportional to the radius of the droplet instead of to its surface area.
For the evaporation of a sessile droplet on the substrate, another boundary
condition is added: because of the impermeability of the substrate, ∂c/∂z = 0
along the surface, with z the normal distance from the substrate. Popov [5]
obtained the analytical solution for this problem by using the solution to
an equivalent problem of the electric potential around a charged lens-shaped
conductor:

ṁ = −πDR(cs − c∞)f(θ) (8)

with

f(θ) =
sin(θ)

1 + cos(θ) + 4

∫ ∞

0

1 + cosh(2θε)
sinh(2πε) tanh[(π − θ)ε]dε (9)

where R, θ and D are the footprint radius, contact angle of the droplet and
diffusion coefficient of vapor in the surrounding air, respectively.
The prediction of the evaporation rate of a sessile droplet obtained by the
diffusion model (Eq. 4.1) relies on the knowledge of the evaporation mode.
Picknett & Bexon [6] identified three modes in which a sessile drop can evap-
orate on a flat surface (see Fig. 2); one in which the drop’s footprint radius
remains constant (CR mode), another one in which the contact angle is con-
stant (CA mode) and a mixed mode, in which the drop first evaporates in the
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CR mode and switches to CA mode after it reaches the receding contact angle
(“Stick-Slide” mode). Recently, a fourth mode was observed [7, 8], namely
“Stick-Jump” mode, in which the contact line remains pinned, but suddenly
jumps to the next pinning position for each time the contact angle reaches
a critical value, where it then repeats the same process. So far, a complete
description of the evaporation rate of a single-component droplet drying on a
flat substrate is obtained [9].

(a) CR mode (b) CA mode

(c) Stick-slide mode

(d) Stick-jump mode

Figure 2: Schematics of four evaporation modes of a sessile droplet. (a) CR
mode. The droplet evaporates with a pinned contact line. (b) CA mode.
The droplet evaporates with a constant contact angle. (c) Stick-slide mode.
The droplet evaporates following the CR mode then changes to the CA mode
when reaching a critical contact angle. (d) Stick-jump mode. The droplet
first evaporates in a CR mode, when it reaches the critical angle, the contact
radius jumps to a smaller value due to a sudden depinning of contact line on
one side. The mass conservation at the short time interval of jumping yields
an increasing of the droplet height and contact angle. After the jump, the
droplet again evaporates in a CR mode until the next jump.

Multi-component droplets
The essential difference between a pure liquid and a mixture is the vapor-
liquid equilibrium. The existence of different species in the mixture lower the
saturated vapor concentration at the air-liquid interface of each component i
as compared to that in a pure system. Raoult’s law [10] is used to calculate the
air-liquid equilibrium: ci,s = Xic

0
i,s, where Xi is the mole fraction of component
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i on the interface and c0i,s is the saturated vapor concentration of the pure
liquid i. However, Raoult’s law only relies on an ideal solution and ignores any
interaction between the components. To overcome this limitation, a so-called
activity coefficient Γi for each component is introduced [11]: ci,s = ΓiXic0i,s.
Therefore, a theoretical model can be obtained to express the evaporation rate
for each component i in a multi-component droplet:

ṁi = −π
2
DiR(ΓiXic

0
i,s − ci,∞)f(θ), (10)

and the total evaporation rate is given by:

ṁ = Σṁi, (11)

where the subindex i stands for the component i of each variable.

Evaporation-driven flows and particle depositions

Coffee-stain effect

While the evaporation is controlled by a diffusion process which appears to be
quiet and slow, the evaporation-driven flow inside a droplet can be strong and
complicated. In 1997, Deegan and his coworkers studied the flow structure in
an evaporating particle-laden water droplet [12]. The observation revealed that
the capillary flow caused by the pinning of the contact line, carries particles
towards the edge of the droplet. It is the first work explaining the underlying
mechanism describing the so-called coffee-stain effect [see Fig. 3(a)], and more
importantly, it brought this daily-life phenomenon into the laboratory and it
keeps inspiring the scientific community. Since then, the coffee-stain effect
has became paradigmatic for a whole class of problems associated with any
type of colloidal suspension droplets, such as ink, blood or salty water. The
main outcome of the effect directly affects particle deposition on the surface.
However, in most industrial applications ranging from surface coating, particle
patterning and inkjet printing, the challenge is to prevent the formation of
such ring-shaped distributions in order to obtain a uniform coating. Hence,
the suppression of coffee-stain effect becomes one of the key topics for the
study on flow behavior in evaporating droplets.
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(a)

(b)

Figure 3: (a) Coffee-stains on paper (Pixabay website). (b) Tears of wines
(Winecooler website).

Marangoni effect

In 1855, physicist James Thomson observed the wine dripping down the gob-
let’s wall on his dinning table. He identified this phenomenon with a beautiful
name “tears of wine” [13] [see Fig. 3(b)]. Ten years later, Italian physicist
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Carlo Marangoni published his study on this phenomenon for his doctoral dis-
sertation and extended for more general cases [14]. The effect is thereby named
after him as the “Marangoni effect”. It works as follows: A liquid with a high
surface tension pulls more strongly on the surrounding liquid than one with
a low surface tension, the presence of surface tension gradients drives a liquid
flow towards regions of high surface tension. In most droplet systems, natural
convection caused by the effect of gravity becomes negligible as compared to
the flow driven by surface tension gradient.

(a) Thermal Marangoni flow (b) Solutal Marangoni flow

Figure 4: Schematics of two Marangoni flows. (a) Thermal Marangoni flow.
(b) Solutal Marangoni flow.

The inhomogeneous evaporative flux along the droplet surface may lead to un-
balanced mass and heat transfer, which causes either a concentration gradient
or a temperature gradient. Hence, the resulting surface tension gradient drives
a tangential flow along the surface, termed the Marangoni flow. Based on the
driving source, they can be categorized into two kinds: thermal Marangoni
flow and solutal Marangoni flow, see Fig. 4. The thermal Marangoni effect
normally drives the flow towards the low-temperature side of the liquid as heat
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reduces the surface tension. The solutal Marangoni effect is more complicated.
Here we introduce the case where the surface tension decreases with increasing
solute concentration. In this case, the solutal Marangoni effect drives the flow
towards the side with a lower solute concentration.
In general, the flow structure inside an evaporating droplet, either single-
component or multi-component, is a result of the interplay between all kinds
of effects, happening at different length and time scales, which makes it com-
plicated and difficult to predict. It is crucial to obtain insight into the flow
structure because it affects the evaporation behavior in return and also deter-
mines the final depositions of particles and other suspensions.

A guide through this thesis
In this thesis, we address how selective evaporation of each component affects
the evaporation behavior, flow structure and particle depositions by studying
several multi-component droplet systems.
In Chapter 1, we studied the evaporation of a binary liquid system consisting of
a miscible mixture of water and 1,2-hexanediol, in which only water evaporates
in the laboratory conditions. We find that the preferential evaporation of water
and the insufficient mixing effect by weak convection lead to a segregation of
1,2-hexanediol.
In Chapter 2, we investigated another binary liquid system by replacing 1,2-
hexanediol with glycerol. We find that in spite of the small droplet size,
the concentration gradient caused by selective evaporation leads to a density
gradient, which can result in gravity-controlled flow.
In Chapter 3, we gradually increased the degree of complexity by adding a
small amount of silicone oil into the binary system studied in Chapter 1. We
observed a Rayleigh-Taylor instability by segregation in such an evaporating
microdroplet.
In Chapter 4, we studied a surfactant-laden glycerol-water evaporating sys-
tem. The surfactant can mix with glycerol with the help of water. During
the evaporation, the depletion of water leads to a segregation of surfactants
through the formation of crystals.
In Chapter 5, we propose a robust method to suppress the “coffee-stain” effect
by letting droplets evaporate on lubricated surfaces. It is demonstrated that
by adding a certain amount of surfactants, thereby tuning the surface energy of
droplets, we can manipulate the wetting state, flow behavior and final particle
deposition.



9

Finally, we conclude and summarize the work presented in this thesis.
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Chapter 1

Evaporation-triggered
segregation of sessile binary
droplets∗

Droplet evaporation of multicomponent droplets is essential for various physio-
chemical applications, e.g. in inkjet printing, spray cooling and microfabrication.
In this work, we observe and study phase segregation of an evaporating sessile bi-
nary droplet, consisting of a miscible mixture of water and a surfactant-like liquid
(1,2-hexanediol). The phase segregation (i.e., demixing) leads to a reduced wa-
ter evaporation rate of the droplet and eventually the evaporation process ceases
due to shielding of the water by the non-volatile 1,2-hexanediol. Visualizations
of the flow field by particle image velocimetry and numerical simulations reveal
that the timescale of water evaporation at the droplet rim is faster than that of
the Marangoni flow, which originates from the surface tension difference between
water and 1,2-hexanediol, eventually leading to segregation.

∗Published as: Yaxing Li, Pengyu Lv, Christian Diddens, Huanshu Tan, Herman Wijshoff,
Michel Versluis, Detlef Lohse, Evaporation-triggered segregation of sessile binary droplets, Phys.
Rev. Lett. 120, 224501 (2018). Experiments are done by Li and Lv. Numerical simulation is
done by Diddens.

11
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1.1 Introduction

The evaporation of a sessile droplet has attracted a lot of attention over the
past years [4–6, 9, 12, 15–24], not only from a fundamental scientific perspec-
tive, but also because of many technological and biological applications, such
as inkjet printing [25], nanopatterning depositions [26], and DNA stretch-
ing [27]. Within the whole class of problems, the so-called “coffee-stain effect”
which was presented to the scientific community 20 y ago [12], has become
paradigmatic. The problem and its variations keep inspiring the commu-
nity. This holds not only for the evaporation of liquids with dispersed parti-
cles [21,28], but also for that of liquid mixtures, including binary and ternary
mixtures [24, 29–32]. In recent work on an evaporating Ouzo drop (a ternary
mixture of water, ethanol and anise oil), Tan et al. [24] showed that a phase
transition and the nucleation of oil microdroplets can be triggered by evapo-
ration. The reason for the nucleation lies in the varying solubility of oil in the
ethanol-water mixtures: the high evaporation rate at the rim of the droplet
together with the higher volatility of ethanol as compared to water causes an
oil oversaturation at the rim, leading to localized oil microdroplet nucleation.
The oil microdroplets are advected over the whole drop by Marangoni flow
and further droplets later nucleate in the bulk. Finally, the microdroplets are
jammed and coalesce during the further evaporation process, eventually lead-
ing to the formation of a separated oil phase in the remaining binary water/oil
droplet. Liquid-liquid phase separation during evaporation not only occurs for
Ouzo drops, but is omnipresent in nature and technology [33–36].
In this work, we experimentally and numerically study segregation within
an evaporating 1,2-hexanediol/water miscible binary droplet, which will turn
out to follow a completely different route – even qualitatively – than that in
an evaporating Ouzo drop, in which immiscible oil microdroplets nucleate.
1,2-hexanediol is used in a variety of applications, such as co-surfactant for
modifying the sodium dodecyl sulfate (SDS) micelles [37] and oil solubilization
in ternary systems [38]. The features of its aqueous solution are widely studied
in many previous papers [39–41], which show that 1,2-hexanediol molecules
form micelle-like aggregates characterized by a critical micelle concentration
(CMC) in aqueous solutions, leading to an almost constant surface tension
above the CMC [42]. Compared with water, 1,2-hexanediol is non-volatile
under room conditions, implying a preferred evaporation of the more volatile
water during the drying process. However, to the best of our knowledge, the
segregation of the miscible 1,2-hexanediol and water during the evaporation
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process has never been observed, nor studied.

1.2 Experimental results

We begin with the visualization of the distribution of the mixture components
during evaporation by labelling water and 1,2-hexanediol with the fluorescent
dyes dextran and nile red, respectively. A dyed 0.5 µL binary droplet with
initial 10% mass concentration of 1,2-hexanediol (around the CMC [42]) is
deposited on a transparent hydrophobic octadecyltrichlorosilane (OTS)-glass
surface, while monitoring its evaporation under ambient conditions with con-
focal microscopy from side and bottom (see supporting information). The
contact angle of the droplet varies between 43◦ and 23◦ during the whole
evaporation process, measured by bright-field imaging from side view. Fig. 1.1
presents the segregation process of the evaporating binary droplet. In the be-
ginning the droplet is homogeneously mixed, as revealed by the uniform green
colour over the surface and on the bottom (Fig. 1.1A,1.1A′). About 34 s after
deposition, 1,2-hexanediol microdroplets nucleate at the rim of the droplet, re-
vealed by the yellow colour (Fig. 1.1B,1.1B′). During further evaporation, the
nucleated microdroplets of 1,2-hexanediol grow and coalesce, which forms star-
shape binary mixture area revealed in blue colour (Fig. 1.1C,1.1C ′). Even-
tually, 1,2-hexanediol covers the whole surface of the droplet and the evapo-
ration process stops with some water being entrapped by the 1,2-hexanediol
(Fig. 1.1D,1.1D′). From comparing the initial and the final size, we calculate
that approximately 96% of the water has evaporated while 4% got trapped.
To obtain insight into the segregation process, we record the evolution of
the flow field within the evaporating binary 1,2-hexanediol/water droplet by
particle image velocimetry (PIV) combined with confocal microscopy. For a
first qualitative understanding, we added 1 µm diameter fluorescent particles
at a concentration of 5 × 10−5 vol%, which is much less than the particle
concentration required for a quantitative PIV measurement [31,32]. The whole
droplet and all particles were illuminated: particles near the substrate (pink
colour) were in focus of the camera; the grey or transparent objects were
out-of-focus particles and reside in the upper part of the droplet.
Initially, the flow is directed radially outwards near the substrate (see Fig 1.2A).
In this phase, only water evaporates from the binary droplet and the droplet
is thin, H/L ≪ 1, where the droplet height H is approximately 60 µm and
droplet footprint diameter L is about 600 µm. Therefore, due to the relative
high concentration of 1,2-hexanediol caused by the singularity of the water
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0.1 mm

A’ B’ C’ D’

A B C D

Figure 1.1: Confocal images of the segregation process during droplet evapo-
ration in a semi-sideview (A-D) and bottom view (A’-D’) taken at the same
times. (A-D) The confocal microscope scans the rectangular box with the vol-
ume 590 µm × 590 µm × 90 µm. Water (blue) and 1,2-hexanediol (yellow) are
labeled with different dyes for the observation. (A and A’) In the beginning,
the droplet is homogeneously mixed. (B and B’) At about 34 s after recording
started, 1,2-hexanediol nucleates at the contact line of the droplet, which is
revealed as yellow round shapes. (C and C’) The nucleated microdroplets of
1,2-hexanediol gradually grow and coalesce. (D and D’) The evaporation ends
when 1,2-hexanediol fully covers the surface of the droplet.

evaporation rate at the rim of the sessile droplet [16], a Marangoni flow is
driven from the contact line to the apex of the droplet by the surface ten-
sion gradient, which originates from the concentration variation along the
surface. Note that the surface tension of 1,2-hexanediol aqueous solution is
monotonously decreasing with 1,2-hexandiol concentration when it is lower
than the CMC [42]. The Marangoni flow, together with the evaporative water
loss at the initially pinned rim, imply a replenishing convective flow inside the
drop, radially outwards towards the rim. From fig. 1.3 we observe that the
typical outwards flow velocity is U ∼ 10 µm s−1, implying a Reynolds number
Re = ρHU/µ ∼ 10−4, where ρ ≈ 1 × 103 kg/m3 is the liquid density and
µ ≈ 10 mPa s is the viscosity.
We compare the corresponding time scale of the convective flow from the cen-



16 CHAPTER 1. SEGREGATION OF BINARY DROPLETS

ter towards the edge of the drop tco ∼ L/U with the time scale of evaporation
tev ∼ ρLH/(Dw,air∆cw) [43], where Dw,air = 2.4 × 10−5 m2/s is the diffusion
coefficient of water vapor at room temperature and ∆cw ≈ 1 × 10−2 kg/m3

is the vapor concentration difference from the air-liquid interface to the sur-
rounding air. We find that these two time scale are comparable, tev/tco ∼
ρHU/(Dw,air∆cw) ≈ 1. This indicates that the evaporative water loss is the
main origin of the replenishing convective flux, and not the Marangoni flow
from the rim of the drop towards its apex which otherwise would have led
to better mixing. Consequently, the concentration of 1,2-hexanediol near the
contact line keeps increasing.

In the second phase, after about 18 s (Fig. 1.2B), all particles, which had accu-
mulated at the contact line, released and simultaneously moved upward along
with the Marangoni flow [31, 44]. We call this phenomenon de-staining, as it
the opposite to what leads to the so-called coffee stain effect [12]. The parti-
cles move along the liquid-air interface due to their hydrophilicity and the diol
accumulation at the rim. In the third regime (Fig. 1.2C), the particle-filled
upper (water-rich) region is squeezed by growing nucleated microdroplets. A
star-shaped pattern emerges. At the fingers of the star, the particles flow down
to the bottom of the droplet. Compared with the observations in Fig.1.1, the
star-shaped pattern corresponds to the blue part in Fig.1.1C and C’, which
represents the water-rich area. The fingers are formed by the liquid on the
upper layer flowing downward through the streams between each two neigh-
bouring growing nucleated microdroplets. During the segregation process, the
surface tension force is dominant compared to gravity forces, as the Bond num-
ber Bo = ρgL2/σ ≈ 10−1, where g = 9.8 m/s2 gravity and σ ≈ 24 mN/m is
the surface tension of the 1,2-hexanediol aqueous solution above the CMC [42].
In the final phase, when 1,2-hexanediol almost entirely covers the surface and
the evaporation ceases, particles flow irregularly and eventually are deposited
uniformly with no particles accumulating at the edge when evaporation fully
stops (Fig. 1.2D).

To obtain a quantitative analysis of the flow field during evaporation, we add
520 nm diameter fluorescent particles at a concentration of 2×10−3 vol% into
the droplet. The flow speed U and the wall-normal vorticity ω = ∂xuy − ∂yux
for the in-plane velocity (ux, uy) are measured during the whole evaporation
process. Also from the evolution of the mean vorticity ω̄, the different life
phases of the evaporation can be identified, now even quantitatively, see
Fig. 1.3. In the early phase, there is almost only outward radial flow, re-
sulting in constant low vorticity. After de-staining of the particles, there are
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Marangoni

flows

Higher surface

tension

Higher 1,2-Hexanediol

concentration

Flow down

θ

L/2

E. Before segregation: (A-B) F. After segregation: (C-D)

Flow down

B C DA

Particles leave edge

Figure 1.2: (A-D) Bottom-view snapshots of the droplet seeded with fluo-
rescent particles in different life phases. (A) The flow is directed radially
outwards near the substrate, as shown by particles transported to the contact
line (blue arrows). (B) All the particles are released from the contact line
and flow to the upper center (orange circle) of the droplet (red arrows). (C)
The particle-filled upper (water-rich) region is squeezed by growing nucleated
microdroplets. A star-shaped pattern (purple dashed line) emerges. At the
fingers of the star (green arrows), the particles flow down to the bottom of
the droplet. (D) When the droplet stops evaporating, the particles are de-
posited homogeneously on the substrate, without leaving a coffee-stain. (E-F)
Schematics of the flow inside the binary droplet at different phases. (E) Be-
fore segregation, the surface tension gradient drives a Marangoni flow from
the edge to the apex of the droplet. (F) After segregation, the nucleated mi-
crodroplets of 1,2-hexanediol grow and coalesce. At the same time, water-rich
liquid from the upper layer of the droplet flows down through the streams
between neighbouring nucleated microdroplets.

some small vortices appearing near the droplet rim due to the receding contact
line. When segregation starts, the vorticity sharply increases due to a series of
vortices forming in the nucleated microdroplets of 1,2-hexanediol, see also in
Fig. 1.1C. During coalescence of the growing nucleated microdroplets, small
vortices merge and form larger vortices. When the growing microdroplets
reach the area where floating particle reside, the particles flow down to the
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bottom. Finally the flow becomes irregular and then vanishes at the end of
the evaporation process.

Figure 1.3: Particle image velocimetry results showing the flow field near the
substrate in terms of velocity vectors and vorticity, allowing to identify evap-
oration stages. The five vertical lines show the moments of the five snapshots.
(Blue line: 10s; red line: 80s; yellow line: 112s; purple line: 122s; green line:
167s.)

Sessile droplet evaporation is a diffusion-dominated process driven by the con-
centration gradient of the droplet’s constituent(s) from the droplet interface
towards the surroundings. The case of a pure evaporating sessile droplet has
analytically been solved by Popov [5], see the supporting information.

1.3 Numerical simulations
For a droplet consisting of more than one component, the situation gets more
complicated and can only be treated numerically. Several generalizations are
necessary to adopt Popov’s model to a multi-component droplet. Since these
generalizations are described in detail in several recent publications [24,32,45–
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47], only a brief overview of the model is given in the following, focusing on
the case of the present binary mixture.
As 1,2-hexanediol is non-volatile, only the evaporation rate of water has to be
determined. However, in contrast to the case of a pure water droplet, where
the water vapor concentration cw is saturated directly above the liquid-gas
interface, i.e. cw = cw,s, in the case of a droplet, consisting of two miscible
liquids, the vapor concentration is given by the vapor-liquid equilibrium. This
equilibrium can be expressed by Raoult’s law, i.e. cw = γwXwcw,s, where Xw
is the mole fraction of water in the liquid and γw is the activity coefficient of
water for the 1,2-hexanediol/water mixture. The water vapor concentration
is in general non-uniform along the interface and changes over time. The
evaporation process is modeled by the quasi-steady vapor diffusion equation
∇2cw = 0. We use Raoult’s law at the liquid-gas interface and the ambient
vapor concentration cw = cw,∞ far away from the droplet as Dirichlet boundary
conditions. The evaporation rate of water Jw is then given by the diffusive
flux at the interface, i.e. Jw = −Dw,air∂ncw.
In case of a pure droplet, or for a multicomponent droplet in the presence of a
very intense Marangoni flow, it is sufficient to keep track of the total mass of
each species over time to predict the volume evolution [45,47]. Here, however,
the Marangoni flow is weak and segregation occurs, so that an explicit spatio-
temporal dependence of the local liquid composition emerges. Hence, the
convection-diffusion equation for the water mass fraction Yw has to be solved
inside the droplet:

ρ (∂tYw + u⃗ · ∇Yw) = ∇ · (ρD∇Yw)− Jwδinterf. (1.1)

The mass density of the liquid ρ and the diffusivity D are composition-
dependent quantities, i.e. ρ(Yw) and D(Yw). The evaporation rate of water
enters Eq. (1.1) as interfacial sink term δinterf..
The advection velocity u⃗ is obtained from the Stokes equation, subject to
a no-slip boundary condition at the substrate, the kinematic boundary con-
dition considering evaporation, the Laplace pressure in normal direction at
the liquid-gas interface, and the Marangoni shear stress that arises due to
the composition-dependent surface tension σ(Yw) in tangential direction at
the liquid-gas interface. Furthermore, the composition-dependence of the dy-
namic viscosity µ(Yw) has to be considered. For the composition-dependence
of the liquid’s material properties, we have fitted experimental data and/or
used models. More details and plots of these relations can be found in the
supplementary information.
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The resulting set of coupled equations can be solved numerically with a finite
element method [32, 46, 47]. We restrict ourselves to axial symmetry. Since
the evolution of the contact angle is determined by microscopic interactions
at the contact line, it cannot be predicted by the model. Instead, the exper-
imentally measured evolution of the contact angle was imposed throughout
the simulation, see Fig. 1.4A.
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Figure 1.4: Experimental (data points) and numerical results (solid line) for
the temporal evolution of the geometrical parameters (A): footprint dimater L,
contact angle θ and (B): volume V from experiment and numerical simulation.
The error bars are deduced from the experimental accuracy.

In Fig. 1.5, these snapshots of the simulation for the droplet consisting of
an initial 10% 1,2-hexanediol are depicted. While initially a considerable
Marangoni flow is present and the profile of the evaporation rate resembles
the case of a pure water droplet, the situation drastically changes at later
times: The Marangoni flow ceases due to the nearly constant surface tension
at lower water concentrations. Towards the end of the evaporation process,
the evaporation rate suddenly decreases once the water concentration Yw falls
below a threshold of about 10%. Since this transition sets in near the contact
line, the profile of the evaporation rate shows a remarkable deviation from
the case of a pure droplet with a pronounced evaporation at the apex in this
stage. The evaporation-triggered segregation effect in radial direction is well
captured by the model. Finally, a remaining water residue is entrapped in the
bulk of the droplet (4% of the initial water content) which can only reach the
interface by diffusion. The comparison between simulation and experimental
data shows an excellent quantitative agreement as shown in Fig. 1.4B.
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t = 10 s

evaporation rate
water

1.0 g/(m2s)

0.25 mm

0 160 320 480 640

velocity [µm/s]

11.5 13.5 15.5 17.5 19.5

water vapor concentration [g/m3]

12.16 12.48 12.80 13.12 13.44

1,2-hexanediol mass fraction [%]
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Figure 1.5: These snapshots from the simulation of an evaporating droplet with
initially 10% of 1,2-hexanediol with the axisymmetric finite element model at
different times t. In the gas phase, the water vapor concentration cw is shown
and the corresponding evaporation rate Jw is indicated by the arrows at the
interface. Inside the droplet, the mass fraction of 1,2-hexanediol (left) and
the velocity (right) is depicted. Note the very different phenomena at t = 10s
(upper) and at the two later times t = 145s, and t = 180s (lower).

1.4 Conclusions and discussions

To summarize, segregation within a binary droplet in spite of the simplifying
asymmetry, triggered by selective evaporation is observed during the drying
process of a 1,2-hexanediol/water mixture droplet. The small surface tension
differences cannot drive a strong enough Marangoni flow on the surface to
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induce a high enough convection within the droplet to obtain perfect mixing.
Therefore a locally high concentration of 1,2-hexanediol accumulates near the
contact line of the droplet, leading to segregation. This is the first time to
reveal this mechanism of segregation, which is very surprising and counterin-
tuitive, given that 1,2-hexanediol and water are fully miscible. The evolution
of the vorticity field indicates different life stages of the evaporating droplet.
We quantitatively compare the experimental data with numerical simulations
of the convective-diffusion equations, showing excellent agreement. While the
model perfectly predicts the water and diol concentrations in the inner center
and outer layer of the droplet, respectively, note that it cannot predict the
phase separation of the two liquids due to the complexity of the diol’s solubil-
ity in water. Indeed, 1,2-hexanediol can mix with water at any concentration
without phase separation in equilibrium due to the formation of micelles-like
aggregates. However, in the dynamic system of an evaporating droplet, the
continuous loss of water leads to large fluctuations through mutual attrac-
tions of micelles within the new 1,2-hexanediol phase, which eventually forms
the nucleation of 1,2-hexanediol [48]. From an energetic point of view, it is
likely that the separated 1,2-hexanediol phase has the same, or at least a very
similar, chemical potential as the mixed phase in the droplet [36]. Stochastic
fluctuations then lead to the phase separation. Our findings offer new per-
spectives to understand how surfactants act in an evaporating system, and
may inspire further studies of complex dynamical aspects associated with mi-
crodroplet nucleation.
Finally, we note that very recently, in a parallel but independent study on
drying of a binary droplet, Kim & Stone [49] also find that the evaporation
of one component in the binary system can be so fast that it can lead to
segregation, overcoming convective and diffusive mixing effects.

1.5 Supplemental Materials

1.5.1 Experimental details

The droplet mixture is obtained by mixing 1,2-hexanediol with purity of
⩾98% (Sigma-Aldrich) and Milli-Q water. The transparent glass substrate the
droplet was deposited on is hydrophobic, being coated with an OTS mono-
layer. The advancing and receding contact angle of water on this substrate
is 110◦ and 95◦ respectively. The contact angle of 1,2-hexanediol used in the
experiments on this substrate is 40◦ ± 3◦ measured with a video-based optical
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contact angle measurement system (DataPhysics OCA15 Pro), see Fig. 2.6b.
Before being used, the substrates were cleaned by 15-min sonication in 99.8%
ethanol and 5 min in Milli-Q water sequentially and subsequently dried with
compressed N2 flow for 30 sec. In the experiments, droplets evaporate under
stable laboratory conditions, and the relative humidity RH and the ambient
temperature T are monitored and maintained constant in each measurement,
which are around 30% and 22 ◦C, respectively.
Confocal microscopy was employed to visualize the concentration distribution
of water and 1,2-hexanediol within the binary droplet, see Fig. 2.6(a). Real-
time observations were carried out by using an inverted Nikon A1 confocal
laser scanning microscope system (Nikon Corporation, Tokyo, Japan) with
a 20× dry objective (CFI Plan Apochromat VC 20×/0.75 DIC, numerical
aperture = 0.75, working distance = 1.0 mm). The binary droplet was labeled
with two different dyes, i.e., Nile Red and Dextran. Nile Red is a lipophilic dye
which dissolves only in 1,2-hexanediol and was excited by a laser at a wave
length of 561 nm, while Dextran preferentially dissolves in water and was
excited by a laser at a wave length of 488 nm simultaneously. Two types of
images were acquired to reveal the dynamical process of the segregation during
evaporation. First, two-dimensional (2D) images were captured by focusing
at the bottom of the droplet, i.e., near the liquid-solid interface. Secondly,
three-dimensional (3D) images were obtained by reconstruction from a series
of consecutive Z-stack images scanned from the substrate to the top of the
droplet. The scan started as soon as the droplet was deposited on the glass
substrate. Operating in resonant mode, the scan rate for 2D images was 30
fps, while each Z-stack scan loop for 3D images took approximately 4 s to
complete. This timescale is much smaller than that of evaporation so that the
variations of the droplet during the scans can be neglected. Both 2D and 3D
time-series images were integrated and compiled as animations to show the
details of the evaporating process.
To analyse the evaporation behaviour quantitatively, the droplet was imaged
during the entire evaporation lifetime and photographed at constant time in-
tervals. The set-up (see Fig. 2.6(b)) was utilised to take the side-view images
which allows us to measure volume, contact angle, footprint diameter and
volume loss at each time step.
For flow visualization, we performed Particle Image Velocimetry (PIV) by
adding fluorescent particles [microParticles GmbH; PS-FluoRed-5.0: Ex/Em
530 nm/607 nm] into the working fluids. The PIV measurement is also im-
plemented on confocal microscopy setup, see Fig. 2.6(c). The particles were
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excited by a laser at wave length of 561 nm and the fluorescent signals were
captured at a frame rate of 25 fps. We begin with a visualisation of flow field
within the whole droplet to get a qualitative 3D information of the flow field
within the whole droplet. We added 1 µm diameter fluorescent particles at
concentration of 5 × 10−5 vol%. The whole droplet and the particles are il-
luminated: particles near the substrate which reveal pink colour are focused
by camera; ones which reveal grey or transparent colour are de-focused due
to locating on upper layers of the droplet. By this method, we observe the
flow field within the whole droplet. The limitation is that except the particle
in the bottom layer near substrate, we cannot distinguish the precise vertical
positions of the particles in de-focused planes. Then we measure the flow field
near the substrate quantitatively by adding 520 nm diameter fluorescent par-
ticles at a concentration of 2× 10−3 vol% into the droplet. The in-plane flow
speed U and the wall-normal vorticity ω = [(∂uy/∂x)− (∂ux/∂y)] for in-plane
velocity (ux, uy) are measured through the whole evaporation process [31,32].

Lens

Channel 1 Channel 2
λ~500-550nm λ~570-620nm

Fluorescent lamp

λ: 488nm, 561nm

Dichroic mirror

Scanner unit

LED Microscope CCD camera

a) b)

Lens

Channel
λ> 561nm

Fluorescent lamp

λ: 561nm

Dichroic mirror

c)

Figure 1.6: Experimental apparatus. (a) Schematic of the confocal microscopy
for the components distribution visualization. (b) The setup to image the
evaporation of droplets by the side view. (c) Particle Image Velocimetry setup.

1.5.2 Image analysis and post processing

All the image analyses and post processing were done with Matlab R2016b.
For the volumetric measurement, the image analysis was implemented using
a custom-made Matlab code to detect the droplet profile with sub-pixel accu-
racy [50]. Then we use a spherical cap to fit the profile and obtain the contact
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angle, footprint radius and the volume of the droplet. The error bar is deduced
from the inaccuracy of determining the exact profile of the droplet, which is
three blur pixels. For the PIV image, we first remove the background outside
the droplets and export a new series of images for the image processing. Then
we use a Matlab application ”PIVlab” [51, 52] to analyze the images and ob-
tain the wall-normal vorticity ω = ∂uy/∂x− ∂ux/∂y for the in-plane velocity
(ux, uy).

1.5.3 Diffusion model for evaporation of sessile droplets
From a theoretical perspective, the evaporation of a droplet is a diffusion-
dominated process driven by the concentration gradient of the droplet’s con-
stituent(s) from the droplet interface towards the surrounding medium. The
case of a pure sessile droplet evaporating in air has been solved by Popov [5]
in 2005:

dM
dt = −π

2
DwL(cs − c∞)f(θ) (1.2)

with

f(θ) =
sin(θ)

1 + cos(θ) + 4

∫ ∞

0

1 + cosh(2θε)
sinh(2πε) tanh[(π − θ)ε]dε (1.3)

where L and θ are the base diameter and contact angle of the droplet, respec-
tively. Three parameters determine the diffusion process: the diffusion con-
stant Dw of the droplet constituent in air; the concentration cs at the droplet-
air interface, which always equals to the saturated concentration at given
temperature and pressure; and the concentration c∞ far from the droplet,
which is determined by the relative humidity RH, c∞ = RHcs.

1.5.4 Composition-dependent liquid properties
For an accurate simulation, the composition-dependence of the liquid proper-
ties is of fundamental importance. To that end, experimental data for the sur-
face tension γ [42] and the viscosity µ [53] has been fitted. Due to the unavail-
ability of experimental data for the mass density and the diffusivity, assump-
tions have been made. The mass density ρ is assumed to be given by ideal mix-
ing, i.e. by the harmonic average of the pure densities weighted by their mass
fractions. For the diffusivity D, first the diffusivity DYw→1 = 1.38 × 10−9 m2/s
of infinitely dilute 1,2-hexanediol in water has been estimated by the method
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of Hayduk and Minhas [54]. The composition-dependence is then assumed to
follow a Stokes-Einstein law, i.e. D = (Dµ)Yw→1/µ. The activity coefficient γw
has been calculated by the thermodynamic model AIOMFAC [55, 56], which
is based on the experimental data of Marcolli et al. [57]. Plots of all relations
are depicted in Figure 1.7.
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Figure 1.7: Composition-dependence of the liquid properties. Where avail-
able, the data was obtained by fitting experimental data [42,53] (indicated by
points). Otherwise, models were used.



Chapter 2

Gravitational effect in
evaporating binary
microdroplets∗

The flow in an evaporating glycerol-water binary sub-millimeter droplet with Bond
number Bo ≪ 1 is studied both experimentally and numerically. First, we mea-
sure the flow fields near the substrate by micro-PIV for both sessile and pendant
droplets during the evaporation process, which surprisingly show opposite radial
flow directions – inward and outward, respectively. This observation clearly re-
veals that in spite of the small droplet size, gravitational effects play a crucial role
in controlling the flow fields in the evaporating droplets. We theoretically analyze
that this gravity-driven effect is triggered by the lower volatility of glycerol which
leads to a preferential evaporation of water then the local concentration differ-
ence of the two components leads to a density gradient that drives the convective
flow. We show that the Archimedes number Ar is the nondimensional control
parameter for the occurrence of the gravitational effects. We confirm our hypoth-
esis by experimentally comparing two evaporating microdroplet systems, namely
a glycerol-water droplet and a 1,2-propanediol-water droplet. We obtain different
Ar, larger or smaller than a unit by varying a series of droplet heights, which cor-
responds to cases with or without gravitational effects, respectively. Finally, we
simulate the process numerically, finding good agreement with the experimental
results and again confirming our interpretation.

∗Published as: Yaxing Li, Christian Diddens, Pengyu Lv, Herman Wijshoff, Michel Versluis
and Detlef Lohse, Gravitational effect in evaporating binary microdroplets, Phys. Rev. Lett. 122,
114501 (2019). Experiments are done by Li and Lv. Numerical simulation is done by Diddens.
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2.1 Introduction

The evaporation of a microdroplet on a flat substrate has attracted a lot of
attention because of its beautiful and phenomenologically rich fluid dynam-
ics [4–6, 9, 12, 15–18, 20, 21, 23, 24] and its relevance in various technological
applications, such as medical diagnostics [22] and the fabrication of electronic
devices [19]. For many of these applications, an understanding of the internal
flow structure is crucial. One example is the so-called “coffee stain prob-
lem” [12], i.e. an evaporating colloidal drop in which an outward capillary
flow along the substrate carries the dispersed material from the interior to-
wards the pinned contact line. This seminal study opened up a new line of
research for surface coatings and patterning technologies, which is crucial for
various applications in inkjet printing [25], 3D printing technology [58] and
molecular biology [27].
However, in nearly all of these applications, the droplet liquid is not pure, but
a binary or even ternary liquid. As is well known, then Marangoni flow, which
is driven by surface tension gradients, is coming into play [16,59–62], strongly
affecting the evaporative behavior. The variation of the surface tension origi-
nates from two mechanisms or the combination of both, namely a temperature
gradient [59, 60] or a solute concentration gradient [24, 49, 61–64], due to the
spatially varying local evaporation rates at the droplet surface. The conven-
tional understanding is that the flows within sub-millimeter droplets can only
be attributed to capillary and Marangoni convections, while natural convec-
tion is considered to be negligible as the surface tension force is dominant com-
pared to gravity forces [60]. The Bond number of such a small-sized droplet
system reads Bo = ρgR2/γ ≪ 1, which normally implies a gravity-independent
system [31]. However, this only holds as a measure of the importance of the
gravity force compared to the surface tension while relating to the droplet
shape [65]. In recent years, studies of evaporating aqueous NaCl droplets re-
vealed that natural convection can be driven by evaporation-induced density
gradients inside a colloidal droplet [66–70]. However, to our best knowledge, an
internal flow controlled by gravitational effects has never been observed, nor
experimentally confirmed in a drying microdroplet consisting of two miscible
liquid components.
In this work, we investigate the flow field inside an evaporating glycerol-water
binary miscible droplet. Glycerol is a very common liquid heavily used in
industry [71] and laboratory experiments [72], in particular due to its strong
hygroscopic nature [73]. Recently, Shin et al. [74] found a spontaneous Bénard-
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Marangoni (BM) convection within the water-glycerol system: the hygroscopic
absorption of water vapor at the interface generates thermal and solutal gra-
dients, leading to a surface tension gradient, thus sustaining a BM instability.
They confirmed that buoyancy is not the driving force by observing the same
convection cells when orienting the system upside-down. Here, however, we
study the reverse process to absorption: the evaporation of a dilute aqueous
glycerol droplet. In this system, glycerol can be considered nearly non-volatile
under room temperature as compared to water, implying a selective evapora-
tion of the more volatile water, which leads to a concentration gradient of the
components in the drying droplet. Such a concentration gradient generates
surface tension and density gradients, which drives a convective flow in the
droplet. Remarkably, the flow field is mainly controlled by the buoyancy force
through the density gradient.

2.2 MicroParticle Image Velocimetry

We implemented microparticle image velocimetry (µPIV) to measure the flow
fields within the binary droplets with opposite configuration: a sessile and
a pendant droplet. We deposited (0.18 ± 0.03) µL binary droplets (glyc-
erol:water, 50:50% by weight), seeded with fluorescent microspheres (520 nm
diameter) at a concentration of 2 × 10−2 vol% on a OTS glass substrate.
Glycerol has a higher density ρg = 1.261 × 103 kg/m3 and lower surface ten-
sion γg = 64 × 10−3 N m−1 than water (ρw = 0.998 × 103 kg/m3, γw =
75 × 10−3 N/m). During evaporation, the ambient temperature and relative
humidity were stable, i.e., T = 21±1 ◦C and RH = 50 ± 5 %. During the dry-
ing process the contact angles θ for both the sessile and the pendant droplet
were between 90◦ to 104◦. A typical droplet initially has a footprint radius
R0 = 400 µm and a height h0 = 490 µm. We investigate the flow fields for
both sessile and pendant droplets by adjusting the optical focus plane at dif-
ferent heights within the droplets: at 10 µm (i) and at 200 µm (ii) away from
the substrate, as labeled in Fig 2.1. For sessile droplets, we observe an in-
ward radial flow in the middle of the droplet (a1) and an outward radial flow
close to the base of droplet (a2). Fig 2.1.(a3) presents the schematics of the
flow velocity within the axis plane of the droplet from side view: the black
arrows represent the measured flow velocities and the red arrows indicate the
flow pattern reconstructed from the measurement. In contrast, Fig 2.1.(b1,b2)
show a completely reversed flow fields for pendant droplets. The flow velocity
near the substrate (b2) is radially outward, from center towards the contact
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line, which is opposite to the one of sessile droplet (b2). In the middle of the
droplet (b1), it shows relatively weaker inward radial flow only in the outer
region and asymmetric annulus flow near the edge of the droplet. Fig 2.1.(b3)
illustrates the flow pattern in a pendant droplet.

Figure 2.1: The micro-PIV measurement of flow fields in both sessile (a) and
pendant (b) droplets. The scale bars represent 200 µm. (a1 and a2) Flow fields
in a sessile binary droplet measured at different heights: 200 µm and 10 µm
away from the substrate, respectively. The white arrows represent the flow
direction. (a2) The measurement near the substrate shows an inward radial
flow, (a2) the one at larger height reveals an outward radial flow. (b1 and
b2) Flow fields of a pendant binary droplet measured by the same method
as the sessile droplets. (b2) The flow near the substrate follows outward ra-
dial direction, (b1) but the flow at midheight reveals an annular flow with
deviations from axisymmetry near the edge and irregular flow within the in-
ner part. The four PIV images were taken with four different droplets. (a3
and b3) The schematics of the flow pattern in side views of both sessile and
pendant droplets.

The opposite radial flow directions near the substrate of differently orientated
droplets clearly indicates that the gravitational effect is dominating to con-
trol the flow structure. In our system, the gravitational effect is driven by
the density gradient in the bulk of the droplet, which in turn is generated
from concentration gradients induced by the selective evaporation of the more
volatile water. As the density of the glycerol-water mixture monotonously
increases with increasing glycerol concentration, the local density decreases
from the outer layer towards the inner bulk. For the sessile droplet, the denser
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glycerol-rich part is collecting on the top of the droplet, resulting in an unsta-
ble situation: denser glycerol-rich part suspends atop lighter water-rich part.
As sketched in Fig 2.1.(a3), the lighter liquid part rises up due to the buoy-
ancy, pushing the denser liquid to sink along the outer layer, hence an inward
flow is passively driven from the contact line towards the center in the bottom
layer. In contrast, for pendant droplets, the glycerol-rich part is at the bottom
of the liquid bulk which cannot drive a buoyancy flow in the center. Instead,
the denser liquid near the contact line flows down along the outer layer, and
is replenished by the outward radial flow close to the substrate, implying a
much weaker gravitational effect in the pendant droplet. Moreover, due to the
intense coupling between composition and flow, instabilities can arise which
lead to axial symmetry breaking near the interface [46,61].

We can estimate the flow velocity in the evaporating binary droplet by scaling
arguments. The typical velocity from the µPIV results is U ≈ 10 µm s−1 so
that the Reynolds number Re = ρUR/µm ≈ 10−4, where µm ≈ 5 mPa s is
the viscosity of the binary mixture. Furthermore, the Péclet number Pe =
UR/D ≈ 10, with the mutual diffusion coefficient D ≈ 0.4 × 10−9 m2/s, im-
plying advection is dominating over diffusion. Assuming a quasi-steady flow,
the gravitational force due to the density difference is balanced by the viscous
shear stress, which scales as g∆ρm ∼ µ∇2U . The density ρm of the mix-
ture liquid varies with the relative concentration ϕ following the Boussinesq
approximation, ρm = ρ0[1+β(ϕ−ϕ0)−α(T−T0)] [75], where ρ0, ϕ0 and T0 de-
note, the density, concentration ratio and temperature of the reference state,
respectively, and where α and β indicate the thermal and solutal expansion
coefficient, respectively. Note that the evaporation of water cools down the
liquid temperature near the surface, which enhances the density difference be-
tween the surface area and the bulk. For now we neglected the thermal effect
and only considered the density changes due to concentration differences. This
assumption is validated by numerical simulations (see below) with and with-
out the thermal contribution with only minor changes to the flow field. Thus
the density difference is given by ∆ρm = ρ0β∆ϕ, with the solutal expansion
coefficient is β ≈ 0.2.

The evaporation rate is controlled by diffusion of water vapor molecules to the
surrounding air. Therefore, the mass loss ∆m within a typical timescale ∆t ∼
R/U can be estimated from ∆m ∼ Dw,air∆Cw,airR∆t, withDw,air ≈ 10−5 m2/s
is the diffusion coefficient of water vapor at room temperature and ∆Cw,air ≈
10−2 kg/m3 is the water vapor concentration difference between the air-liquid
interface and the surrounding air. Hence, the concentration ratio difference



2.3. THEORETICAL ANALYSIS 33

∆ϕ can be calculated from ∆ϕ ∼ ∆m/m0 ∼ (Dw,air∆Cw,airR∆t)/(2πR3ρ0/3).
Therefore, we obtain the characteristic steady-state flow velocity Uc as

Uc ∼
(
3Dw,air∆Cw,airR

2πµm
gβ

)1/2

∼ 10−5 m s−1, (2.1)

thus in very good agreement with the velocity estimate from experiment. Note
that Eq. 2.1 is independent of the ratio of nonvolatile glycerol to water. We test
the applicability of the scaling approach on various initial mass concentration
of glycerol, ranging from 10% to 60%. The measured temporal evolutions of
the averaged radial velocity near the substrate for sessile droplets are shown
in Fig 2.2(a). We then rescale the experimental data by the characteristic
velocity Uc and time scale τc. The latter is estimated by the diffusion lifetime
of a sessile droplet [4],

τc =
ρmR2

Dw,air∆Cw,air
. (2.2)

As shown in Fig 2.2(b), with the rescaling all data collapse, except the early
stages of the droplets with 10% and 20% initial concentration. We conclude
that the gravitational effect is enhanced by increasing the concentration of
glycerol, before reaching the concentration at which glycerol starts to absorb
the humidity from the air.

2.3 Theoretical analysis

We now introduce the Archimedes number Ar = gh3ρ0∆ρ/µ
2
m [76] as the con-

trol parameter for this problem, where h is the height of droplets. For large
Ar ≫ 1 gravity plays a prominent role, whereas for small Ar ≪ 1, the grav-
ity can be neglected. To test the applicability of Ar, we varied the height of
a series of sessile glycerol-water droplets, with hg = 608 µm, 514 µm, 320 µm
and 154 µm. For our system, with a density difference between glycerol and
water ∆ρg = 263 kg/m3, we obtain Ar = 23.1, 14.0, 3.4 and 0.37. A promi-
nent inward radial flow in the center of the droplets is observed for the cases
when Ar is greater than 1, which indicates gravity-dominating flow. However,
for the case when Ar < 1, this flow disappears. For comparison, we investi-
gated the occurrence of gravitational effects in a 1,2-propanediol-water binary
droplet in the same experimental setup. The density for 1,2-propanediol is
1.036 × 103 kg/m3 at room temperature, which is slightly greater than that of
water (density difference ∆ρp = 36 kg/m3) and µp ≈ 7 mPa s for the viscos-
ity [77]. As with glycerol, 1,2-propanediol is also nearly non-volatile at room



34 CHAPTER 2. GRAVITATIONAL EFFECT IN MICRODROPLETS

0 200 400 600 800 1000
0

2

4

6

8
10-90

20-80

30-70

40-60

50-50

60-40

0 0.1 0.2 0.3 0.4
0

0.01

0.02

0.03

0.04
10-90

20-80

30-70

40-60

50-50

60-40

a b

Figure 2.2: (a) The evolutions of the averaged radial velocity near the sub-
strate for sessile droplets with various initial glycerol mass concentrations, 10%
(blue), 20% (red), 30% (orange), 40% (purple), 50% (green) and 60% (cyan).
(b) The dimensionless averaged radial velocity plotted against the dimension-
less time for the same data as in (a), which are scaled by the characteristic
velocity and life time according to Eq. 2.1 and Eq. 2.2 , respectively. All the
scaled data collapse into each other except the early stages of the ones with
10% and 20% initial concentration.

temperature conditions, resulting in a preferential evaporation of water. The
contact angles θp for sessile and pendant droplets are between 70° and 75°
due to the low surface tension of 1,2-propanediol [78], indicating a stronger
Marangoni effect than that of the glycerol-water droplets. We measured the
flow field in an optical focal plane 10 µm above the substrate for oppositely
configured droplets (sessile and pendant) with two different droplet heights,
hp ≈ 800 µm and 410 µm, with Ar ≈ 3.7 and 0.5, respectively, as shown in
Fig. 2.3. We observed the opposite radial outward flows in large droplets
with different orientations, similar to glycerol-water droplets. But for small
droplets, we find the same radially outwards flow direction for both droplets:
there is no detecable flow within the center of the droplet, but only outward
radial flow in the outer regime, which clearly indicates that for these droplets
with low Ar, only the Marangoni effect dominates the flow near the edge. The
two liquid systems clearly show that the Archimedes number is indeed the
crucial control parameter for the occurrence of the gravitational effects.
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Without gravitational e!ect

With gravitational e!ect

(a1) (a2)

(b1) (b2)

Figure 2.3: Micro-PIV measurement of the flow field for both sessile and pen-
dant 1,2-propanediol-water droplets with different heights: hg = 410 µm (a1),
425 µm (a2), 820 µm (b1) and 800 µm (b2). The flow fields were measured at
same height: 10 µm away from the substrate. (a1) and (a2) The small droplets
have low Ar < 1. The flows within two different oriented droplets show same
radial direction, which indicates no gravitational effect. (b1) and (b2) The
large droplets have Ar > 1. The different radial flow directions clearly show
gravitational effect.
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Figure 2.4: Snapshot of the numerical results for sessile (upper) and pendant
(lower) droplets, respectively. In the gas phase, the water vapor concentration
(color-coded) is shown along with the evaporation rate (arrows). Inside the
droplet, the glycerol mass fraction (left) and the Stokes stream function (right)
are depicted, where the arrows indicate the local flow direction.

2.4 Numerical simulations
To validate the experimental results, corresponding finite element simulations
were performed. To that end, an axisymmetric model [46] was employed, which
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had already been successfully validated with binary water-ethanol and ternary
ouzo droplets [32]. The model solves the diffusion equation for the water va-
por concentration Cw,air in the gas phase, assuming vapor-liquid equilibrium
according to Raoult’s law. It includes the activity coefficient [57] of the two
components at the liquid-gas interface and considers the ambient vapor con-
centration far away from the droplet. The diffusive water vapor flux at the
interface determines the volume evolution and the normal component of the
velocity in the droplet and is furthermore used as interfacial sink term in the
convection-diffusion equation for the local composition in the droplet. The
liquid properties, including the surface tension γ, mass density ρ, viscosity µ,
diffusivity D and thermodynamic activity of water aw, are not constant, but
coupled to the composition field. The composition-dependent properties of the
glycerol-water mixture have been extracted from experimental data and are
plotted in Refs. [45,46]. While the gravitational body force has been neglected
in the original model [46], the discussed experimental results clearly indicate
the relevance of this term. Hence, the generalized model used here solves the
Navier-Stokes flow inside the droplet with the composition-dependent body
force ρg⃗ in the bulk and the Marangoni shear stress at the liquid-gas interface.

Figure 2.4 shows snapshots of the simulations for the sessile and the pendant
droplet using the experimental parameters. It is apparent that, as in the micro-
PIV results, close to the substrate the flow is directed inward/outward for the
sessile/pendant droplet, whereas it is reversed in the bulk layer approximately
at the center of the droplet. Along the liquid-gas interface the simulations
reveal a counter-rotating vortex as is apparent from the Stokes stream function
depicted in the right half of Fig. 2.4. For the pendant droplet, the flow at
the interface is in the same direction as predicted by pure Marangoni flow
in the absence of natural convection, i.e. from the apex towards the contact
line. For the sessile droplet, however, the strong natural convection in the
bulk transports water from the bulk to the apex. Thereby, despite of the
enhanced evaporation rate at the top, there is a higher water concentration
at the apex as compared to the contact line. This results in a Marangoni
flow from the contact line towards the apex, i.e. in the opposite direction as
predicted when considering the Marangoni effect without natural convection.
Hence, the impact of the gravity is not only able to decisively control the flow
direction in the bulk, but can also reverse the interfacial composition gradient
and the corresponding Marangoni flow.

A quantitative comparison of the experimental and numerical results is shown
in Fig 2.5. Here, the temporal evolution of the angular-averaged radial velocity
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Figure 2.5: Experimental (a1, b1) and numerical (a2, b2) results for the evo-
lution of the radial velocity near the substrate for both sessile (a1, a2) and
pendant (b1, b2) droplets. Positive values indicates outward flow. For ses-
sile droplets (a1, a2), the numerical simulation shows a great agreement with
experiment. However, for pendant droplet (b1, b2), the numerical simulation
shows a stronger flow near the contact line than in the experiment, which is
presumably due to the axial symmetry breaking of the flow in experiment.

of the micro-PIV measurement in the plane close to the substrate is compared
with the numerically obtained radial velocity evaluated at the same height. It
is apparent that the radial velocity profile is in good agreement for the entire
drying time. For the case of the pendant droplet, however, the simulation
predicts an inward flow region close to the contact line, which was not found
in the corresponding micro-PIV measurement. This difference can presumably
be attributed to the assumption of axisymmetry in the model, a condition that
may easily be broken for the pendant droplet system (cf. Fig 2.1(b1)).
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2.5 Conclusions

Gravitational effects triggered by density gradients due to selective evaporation
can play a dominating role in controlling the flow in evaporating multicom-
ponent droplets, even at the sub-millimeter scale and small Bond numbers.
Misled by the small Bo, hitherto, most studies on this subject until now have
disregarded the influence of natural convection. Our results show conclusively
that natural convection can readily dominate the flow for µL droplets. Thus,
our findings stimulate a careful treatment of the interplay of natural convection
and Marangoni flow in multicomponent droplets in future studies. Further-
more, the possibility to reverse the bulk flow by overturning the system opens
new application perspectives for surface coating and particle patterning. –On
resubmission of our paper, we got aware of a reference which came to similar
conclusion, however, employing different methods and different liquids [79].

2.6 Supplemental Materials

2.6.1 MicroParticle Image Velocimetry

For flow visualization, we performed MicroParticle Image Velocimetry (µPIV)
by adding fluorescent particles [Fluoro-Max; Red Flourescent Polymer Micro-
spheres: Ex/Em 530 nm/607 nm; Diameter: 0.52 µm] into the working fluids
at concentration of 2 × 10−2 vol%. The µPIV measurement is implemented
on a confocal microscope (Nikon Corporation, Tokyo, Japan) with a 10 × dry
objective (Nikon, Plan Fluor 10 ×/0.30, OFN25, DIC, L/N1), see Fig. 2.6.
The particles were excited by a laser at a wave length of 561 nm and the fluo-
rescent signals were captured at a frame rate of 25 fps. For the sessile droplet,
the droplet is illuminated from the bottom and the fluorescent signal is also
captured by the lens from the bottom. For the pendant droplet, by adding
an objective inverter (InverterScope, LSM TECH), the droplet is illuminated
and imaged from the top.

2.6.2 Material preparations

The droplet mixture is obtained by mixing glycerol (>99%, Sigma-Aldrich)
and Milli-Q water with 0.5:0.5 mass concentration. The transparent glass
substrate we used is hydrophobic, being coated with an OTS monolayer [80].
The advancing and receding contact angles of water on this substrate are
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Figure 2.6: Schematic of the confocal microscope for MicroParticle Image
Velocimetry. (a) The sessile droplet is illuminated from the bottom and the
fluorescent signal is captured from the bottom lens. (b) The pendant droplet
is illuminated and imaged from the top by adding an objective inverter.

measured with a video-based optical contact angle measurement system (Dat-
aPhysics OCA15 Pro). The droplets were deposited on the substrate by a
Hamilton 2 µl syringe, which was vertically mounted in a computer motor-
ized pump, adding or withdrawing liquid into droplet with constant rate of
0.05 µl/s. When the contact line was moving with constant contact angle, we
measured the advancing or receding angle, which are 110◦ ± 3◦ and 95◦ ± 3◦,
respectively.
The contact angle of the glycerol-water mixture droplet is 101◦± 3◦ measured
with the same image system. Before being used, the substrates were cleaned
by 15-min sonication in 99.8% ethanol and 5 min in Milli-Q water sequentially
and subsequently dried with compressed N2 for 30 sec. In the experiments,
the droplets evaporate under stable laboratory conditions, and the relative
humidity RH and the ambient temperature T are monitored and maintained
constant in each measurement, which are 50± 5% and 21± 1◦C, respectively.

2.6.3 Experimental measurements for glycerol-water binary sys-
tems with different droplet sizes

We tested the applicability of Archimedes number with various droplet sizes
in glycerol-water liquid system. As shown in Fig. 2.7, we obtained different
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Ar from 23.1 down to 0.37 in glycerol-water systems, which shows the gravity-
driven flow weakens with decreasing Ar. When Ar < 1, the inward radial flow
becomes almost invisible: the weak gravitational effect is almost completely
damped by the viscosity in this scenario. The observations of the liquid system
clearly show that Ar is the control parameter to predict the gravity effect in
such systems.

Ar = 14.0 Ar = 3.38 Ar = 0.37A B C DAr = 23.1

Figure 2.7: Micro-PIV measurements for glycerol-water sessile droplets with
various heights: hg = 608 µm, 514 µm, 320 µm and 154 µm.

2.6.4 Numerical Simulations
The finite element method that is used for the simulations is described in
detail in Ref. [46]. The only difference is the consideration of the buoyancy
term ±ρge⃗z, which has not been taken into account in the previous stud-
ies [32, 45, 46]. The incorporation of this additional body force term in the
numerics is trivial. While our findings clearly reveal that the buoyancy force
is fundamental for reproducing the experimentally observed flow in water-
glycerol droplets, the flow in binary water-ethanol and ternary ouzo droplets is
already well reproduced without the consideration of gravitational forces [32].
Although there is a large density difference between water and ethanol, the
very intense and chaotic Marangoni flow prevents the emergence of sufficiently
large density gradients in the bulk of these droplets, so that natural convec-
tion does not have a noticeable influence for the water-ethanol droplets. To
substantiate this, we have repeated the simulation of the ethanol-water of
Ref. [32] with consideration of the buoyancy term ±ρge⃗z. The statistics of
the chaotic flow in the droplet remained nearly the same as compared to the
simulations without consideration of gravity.
Due to the limitations of experiments, we performed the numerical simulations
for both sessile and pendant glycerol-water droplets, with initial contact angle
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θ = 60◦, see them in supplementary movie 11. From the movie we clearly
see that with enhanced Marangoni effect, the gravitational effect still plays a
dominating role in controlling the bulk flow close to the center. For the sessile
droplet, the Marangoni flow near the surface has an opposite direction to the
gravity-driven flow, but it is not sufficient to reverse the gravity-driven flow
inside the droplet.



Chapter 3

Rayleigh-Taylor instability by
segregation in an evaporating
multicomponent
microdroplet∗

The evaporation of multi-component droplets is relevant to various applications
but challenging to study due to the complex physicochemical dynamics. Re-
cently, [64] reported evaporation-triggered segregation in 1,2-hexanediol-water
binary droplets. In this present work, we added 0.5 wt% silicone oil into the
1,2-hexanediol-water binary solution. This minute silicone oil concentration dra-
matically modifies the evaporation process as it triggers an early extraction of the
1,2-hexanediol from the mixture. Surprisingly, we observe that the segregation of
1,2-hexanediol forms plumes, rising up from the rim of the sessile droplet towards
the apex during the droplet evaporation. By orientating the droplet upside down,
i.e., by studying a pendant droplet, the absence of the plumes indicates that the
flow structure is induced by buoyancy, which drives a Rayleigh-Taylor instability
(i.e., driven by density differences & gravitational acceleration). From µPIV mea-
surement, we further prove that the segregation of the non-volatile component
(1,2-hexanediol) hinders the evaporation near the contact line, which leads to a
suppression of the Marangoni flow in this region. Hence, on long time scales,
gravitational effects play the dominant role in the flow structure, rather than

∗Based on: Yaxing Li, Christian Diddens, Tim Segers, Herman Wijshoff, Michel Verluis
and Detlef Lohse, Rayleigh-Taylor instability by segregation in an evaporating multicomponent
microdroplet, J. Fluid Mech. (2020) (In press).

43
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Marangoni flows. We compare the measurement of the evaporation rate with
the diffusion model of [5], coupled with Raoult’s law and the activity coefficient.
This comparison indeed confirms that the silicone-oil-triggered segregation of the
non-volatile 1,2-hexanediol significantly delays the evaporation. With an extended
diffusion model, in which the influence of the segregation has been implemented,
the evaporation can be well described.



.
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3.1 Introduction

Evaporation of sessile droplets has attracted a lot of attention over the past
decades due to its ubiquitousness and huge relevance for various applications,
such as inkjet printing [81], surface patterning [82], microfabrication [58],
among others. In particular, the pioneering work of [12], unveiling the mys-
tery of the so-called coffee-stain effect, has inspired many scientific studies on
evaporating droplets over the past twenty years.
While the evaporation of single-component droplets is relatively well under-
stood [4,5,9,15,16,18,21,83], multi-component droplets show far more complex
dynamics during the drying process. This is due to the complicated coupling
of the mutual interactions between species [11, 32, 84] and the resulting flow
structures [31, 85, 86]. Essentially, the selective evaporation of each compo-
nent is the reason underlying the complexity: the preferred evaporation of one
component as compared to the other(s) can result in inhomogeneous liquid
distributions. [61] first reported the sequential flow transitions in an evap-
orating ethanol-water binary droplet, which showed an evaporation-induced
Marangoni instability in the early life stage. Many following studies [32,62,87]
show that the solutal Marangoni stress driven by the surface tension gradient
dominates the flow structure in evaporating multicomponent microdroplets.
Very recently, [79] and [88] also found gravity-driven flows in different binary
microdroplet systems, which are triggered by the density gradients from the
selective evaporation. This is the first evidence that buoyancy-driven Rayleigh
convection can overcome Marangoni flow in controlling the flow structure in
such evaporating liquid-mixture droplets with Bond number Bo ≪ 1.
For a specific category of multicomponent systems with a metastable phase
regime, the phenomena are even more intriguing and complex. Tan et al [24,
47,89] systematically studied a ternary “Ouzo” system, which involves not only
complex flow behaviours, but remarkably, multiple phase transitions, i.e., oil
microdroplet nucleation and phase separation. Additionally, in a dissolution
system, the interaction between host liquid and droplet liquids can also lead to
segregation of the components inside the droplet [90,91]. Recently, Li et al [64]
reported an unexpected segregation triggered by selective evaporation within a
miscible 1,2-hexanediol-water binary droplet, in which 1,2-hexanediol is almost
non-volatile compared to water. The insufficient replenishment of water from
the droplet interior towards the contact line by the weak convection inside
the droplet causes the local accumulation of 1,2-hexanediol in the contact line
region, which eventually leads to segregation [49,92].
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In the current work, we added a small amount (0.5 wt%) of silicone oil into
the 1,2-hexanediol -water binary solution, which forms oil-water microemul-
sions in the mixture system [93], aiming to utilize silicone oil to trigger the
extraction of 1,2-hexanediol. Surprisingly, we observed the plumes of sep-
arated 1,2-hexanediol arising along the droplet surface originating from the
rim, which resemble those shapes immersing in a Rayleigh-Taylor instabil-
ity [94, 95]. To understand the mechanism of the plume formation and the
evaporation behaviour of this multicomponent droplet, we studied the drying
system experimentally and theoretically.
The paper is organized as follows: In §2, we introduce the employed exper-
imental methods. In §3, the experimental results and our interpretations
thereof are presented. We then apply multicomponent-diffusion models to the
experimentally analyzed cases (section 4). The paper ends with a summary
and an outlook to the future work (section 5).

3.2 Experimental methods

3.2.1 Solution and substrate
The droplet system we used consisted of Milli-Q water (Reference A+, Merck
Millipore, 25◦C), 1,2-hexanediol (Sigma-Aldrich; ⩾ 98%) and silicone oil (Sigma-
Aldrich, viscosity 1000 cSt). First, 10 wt% of 1,2-hexanediol aqueous solution
was prepared and then 0.5 wt% of silicone oil was added. For this we mix
30 mg silicone oil with 5970 mg 1,2-hexanediol aqueous solution in a glass
container and sonicate it for 10 minutes. We performed evaporation experi-
ments on a hydrophobized glass slide coated by Octadecyltrichlorosilane (OTS,
> 90 %, Sigma-Aldrich) [80]. Before usage, the substrates were cleaned by 15-
min sonication in 99.8% ethanol and 5 min in Milli-Q water sequentially and
subsequently dried with compressed N2 flow for 30 sec. The droplet in each ex-
periment was deposited by a glass syringe with a full metal needle (Hamilton,
10 µL, Model 701 NWG SYR, Cemented NDL).

3.2.2 Confocal microscopy
Confocal microscopy was employed to visualize the distribution of water and
1,2-hexanediol within the mixture droplet. The observations were carried out
by using an inverted Nikon A1 confocal laser scanning microscope system
(Nikon Corporation, Tokyo, Japan) with a 10× dry objective (Nikon, Plan
Fluor 10 �/0.30, OFN25, DIC, L/N1). The droplet was labeled with two
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different dyes, i.e., Nile Red and Dextran. Nile Red is a lipophilic dye which
dissolves only in 1,2-hexanediol and was excited by a laser at a wave length of
561 nm, while Dextran preferentially dissolves in water and it was excited by
a laser at a wave length of 488 nm simultaneously. Three-dimensional (3D)
images were obtained by reconstruction from a series of consecutive Z-stack
images scanned in the direction from the substrate to the top of the droplet.
The scan started as soon as the droplet was deposited on the glass substrate.
Operating in Galvano mode, the scan rate for the 2D images was 1 fps, while
each Z-stack scan loop for 3D images took approximately 30 s to complete.
This timescale is much smaller than that of evaporation such that the variation
of the flow pattern within the droplet during the scans was negligible.

3.2.3 Micro particle image velocimetry

For flow visualization, we performed micro Particle Image Velocimetry (µPIV)
by adding fluorescent particles [Fluoro-Max; Red Fluorescent Polymer Micro-
spheres: Ex/Em 530 nm/607 nm; Diameter: 0.52 µm] into the working fluids
at a concentration of 2 × 10−2 vol%. The µPIV measurements were imple-
mented on the same confocal microscope with a 10× dry objective (Nikon,
Plan Fluor 10×/0.30, OFN25, DIC, L/N1). The particles were excited by a
laser at a wave length of 561 nm and the fluorescent signals were captured at
a frame rate of 25 fps. The droplet was illuminated from the bottom and the
fluorescent signal was also captured by the objective from the bottom.

3.2.4 Geometrical measurement

The evaporation process was recorded by a CCD camera [MQ013MG-E2, XiQ]
coupled to a microscope [12X Ultrazoom, NAVITAR], which was illuminated
by LED light [MWWHL4 Warm White Mounted LED, THORLABS] from
the opposite side of the droplet. In the experiments, droplets evaporated into
air under stable laboratory conditions. The relative humidity RH and the
ambient temperature T were monitored in each measurement, which were 45
± 3% and 22 ± 1◦C, respectively.
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3.3 Rayleigh-Taylor instability arising from segre-
gation

3.3.1 Experimental observations and interpretations

Evaporation processes of silicone-oil-seeded 1,2-hexanediol-water droplets with
opposite orientations are displayed in Fig. 3.1. The upper (a1-a5) and lower
(b1-b4) row show the evolution of a sessile droplet and a pendant droplet,
respectively. In the beginning of the recording (approximately 30 sec after
droplet deposition), the segregation of 1,2-hexanediol already appeared for
both droplets [Fig. 3.1(a1,b1)], as revealed by the yellow colour.
For the sessile droplet in Fig. 3.1(a2), in the segregation process, plumes
formed, rising from the contact line towards the apex of the droplet. In
Fig. 3.1(a3), the shape of the plumes resembles those shapes immersing in
a Rayleigh-Taylor instability [96]. The plumes later coalesce with each other,
eventually fully covering the whole surface of the droplet and thereby ceas-
ing the evaporation process. However, for the pendant droplet, the separated
ring only monotonically grows without any plume formation. This observation
clearly demonstrates that the flow structure on the droplet interface is con-
trolled by gravity. The mechanism of the formation of the buoyancy-driven
flow structure is interpreted along the schematics in Fig. 3.2. In equilibrium,
the silicone oil forms oil-in-water microemulsions owing to the existence of
1,2-hexanediol as a surfactant [93]. After the droplet being deposited on the
substrate, some oil droplets nucleate on the solid surface, as was also observed
experimentally in Fig. 3.2(c). The reason is that the silicone oil has a much
lower interfacial energy with OTS glass than the 1,2-hexanediol-water mix-
ture. This can be seen by comparing the equilibrium contact angle of a pure
silicone oil droplet on the OTS glass with that of the 1,2-hexanediol-water
mixture droplet. The former is only 10◦, the latter is 40◦. Early on in the
evaporation process, the oil droplets in the oil-water emulsions in the bulk of
the droplet aggregate due to the depletion of water. These oil droplets together
with those which already nucleated on the substrate trigger the extraction of
1,2-hexanediol from the aqueous solution such that the 1,2-hexanediol phase
separates from the water phase.
For a sessile droplet drying on a flat substrate with a contact angle smaller
than 90◦, the evaporative flux is maximal at the contact line [12]. Hence, the
extraction starts from the edge of the droplet due to the fast evaporation of
water in that region, leading to an 1,2-hexanediol ring that hinders the further
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Figure 3.1: Confocal images of evaporation behaviours for both sessile (a1-a5)
and pendant (b1-b4) droplets in a semi-side view taken at different time in-
stants. The confocal microscope scanned the rectangular box with the volume
1225 µm × 1280 µm × 250 µm. (a1),(b1) For both droplets, when the evap-
oration began, the 1,2-hexanediol separated at the contact line and formed
a ring-like pattern. (a2-a3) In the sessile droplet, through the growth of the
segregation, the separated 1,2-hexanediol rose up with plumes. (a3’) The top
view of the droplet at t0 + 334s. The figure is transformed into binary image
to increase the contrast of colours. (a4) The plumes merged with each other
at the apex of the droplet. (a5) Eventually, 1,2-hexanediol fully covered the
surface and stopped the evaporation. (b2 - b3) In the pendant droplet, the
segregation of 1,2-hexanediol expanded with the ring-like shape. (b4) Once
the separated 1,2-hexanediol occupied the entire surface area, the evaporation
stopped.

evaporation from the contact line region. The non-volatile ring impedes the
building up of the concentration gradient, which results in a suppression of
the surface tension gradient, which therefore cannot play any dominant role in
controlling the flow. Instead, because of the lower density of 1,2-hexanediol as
compared to the mixture, the separated phase of 1,2-hexanediol at the bottom
of the droplet rises up to the apex, driven by buoyancy.

3.3.2 Evidence of suppression of Marangoni flow from µPIV
measurements

To prove our interpretation, we performed µPIV measurements to charac-
terize the flow field within the evaporating silicone-oil-seeded (“SOS”) 1,2-
hexanediol-water droplet. Fig. 3.3(a1) schematically illustrates that the seg-
regation of 1,2-hexanediol suppresses the Marangoni flow in the contact line
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Figure 3.2: Schematics of the silicone-oil-seeded binary droplets with oppo-
site orientations. (a1) Within the bulk of the droplet, there are oil-water
microemulsions. Because of the preferential evaporation of water near the
contact line, 1,2-hexanediol is extracted by silicone oil and starts separating
in this region. The non-volatile 1,2-hexanediol segregation shields the evap-
oration of water at the rim. (a2) The weak surface tension gradient cannot
lead to a strong Marangoni flow on the surface. Instead, in the long term,
buoyancy drives the arising plumes (Rayleigh-Taylor instability). (b1) When
we orientate the droplet upside down, a similar segregation of 1,2-hexanediol
occurs near the contact line. (b2) However, the segregation rim continuously
grows due to the selective evaporation of water but no plumes appear due
to the inverted direction of gravity. (c) The nucleated oil droplets on the
substrate (bottom optical view).
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region. Fig. 3.3(b1) displays a snapshot of the velocity field in the focal plane
near the substrate at an early stage of the evaporation process, t = T0/30 (T0 is
the droplet’s lifetime). The velocity map shows chaotic and very weak flow mo-
tions. Fig. 3.3(c1) shows the evolution of the mean radial velocity and the ab-
solute mean velocity (inlet plot). The mean radial velocity Ūr,sos is less than 1
µm/s, and the absolute mean velocity Ūsos in the early stage is around 1 µm/s.
For comparison, we also measured the flow field for a 1,2-hexanediol-water bi-
nary droplet (without the silicone-oil seeding), which reveals the absence of
density-driven flow [64]. In that case the velocity map in Fig. 3.3(b2) shows
much more intense outward radial flows close to the contact line than that in
the case with silicone-oil seeding. During the early lifetime, the mean radial
flow velocity Ūr,no−sos [Fig. 3.3(c2)] is more than 5 µm/s, which is one order
of magnitude higher than that in the former case. The measured velocities for
both cases imply Reynolds numbers Resos = ρRdŪsos/µ ∼ 10−4 and Reno−sos
= ρRdŪno−sos/µ ∼ 10−3, where ρ ≈ 103 kg/m3, Rd ≈ 10−3 m, and µ ≈ 10
mPa·s are the liquid density, droplet radius, and liquid viscosity, respectively.
We estimate the Marangoni time scale in the two cases by using the mean
velocity of the radial flow: tMa,sos ∼ Rd/Ūr,sos ≈ 10−3m/10−6m/s = 103 s and
tMa,no−sos ∼ Rd/Ūr,no−sos ≈ 10−3m/10−5m/s = 102 s. By looking at the rising
time of the plumes from Fig. 3.1, we obtain the Rayleigh time scale of the RT
instability tRa ∼ 102 s (estimated time of the plumes rising up from the rim
to the apex of the droplet). In the silicone-oil-seeding case, the Rayleigh time
scale is much smaller than the Marangoni time scale: tRa/tMa,sos ≪ 1, which
indicates that the buoyancy flow is dominant. In the non-silicone-oil-seeding
case, the two time scales are comparable: tRa/tMa,no−sos ≈ 1, which substan-
tiates that gravity-driven flow is balanced by Marangoni flow, thereby playing
no controlling role. We argue that in the silicone-oil-seeded 1,2-hexanediol-
water droplet, the instantaneous segregation hinders the evaporation near the
contact line, which suppresses the most intensive Marangoni flow in that re-
gion, leading to a weak flow motion in the whole droplet. Therefore, on a
relatively long time scale, the buoyancy force due to the density difference
dominates the flow, causing Rayleigh-Taylor instability.

We estimate the most unstable wavelength of the RT instability in our system
λm ≈ 4π[(ν2/(gsAt)]1/3 ≈ 103 µm [97]. In this expression, gs = gsin(θ) is the
net acceleration imposed on the interface of the droplet, where g ≈ 9.8 m/s2
is the gravitational acceleration and θ ≈ 35◦ is the droplet contact angle [see
Fig. 3.7(d1,d2)]; At is the Atwood number given by At = (ρm − ρH)/(ρm +
ρH) ≈ 2.3 × 10−2, where ρm = 997 kg/m3 and ρH = 952 kg/m3 are the
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density of the mixture and of pure 1,2-hexanediol, respectively [42] and ν =
(µm + µH)/(ρm + ρH) is the averaged kinematic viscosity, where µm ≈ 2
mPas and µH ≈ 80 mPas are the dynamic viscosities of the mixture and of
pure 1,2-hexanediol, respectively [53]. Here At ≪ 1, the low density liquid
which is 1,2-hexanediol, moves into the heavy fluid in the upper layer [96].
The estimated wavelength λm is comparable to the spatial distance between
two plumes λ ≈ 103 µm in Fig. 3.1(a3), supporting our interpretation of the
plumes as RT instability.

3.3.3 Evaporation-triggered extraction of 1,2-hexanediol by seed-
ing oils

To evaluate the applicability of different oils for the extraction effect, we seeded
the 1,2-hexanediol-water binary solution with several kinds of oils at the con-
centration of 0.5 wt%, namely silicone oils with viscosities of 12500 cSt and
100 cSt. As shown in Fig. 3.4(a,b), the 1,2-hexanediol-water droplets seeded
with the three different oils all show similar plumes rising up from the rim
of the sessile droplet towards the apex during the evaporation process. The
consistency clearly demonstrates that the evaporation can trigger the early ex-
traction of 1,2-hexanediol by the oil-water emulsions in these solutions, leading
to the segregation of 1,2-hexanediol and the resulting flow structures.
We also tested a series of concentration ratios of the seeding oil: 0.5 wt%,
0.1 wt%, 0.05 wt%, and 0.025 wt%. Our observation shows that the effect
holds for the concentration of silicone oil down to 0.025 wt%. The robustness
of the extraction effect even at tiny silicone oil concentrations obviously rises
the question on the oil-contamination control in such liquid systems. This
issue had been addressed before by [98] in a study on nanobubble nucleation.
They found that the polydimethylsiloxane (PDMS) coating in a plastic syringe
and a disposable needle can contaminate the solution to form nanobubble-like
objects on the substrate, which in fact were silicone oil nanodroplets. In their
study, the concentration ratio between PDMS (Sylgard 184, Dow Corning)
and water was 0.1 mL/0.4 L, which is ≈ 0.025 wt%.
To see whether we can trigger similar contamination effects also here, in a
test experiment, we used the same plastic syringe (5 mL, Discardit, BD) and
disposable needle (Microlance, BD) to deposit a 1,2-hexanediol-water binary
droplet on the substrate. Indeed, similar RT-like patterns as in our other
experiments with silicone oil also occur in such a droplet during the evap-
oration process [as shown in Fig. 3.4(c)], which confirms that even minute
PDMS contamination can cause the early extraction of 1,2-hexanediol during
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Figure 3.3: µPIV measurements of the velocity fields of a silicone-oil-seeded
1,2-hexanediol-water (SOS) droplet and a 1,2-hexanediol-water (no-SOS) bi-
nary droplet [64]. (a1),(a2) Schematics of both droplets at the early life stage.
(b1),(b2) µPIV snapshot of the velocity field in the focal plane near the sub-
strate at the beginning of the evaporation process. The arrows display the
local velocity and the radial velocity is colour coded. (b1) The map shows
that there is no visible coherent radial flow. Note that the color scale bar
for Ur,sos ranges from -2 to +2 µm/s, indicating a weak Marangoni flow in a
SOS droplet. (b2) The liquid flows radially towards the edge of the no-SOS
droplet from the interior. The radial flow is most intense (∼ 20 µm/s) near
the contact line, implying a strong Marangoni flow there. The color scale bar
for Ur,no−sos covers a 10 times larger range as that for Ur,sos. (c1),(c2) The
evolution of the radial velocity Ur in the focal plane near the substrate for
both droplets. The inlets show the evolution of absolute mean flow velocity
U .
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(a) (b) (c)

Figure 3.4: Confocal images of segregation patterns for droplets seeded with
different oils, namely (a) silicone oil with 12500 cSt viscosity, (b) silicone oil
with 100 cSt viscosity, and (c) 1,2-hexanediol-water binary droplet deposited
by a plastic syringe and a disposable needle. The confocal microscope scan
covered a rectangular box with the section area of 1225 µm × 1280 µm.

the evaporation process.

3.3.4 Reversed segregation by evaporation on a lubricated film
In the previous sections, we experimentally demonstrated that gravitational
effects dominate the flow structure in the droplet system, due to the sup-
pression of Marangoni flow by the instantaneous segregation of 1,2-hexanediol
close to the contact line. We argued that the early phase separation is caused
by the coupling of the extraction effect by the seeding oil and the maximal
evaporation rate at the contact line. In order to validate this argument, we
suppress the local evaporative flux at the contact line by introducing a non-
volatile wetting ridge, which can be achieved by letting the droplet evaporate
on a lubricated surface [99,100].
We performed the experiment in which the silicone-oil-seeded droplet evapo-
rates on a lubricated surface of silicone oil (Sigma-Aldrich, viscosity 1000 cSt).
The lubricated surface was made by spin coating of silicone oil on a solid glass
substrate (Gerhard Menzel GmbH, 76 × 26 mm), with a typical thickness of
18 ± 1 µm [101]. The equilibrium contact angle θ of the droplet on this lubri-
cated surface is 38◦ [see Fig. 3.7(d1,d2)], which is close to the contact angles
in the first two cases. In the experiment, we still only dyed the 1,2-hexanediol
and water with the same method mentioned in §2. Thus the silicone oil film
is not visible in the confocal movie.
One wonders whether there is an intercalated film in between the droplet and
the substrate. To find out, we performed interferometry [102]. The measure-
ments do not show any interference patterns, which suggests that there is no
stable intercalated film. Within a second, the droplet rewets the substrate
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Figure 3.5: The dynamic behaviour of a silicone-oil-seeded 1,2-
hexanediol/water droplet evaporating on a silicone oil thin film. (a1-a3) Con-
focal microscopy images for a scanned box with volume 1225 µm × 1280 µm
× 250 µm. (a1) In the beginning, the droplet is homogeneously mixed. (a2)
The segregation of 1,2-hexanediol started appearing on the upper surface of
the droplet instead of contact line area. (a3) The evaporation ceased when
the droplet surface was shielded by 1,2-hexanediol. (b1-b3) Schematic of the
evaporation process. The red colour represents the silicone oil thin film. It
forms a meniscus at the contact line.

by rupturing the thin film after the deposition. We estimate the spreading
coefficient S = γda−γdo−γoa ≈ 24 mN/m−20 mN/m−21 mN/m < 0, where
γ is the interfacial tension, and the subscripts a, o, and d indicate the air
and oil phases, and the droplet, respectively. The result S < 0 is consistent
with no oil-engulfment covering on the surface of the droplet. In the begin-
ning of the evaporation [Fig. 3.5(a1)], the droplet is homogeneously mixed,
which reveals the green colour. Later on, as shown in Fig. 3.5(a2), the segre-
gation of 1,2-hexanediol (yellow colour) starts appearing at the upper part of
the droplet rather than from the edge. Also note that in this third case the
segregation behavior is different from the first two cases, as it appears more
homogeneously and slowly. The reason is that the segregation in this third
case is triggered by the nucleated oil droplets in the bulk instead of those on
the substrate, which have a much higher number density in the early phase
of the nucleation process and which play the essential role to trigger the early
segregation. In Fig. 3.5(a3), the evaporation ceases with the shielding of sepa-
rated 1,2-hexanediol. This observation shows a different route of segregation,
which indicates a faster evaporation rate from the upper surface than from the
contact line.
The explanation is that the thin film forms a wetting ridge covering on the
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contact line region, as illustrated in Fig. 3.5(b1), which hinders the evaporative
flux from there [100]. Consequently, only the water molecules on the upper
surface of the droplet evaporate to the surrounding air, which leads to a high
concentration of 1,2-hexanediol at the top of the droplet. Then the highly
concentrated 1,2-hexanediol on the upper surface nucleates and segregates
from the mixture [Fig. 3.5(b2)]. In the end of the evaporation, there is still
water entrapped by the shielding thanks to the segregated 1,2-hexanediol and
the silicone oil meniscus, as illustrated in Fig. 3.5(b3).
To further suggest the argument that the wetting ridge suppresses the local
evaporative flux at the contact line, we also employed µPIV measurement for
the silicone-oil-seeded 1,2-hexnaediol/water droplet evaporating on a silicone
oil thin film, as shown in Fig. 3.6. The flow field was measured at the focal
plane ≈ 10 µm above the substrate. Fig. 3.6(a) displays the bottom-view
image at the beginning of the evaporation process. Two circular rings can be
observed. As indicated by the black and the yellow arrows, the outer ring
and inner ring represent the drop-oil-solid contact line and the drop-oil-air
contact line, respectively. Fig. 3.6(b) shows the typical velocity field of the
flow structure. The radial velocity Ur is colour-coded. One can see that the
radial flow is comparable to the radial velocity in the first case [Fig. 3.3(b1)],
which is much weaker as compared to the Marangoni flow in the binary droplet
[Fig 3.3(b2)]. Moreover, the outward radial flow from the interior ceases at
the horizontal position of drop-oil-air contact line. Near the contact line of
the droplet, the radial flow even reverses inwardly [revealed by blue colour
in Fig. 3.6(b)]. The flow reversal reflects that the liquid in the contact line
region can only flow inwardly to maintain the decreasing contact angle and the
pinning contact line at this early stage of the droplet’s lifetime [see Fig. 3.7(d1,
e1)]. This is a direct evidence that the evaporative flux near the contact line
is suppressed by the oil wetting ridge. As shown in Fig. 3.6(c), the mean
radial flow decreases and then changes the direction due to the shrinking of
the contact area [Fig. 3.7(d1, e1)].

3.4 Evaporation process and its quantitative under-
standing

A thorough insight in the evaporation process requires a quantitative under-
standing. Although the evaporation of multicomponent droplet is far more
complicated than single-component droplet, the essence of the system is still
limited by the diffusion of vapor molecules of each component to the surround-
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Figure 3.6: µPIV measurement of a silicone-oil-seeded 1,2-hexanediol/water
droplet evaporating on a silicone oil thin film. (a) µPIV image focusing on
the bottom of the droplet (≈ 10 µm above the substrate). Note that the
two circular rings indicate the drop-oil-solid contact line (marked by the black
arrow) and the drop-oil-air contact line (marked by the yellow arrow). (b) Flow
field of µPIV at t = T0/30, where T0 is the droplet’s lifetime. The black dashed
line indicates the horizontal position of the drop-oil-air contact line. (c) The
evolution of the mean radial velocity Ūr and the mean absolute velocity Ū . (d)
Schematics of a silicone-oil-seeded 1,2-hexanediol/water droplet evaporating
on a silicone oil thin film.
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ing air [2, 32]. In this session, we first introduce a diffusion model to describe
the evaporative rate for multicomponent droplets. Then we show the geomet-
rical measurement for the three different cases: a. a silicone-oil-seeded 1,2-
hexanediol-water sessile droplet; b. a silicone-oil-seeded 1,2-hexanediol-water
pendant droplet; and c. a silicone-oil-seeded 1,2-hexanediol-water droplet on a
lubricated surface. Finally, we compare a modified multicomponent-diffusion
model with the influence of segregation considered with our measurement and
discuss the results.

3.4.1 Multicomponent-diffusion model
[5] proposed an analytical description for the diffusion-controlled evaporation

of a sessile droplet with one single component, which was later experimentally
confirmed by [4, 103]. For the evaporation of multicomponent droplets, we
use the method put forward by [84], considering the total evaporation rate
of the mixture droplet as the sum of the evaporation rates of each individual
component. In our droplet mixture system, only the diffusive flux of water
contributes to the total evaporation rate. However, non-volatile components
in the system also affect the vapor-liquid equilibrium: the existence of 1,2-
hexanediol and silicone oil change the saturated concentration of water vapor
at the liquid-air interface. Raoult’s law is used to calculate the difference:
cw,s = Xwc

0
w,s, where Xw is the liquid mole fraction of the water component at

the interface and c0w,s = 2.08×10−2 kg/m3 is the saturated vapor concentration
of the pure water at room temperature. However, Raoult’s law only relies on
an ideal solution and thus ignores any interaction between the compositions.
To overcome this limitation, a so-called activity ai for each component is
introduced to describe this interaction [11], ai = ψiXi, where ψi is the activity
coefficient. In our case, the mole fraction of silicone oil is negligible (< 0.1 %),
we only consider the interaction between water and 1,2-hexanediol. Therefore
the saturated concentration of water vapor at the interface becomes cw,s =
awc

0
w,s. By using Raoult’s law together with the water activity aw [10] to

modify the one-liquid model [5], we obtain a theoretical model to express the
evaporation rate for the water in our system:

dM
dt = −πDR(awc0w,s − cw,∞)f(θ), (3.1)

with

f(θ) =
sin(θ)

1 + cos(θ) + 4

∫ ∞

0

1 + cosh(2θε)
sinh(2πε) tanh[(π − θ)ε]dε, (3.2)
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where D = 24.6× 10−6 m2/s is the diffusion coefficient of water vapour in air
at room temperature, R and θ are the footprint radius and contact angle of the
droplet, respectively. Besides controlling the evaporation rate, the model also
yields the terminal state of the evaporation, which is when the saturated wa-
ter vapor concentration equals the environmental concentration, cw,s = cw,∞.
Theoretically, the evaporation ceases when the active mole fraction of water
equals to the relative humidity of the surrounding air, aw = ψwXw = RH.
From the relative humidity RH measured in each experiment, we can analyt-
ically calculate the “theoretical final volume” Vf (as shown in appendix 3.6.1)
of each measured droplets as:

Vf =

(
Mw

MH

RH

ψw −RH
+
ρw
ρH

)(
1− C

C
+
ρw
ρH

)−1

V0, (3.3)

in which MH and Mw are the molecular mass of 1,2-hexanediol and that
of water, ρH and ρw are their liquid densities at room temperature, and C
is the initial mass concentration of 1,2-hexanediol in each measurement. We
rescale the measured droplet volume and time, by introducing non-dimensional
volume V̂ = (V − Vf )/(V0 − Vf ) and time t̂ = t/τc [4], in order to compare
the different sets of experimental data. V is the droplet volume measured in
every time interval, V0 is the initial volume of each measurement and Vf is
the estimated final volume by Eq. (4.6). τc is the characteristic timescale of
droplet lifetime, τc = ρlR

2/(D∆c) [4], where ρl is the density of the liquid and
∆c the water vapor concentration difference between the air-liquid interface
and the surrounding air.

3.4.2 Evaporation modes and volumetric measurement
In Fig. 3.7 we show that the measured contact angle θ and the footprint ra-
dius R of (a) a sessile droplet, (b) a pendant droplet and (c) a droplet on a
lubricated surface. Figure. 3.7(a-c) show a snapshot of each droplet. Note
that due to the existence of the oil meniscus in the third case [Fig. 3.7(c)],
we define the contact angle and footprint radius by fitting the droplet profile
with a spherical cap, shown as the yellow dashed line. Figs. 3.7(d-e) show the
evolution of the two parameters as a function of the scaled time t̂ = t/τc and
volume V̂ = (V − Vf )/(V0 − Vf ). We observe a sliding contact line during
the evaporation for both sessile and pendant droplets. For the sessile droplet,
the contact angle remains almost constant during most of the lifetime, but
for the pendant droplet, the contact angle always decreases. For the droplet
on the thin film, the evaporation follows the stick-slide mode [104–106], i.e.,
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it first evaporates with a pinning contact line, and then shrinks with decreas-
ing contact angle. In Fig. 3.8(a), we show the volumetric evolutions for the
three cases. The evaporation lifetime is normally affected by both the evap-
oration modes and environmental conditions. In Fig. 3.8(b) we compare the
volumetric evolution for the three cases by rescaling them with t̂ = t/τc and
V̂ = (V − Vf )/(V0 − Vf ). The deviation between the curves clearly implies
that the evaporation kinetics is affected not only by the evaporation modes
and environmental conditions, but also by the segregation patterns. Note
that the first case with the Rayleigh-Taylor instability [blue squared dots in
Fig. 3.8(b)] shows the fastest volumetric decrease among the three cases (com-
pare the slopes of the curves). The percentages of entrapped water compared
to the initial amount of water in the final residual of the three droplets were
around 16%, 30%, and 27%, respectively, estimated from the final volume of
droplets. We argue that the fastest evaporation rate coinciding with the lowest
water entrapment percentage in the first case is because of the Rayleigh-Taylor
instability, causing a better mixing of the components than in the other two
cases.

3.4.3 Evaporative flux profile and modified diffusion model

To further quantify the mass transfer process, we first use the Sherwood num-
ber Sh derived by [43] in a diffusion-limited case, and extend it to mixture
system by including Raoult’s law and activity coefficient :

Sh =
⟨Ṁ⟩AReq

D(awc0w,s − cw,∞)
, (3.4)

where ⟨Ṁ⟩A is the actual mass loss rate (measured in experiments), averaged
over the droplet surface area A, and Req = (3V /(2π))1/3 is the equivalent
radius. For sessile droplets, if the mass transfer occurs purely via diffusion,
the Sherwood number is [43]

Shd =
f(θ)

sinθ(1 + tan2 θ
2)(

2
2−3cosθ+cos3θ )

1/3
, (3.5)

which only depends on the droplet contact angle θ. Note that the Sherwood
number here scales mass transfer with respect to a diffusive spherical droplet.
In Fig. 3.9, we plot the experimental data for the three cases by rescaling them
based on Eq. (3.4) with an assumption that the mixture liquid components
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Figure 3.7: Morphology evolution of the evaporating droplets in three different
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Figure 3.9: Sherwood number as a function of contact angle of a sessile droplet
(blue), a pendant droplet (red), and a droplet on a lubricated surface (yellow).
The black solid line represents the theoretical Sherwood number Shd, which
is described by Eq. (3.5).

homogeneously distribute. The overestimation of the Sherwood number fol-
lowing from the single-component diffusive model (black curve) as compared to
the experiments indicates that the assumption of homogeneous mixing does
not hold for the three cases, which clearly is due to the segregation of 1,2-
hexanediol. Specifically, for both sessile (blue squared dots) and pendant (red
squared dots) droplets, the experimental data and theoretical model show
good agreement at the beginning of the evaporation process and they deviate
from each other later on. The reason for this deviation is that the distribution
of compositions is no longer homogeneous when segregation of 1,2-hexanediol
occurs, i.e., the assumption of an evenly mixed system overestimates the local
concentration of water on the surface. For the droplet on a lubricated sur-
face (yellow squared dots), the model overpredicts the evaporation rate for the
whole process, even from the very beginning. This is due to the fact that the
non-volatile oil meniscus hinders the evaporation of water near the contact
line during the entire droplet lifetime.
To get a quantitative description of the evaporation rate in the mixture droplets,
we further modify the mixture model [Eq. (3.1)] by considering the effect of
segregation patterns on the evaporative flux profile of each droplet. For the
first two cases, as sketched in Fig. 3.10(a1,a2), the hindrance of the local evap-
orative flux originates from the non-volatile 1,2-hexanediol segregation. In the
limit of small contact angle (θ < 40◦), the local evaporative flux on the drop-
air interface can be described as j(r, θ) ∼ (Rs − r)−

π−2θ
2π−2θ , which is maximal
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Figure 3.10: Schematic view of the evaporation of (a1) a sessile droplet, (a2) a
pendant droplet, and (a3) a droplet on a lubricated surface. (b1-b3) Temporal
evaporation rate of each droplet in (a1-a3), respectively, during the evapora-
tion process. The black solid line represents the prediction of the theoretical
model.

at r = Rs [12, 107]. Rs is the distance between the center of the droplet and
the front of the segregation. Hence we obtain the total evaporative flux of the
droplet with segregation by replacing R with Rs in Eq. (3.1):

dM
dt =

∫ Rs

0
j(r, θ)

√
1 + (∂rh)22πrdr = −πDRs(awc

0
w,s − cw,∞)f(θs), (3.6)

where θs is the tangential angle at the front of the segregation [see Fig. 3.10(a1)].
As the angle is small, 0 ≤ θs ≤ 40◦, we approximate f(θs) ≈ 4/π [15, 103] in
our calculation for convenience. This approximation was shown to be appro-
priate in colloidal suspension droplets with similar configurations [107]. In
order to calculate Rs, the volume of the segregated liquid is required. From
the confocal imaging, we observe an almost instantaneous segregation of 1,2-
hexanediol. Hence we assume that the water mostly depletes in the segregation
region [the yellow part in Fig. 3.10(a1)] and remains nearly constant in the
mixture region [the blue part in Fig. 3.10(a1)]. The mass in the segregation
region ∆Ms can be calculated by multiplying the volume of the region ∆Vs
and the density of 1,2-hexanediol ρH :
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∆Ms = ρH∆Vs = ρH

∫ R

Rs

2πrh(r)dr =
πθ

4R
(R2 −R2

s)
2, (3.7)

where h(r) = R2−r2

2R θ is the local height calculated from the parabolic ap-
proximation at distance r from the center of the droplet. The separated 1,2-
hexanediol is caused by the depletion of water ∆Mw = ρw∆V , where ∆V is
the volume loss measured from the experiment and ρw is the density of water.
According to the initial mass concentration of 1,2-hexanediol C, we then have:

∆Ms =
C

1− C
∆Mw =

C

1− C
ρw∆V. (3.8)

By combining Eq. (3.7) and Eq. (3.8), we obtain

Rs = R

(
1−

√
∆V

C

1− C

ρw
ρH

4

πθR3

)1/2

. (3.9)

By substituting Eq. (3.9) into Eq. (3.6), we can theoretically calculate the
evaporation rate without any adjustable parameters. Note that we approxi-
mate aw(Xw) by taking the initial water mole fraction Xw as a constant for
the whole process. For the third case where the droplet evaporates on the thin
film, the evaporative flux profile is changed by the hindrance of the oil wet-
ting ridge. As shown in Fig. 3.10(a3), the evaporative flux profile is identical
to the first two cases: it is maximal at the drop-oil-air contact line. There-
fore, the total evaporation flux rate can also be described by Eq (3.6). Rs

then is the horizontal distance from the center of the droplet to the triple-
phase contact line. We can measure Rs by determining the position of the
triple-phase contact line from the bottom-view image, as shown in Fig. 3.6(a).
We use aw(Xw) with a temporal water mole fraction Xw calculated from the
volumetric measurement.
In Fig. 3.10(b1-b3), we show the measured evaporation rate corresponding to
each case and compare them with the theoretical prediction by Eq. (3.6). For
both sessile and pendant droplets [Fig. 3.10(b1-b2)], the experimental data
and theoretical model show good agreement for a large part of the process
and deviate from each other only in the late stage of the lifetime. The main
reason for this deviation at the very end of the evaporation process is that the
entrapped water by the segregation of 1,2-hexanediol does not homogeneously
distribute in the droplet, i.e., the assumption of an evenly mixed system over-
estimates the local concentration of water on the surface. For the droplet on a
lubricated surface, the model gives a good description of the evaporation rate.
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Finally note that in the second half of the lifetime, the model underestimates
the evaporation rate. This can be explained by the fact that near the triple-
phase contact line, the wetting edge is not thick enough to completely hinder
the evaporation of water. Water can still evaporate into air in that region by
first diffusing through the thin layer of oil.

3.5 Summary and outlook

In this work, we experimentally studied the evaporation behaviour of a silicone-
oil-seeded 1,2-hexanediol-water droplet. The observation shows an instanta-
neous segregation of 1,2-hexanediol in the sessile droplet followed by the for-
mation of plumes of the segregated fluid. By orientating the droplet upside
down, the absence of the plumes indicates that the observed instability is in-
deed controlled by gravity, confirming the interpretation as Rayleigh-Taylor
instability. We have shown that through hindering the strong evaporation near
the contact line by segregation of non-volatile 1,2-hexanediol, the Marangoni
effect can be significantly suppressed, and thus allowing buoyancy force to
play a dominant role in the flow structure. Following the idea of suppressing
evaporation locally by coverage with a non-volatile component, we can manip-
ulate the segregation to start preferentially from the top rather than the edge
of the droplet by letting the droplet evaporate on a lubricated surface.
Since the evaporation of droplets shows complex physicochemical behaviour,
i.e., segregation of 1,2-hexanediol, it is difficult to obtain knowledge of the local
concentration. We theoretically apply a scaling analysis on the experimental
investigation of droplets in three cases, namely the sessile droplet, the pendant
droplet and the droplet on a lubricated surface. It shows different evaporation
modes of contact line behaviour in each case. By comparing the measurement
of the evaporation rate with the multicomponent-diffusion model, we show
that the segregation of the non-volatile component significantly delays the
evaporation of water and, even leading to entrapment of water in the residue
of the droplets.
To our best knowledge, this work is the first observation of the Rayleigh-Taylor
instability in a microdroplet system triggered by evaporation. It is another ex-
ample that the Rayleigh convection can overcome Marangoni effects to control
the flow structure in a milli-sized droplet with Bond number < 1. As we have
demonstrated that the mixing effect is highly influenced by the flow pattern,
our finding can be crucial for many applications involving uniform surface
coating and particle assembly. We have also shown that such a surprising
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phenomenon can be triggered by various different seeding oils, even at very
low concentrations. We think that it is important for the community to realize
that during evaporation processes which involve several different components,
each component even with minute amount may dramatically influence the
overall behavior.
Moreover, droplets need not always evaporate on a solid surface: There are
many applications involving droplets drying on lubricated surfaces. In partic-
ular, in the inkjet printing process, a primary layer is printed on surfaces prior
to the deposition of ink drops, in order to destabilize the pigments to improve
the printing quality [101]. Our study of a silicone-oil-seeded mixture droplet
evaporating on a lubricated surface provides an effective way to manipulate
the segregation in such drying systems by utilizing the non-volatile meniscus
to impede the evaporation from the edge.
Many questions still remain open. The difficulty to accurately predict the
droplet lifetime originates from the lack of means to accurately monitor the
local distribution of the liquid components. The complexity arises not only
from the segregation of 1,2-hexanediol, but also the later plume formation.
How to predict the onset of the Rayleigh-Taylor instability in this geometry
of spherical cap? Does the unstable wave length between the plumes depend
on the size or the contact angle of the droplets? To answer these questions,
further studies on the parameter space are worthwhile. By considering the
limitation of experimental measurement, a detailed insight may even require
numerical simulations.

3.6 Appendix

3.6.1 Derivation of theoretical final volume

The molar fraction of water in binary mixture is defined as the number of moles
of water divided by the number of moles of both liquids. Here we neglect the
tiny mole fraction (< 0.1 %) of silicone oil. The mole fraction of water is

xw =
mw/Mw

mw/Mw +mH/MH
=

1

1 + mH
mw

Mw
MH

. (3.10)

where mw is the mass of water and mH is the mass of 1,2-hexanediol. Here we
assume that the density of the mixture is linear with the solute concentration,
which means that the total volume of the mixture is the sum of the individ-
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ual liquid volumes [108]. This is a reasonable approximation for water/1,2-
hexanediol mixture. Then the initial density is given by

ρi =
mH +mw
mH
ρH

+ mw
ρw

=
(mH +mw)ρHρw
mHρw +mwρH

, (3.11)

where ρi is the initial density of the mixture, ρH and ρw are the density of 1,2-
hexanediol and water, respectively. We introduce the initial mass percentage
C of the solute, whose value can be between 0 and 1. Then we have mw =
mH

1−C
C at the beginning before evaporation. By substituting it into Eq. 4.10,

the equation reduces to

ρi =
(mH +mH

1−C
C )ρHρw

mHρw +mH
1−C
C ρH

=
ρHρw

ρH + C(ρw − ρH)
. (3.12)

The 1,2-hexanediol mass in the droplet is now given by ViρiC, which is con-
stant during the drying process due to the non-volatility of 1,2-hexanediol.
Vi is defined as initial droplet volume. Therefore the amount of water that
has evaporated is given by (Vi − V )ρw, and the total mass of water left in the
droplet is the initial mass minus the evaporated mass, Viρi(1−C)−(Vi−V )ρw.
By substituting the water mass into Eq. 4.9, the mole fraction of water in the
droplet is expressed as

xw =
1

1 + ViρiC
Viρi(1−C)−(Vi−V )ρw

Mw
MH

. (3.13)

From the theory, it is predicted that the droplet stops evaporating at the
moment when the active mole fraction of water equals to relative humidity of
surrounding air, aw = ψwxw = RH. Then we obtain the theoretical final mole
fraction xw = RH/ψw, where RH and ψw is the relative humidity and activity
coefficient of water [57], respectively. By substituting xw into Eq. 4.12, we can
analytically calculate the theoretical final volume Vt:

Vf =

(
Mw

MH

RH

ψw −RH
+
ρw
ρH

)(
1− C

C
+
ρw
ρH

)−1

V0. (3.14)



Chapter 4

Evaporation-induced
crystallization of surfactants
in sessile multicomponent
droplets∗

Surfactants have been widely studied and used in controlling droplet evaporation.
In this work, we observe and study the crystallization of sodium dodecyl sulfate
(SDS) within an evaporating glycerol-water mixture droplet. The crystallization
is induced by the preferential evaporation of water, which decreases the solubility
of SDS in the mixture. As a consequence, the crystals shield the droplet surface
and cease the evaporation. The universality of the evaporation characteristics
for a range of droplet sizes is revealed by applying a diffusion model, extended by
Raoult’s law. To describe the nucleation and growth of the crystals, we employ the
2-dimensional crystallization model of Weinberg, J. Non-Cryst. Solids, 1991, 134,
116. The results of this model compare favorably to our experimental results. Our
findings may inspire the community to reconsider the role of high concentration
of surfactants in multicomponent evaporation system.

∗Based on: Yaxing Li, Valentin Salvator, Herman Wijshoff, Michel Versluis and Detlef Lohse,
Evaporation-induced crystallization of surfactants in sessile multicomponent droplets. Langmuir
(2020) (In press).
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4.1 Introduction

Surfactants are widely used to control the evaporation behavior of sessile
droplets on a flat substrate [109–111]. The motivation is driven by vari-
ous applications in inkjet printing, surface coating and patterning [25, 58],
which mainly aim to optimize the drying rate and the final deposition. The
biggest challenge for a controlled uniform coating by droplet evaporation orig-
inates from the well-known “coffee-stain effect” [12]. It has been shown that
surfactant-induced Marangoni flow can play an essential role to suppress this
effect [31, 112]. In these studies, one of the most common ionic surfactants,
“sodium dodecyl sulfate” (SDS) [113–115] is added to the system at small con-
centration, typically ≤ 1 wt%. The surfactants are therefore considered to be
always soluble in the system during most of the evaporation lifetime. However,
in many practical cases, the relevant liquids contain a high concentration of
surfactants; e.g., liquid detergents can contain surfactant ingredients at up to
40% by weight. Such high loading of surfactants may lead to undesired effects,
such as separation and crystallization.
Sodium dodecyl sulfate (SDS) may crystallize in liquid solutions upon cool-
ing [116] or upon seeding with 1-dodecanol [117]. On the other hand, selective
evaporation of some liquid components with larger volatilities can also lead
to phase separation in multicomponent mixtures [49, 64, 88]. Consequently,
the nonvolatile surfactant (SDS) is expected to separate from an evaporating
liquid system by crystallization due to the preferential evaporation of volatile
liquids. Therefore, the wide-usage of SDS in evaporating droplet systems de-
serves a more detailed explanation of the crystallization behaviour.
In this work, we study a multicomponent droplet system consisting of a mix-
ture of glycerol, water, and SDS and let it evaporate in ambient air. SDS is not
miscible with pure glycerol, but it does dissolve in glycerol-water mixtures for
large enough water concentration ratios. This behavior qualitatively resem-
bles the ternary “ouzo” system [118] consisting of water, ethanol, and anise
oil, which nucleates in droplets for low enough ethanol concentrations. Tan et
al. [24, 47] triggered this emulsification threshold by the selective evaporation
of ethanol in an evaporating ouzo droplet. Similarly, the varying solubility of
SDS in glycerol-water binary systems may also lead to phase separation due to
the concentration change caused by the selective evaporation of water alone.
In contrast to crystallization by cooling [116,117], here the oversaturation with
SDS and the subsequent nucleation and growth of SDS crystals is caused by
the preferential evaporation of water at room temperature [119].
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To better understand the evaporation-induced crystallization in the mixture
droplet system, two main questions need to be addressed: how does a surfactant-
laden mixture droplet evaporate and how to model the crystallization during
the evaporation? In this paper we want to answer these questions. A typical
snapshot of an evaporating droplet is shown in Fig. 4.2, where the two life
phases can be distinguished: the evaporation phase and the crystallization
phase. The focus of our study is on the dynamics of the evaporation and the
kinetics of crystallization, and not on the micro-scale crystal morphology.

4.2 Experimental Methods

4.2.1 Materials and preparation
The liquid solution was prepared with an initial composition of 78% (w/w)
Milli-Q water (Reference A+, Merck Millipore, 25◦), 19.6% (w/w) glycerol
(Sigma Aldrich; purity ≥ 98) and 2.4% (w/w) sodium dodecyl sulfate (Sigma
Aldrich, purity 98%). The initial concentration of SDS is 13 CMC (criti-
cal micelle concentration). Experiments were carried out on a transparent
hydrophobic octadecyltrichlorosilane (OTS)-glass substrate [80]. The static
contact angle of Milli-Q water and glycerol on the substrate are 105◦ ± 3◦

and 90◦ ± 3◦, respectively. The glycerol-water binary droplet with 50%/50%
(w/w) has a 95◦ static contact angle. Prior to each experiment, the samples
were cleaned by sonication in an ultrasonic bath of ethanol and subsequently
in water, then dried under a flow of nitrogen gas.

4.2.2 Experimental setup
We performed two different experiments to separately study the evapora-
tion phase and crystallization phase. To study the evaporation behavior, the
droplets were deposited on the substrate by a Hamilton 2 µL syringe, which
was mounted vertically on a computer-controlled motorized pump, that al-
lowed the dispense of droplets of a controlled volume through a needle. We
measured the geometry of the deposited droplet by bright-field imaging in
side view. The whole process was recorded by an OCA 15 (Dataphysics,
Germany) contact angle device (Fig. 5.6.a): a CCD camera coupled to a mi-
croscope, which was back-illuminated by a LED light from the opposite side of
the droplet. For the crystallization study, we observed the droplet in bottom
view with a confocal microscope (Fig. 5.6.b). By focusing on the layer close
to the substrate (at a ≈ 10 µm height), the dynamic growth of the crystals
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was visualized in a 2-dimensional view. The experiments were performed at
room temperature of 21.4 ± 1◦C and at relative humidity of 50%±5%. These
parameters were monitored and recorded for each measurement.
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Figure 4.1: A schematic sketch of the experimental setups. (a) The contact
angle device contains a CCD camera with a microscope and a LED light
source illuminating the droplet. (b) The droplet is illuminated from above and
recorded by a camera equipped with a 10× microscope objective underneath.
The whole setup is part of a confocal microscope (Nikon A1 confocal laser
microscope system, Nikon Corporation, Tokyo, Japan).

4.2.3 Imaging analysis

For the side-view geometrical measurement, images were analyzed using a
custom-made Matlab code to detect the droplet profile with sub-pixel ac-
curacy [50]. The sizes of all droplets are smaller than the capillary length√
γ/(ρg) ≈ 2.7 mm for the used liquids [16], where γ ≈ 70 mN/m and ρ ≈ 103

kg/m3 are the surface tension and density of the mixture, and g = 9.8 m/s2
is the gravitational acceleration. The detected profile is fitted to a spherical
cap during the evaporation phase, which enables us to calculate the volume
V of the droplet with footprint radius R and contact angle θ. As shown in
Fig. 4.2A, the dark blue solid line is the position of the substrate: the spherical
shape above it is the sessile droplet, the one underneath is its reflection.
For the documentation of the crystallization process from the bottom view, a
manual detection with ImageJ was used to measure the crystallized area at
every time instant, see details in Supplementary Materials.
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Evaporation Phase Crystalization Phase

θ

2R

Figure 4.2: Experimental snapshots of the evaporation and drying process of
a typical drop on a flat surface. (A) and (B) show the evaporation phase
of the drop: here, the drop retains a spherical cap shape; no crystallization
occurs. (C) The final state of the drop: due to the crystallization of SDS
in the bulk, the surface of the drop buckles and no longer remains spherical.
The crystallization of the SDS shields the surface and brings the evaporation
process to an end. The scale bar represents 0.5 mm.

4.3 Experimental results

4.3.1 Evaporation phase
The left column of Fig. 4.3 displays the temporal evolution of the drop-
characterizing geometrical parameters for four droplets with different initial
sizes : volume V (A1), contact angle θ (B1), and footprint radius R (C1).
From the plots, it is evident that all the droplets evaporate following the
“stick-slide” mode [9,104], in which the droplet’s footprint radius first remains
constant until it reaches a critical contact angle, then the contact line starts to
shrink. We only measure the volume until buckling occurs (as marked by the
red circles in Fig. 4.3A1, C1), and after that, the droplet shape deforms and
no regular shape is reestablished, which from then on renders accurate volume
measurement impossible. Fig. 4.4A shows the average evaporation rate of var-
ious droplets in the first 30 sec after deposition with initial volumes ranging
from 0.12 µL to 2.40 µL. The evaporation rate monotonically increases with
increasing droplet size, apart from fluctuations due to experimental uncertain-
ties.

4.3.2 Crystallization phase
Figure 4.5 shows the complete crystallization process of an evaporating surfactant-
laden mixture droplet. The droplet starts to evaporate at time t0. At approxi-
mately 50 sec, the first crystals appear near the contact line (CL) region. After
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Figure 4.3: (A1,B1,C1) Measured temporal evolution of the geometrical pa-
rameters: volume V (A1), contact angles θ (B1)and lateral sizes R (C1). The
red dots mark the moments when buckling occured. (A2,B2,C2) Same pa-
rameters as in experiment, but now non-dimensional and plotted against the
scaled time following Eq. (4.4). The data collapse clearly shows the univer-
sality of the drop evaporation process. (A2) The final volume is controlled by
the occurrence of crystalization, rather than by the liquid-vapor equilibrium
relation, which is shown by the black dashed line.
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Figure 4.4: (A) The initial rate of volume loss of the drop varies for different
initial volumes. (B) The same data normalized by the initial volume is plotted
against the initial volume. The straight line shows the scaling relation with
slope -2/3, demonstrating good agreement with the experimental data.

a few more seconds, several crystals nucleate at the rim. Then they grow and
coalesce to form a larger piece and finally occupy the whole bulk of the droplet.
Figure 4.6 presents a zoomed-in bottom view of the contact region of another
evaporating surfactant-laden mixture droplet. Initially, the droplet is trans-
parent with a smooth CL. After evaporating for 280 sec, a crystal nucleates
near the CL and floats to the position labeled by the yellow circle. A few sec-
onds later, more crystals nucleate at the rim, slightly deforming the CL. The
nucleated crystals grow and coalesce with neighbouring crystals. Eventually,
the whole droplet is occupied by the crystals and the CL deforms and is no
longer smooth. Figure 4.9A shows the temporal evolution of the transformed
fraction measured in a 2D bottom view for three different droplets. X is the
area fraction occupied by crystals and t is the time which has elapsed after
the first crystallization had been observed. The area fraction X increases as
the growth of crystals at a different rate for each droplet.

4.4 Theoretical analysis

4.4.1 Theory of mixture droplet evaporation
We first study the evaporation characteristics of the surfactant-laden mixture
droplet. In general, for a droplet evaporating on a flat surface under ambient
conditions and in the absence of any correction, the evaporation is fully con-
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Figure 4.5: Bottom-view of a complete drop life time. (A) The drop evaporates
on the substrate with receding contact line. (B) The first crystal appears near
the contact line region. (C) Several crystals nucleate and grow independently.
(D) Growing crystals coalesce with neighbouring ones. (E) The crystals cover
the whole drop and bring the evaporation to an end. (B to E) The contact
line basically remains the same until the final state of the drop, but slightly
deforms due to the buckling of the drop surface. The scale bar represents
50 µm.

crystal

Figure 4.6: Bottom-view snapshots of the contact region of an evaporating
surfactant-binary drop. (A) The moment of deposition of the drop: the drop
starts evaporating on the substrate. (B) A small crystal nucleates (yellow
circle), floats and grows near the contact line. (C) The crystals heterogenously
nucleate at the contact line. (D) The nucleated crystals grow and merge with
neighbouring crystals. (E) The crystalized SDS fully occupies the drop and
eventually brings the evaporation to an end. The scale bar represents 20 µm.

trolled by the diffusion of the vapor away from the droplet [6, 59]: the liquid
molecules change their phase and diffuse as vapor molecules into the surround-
ing air. Popov [5] derived an analytical solution by using the solution of the
equivalent problem of an electric potential around a charged lens-shaped con-
ductor:

dm
dt = −πDR(cs − c∞)f(θ) (4.1)
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Figure 4.7: (A) Measurement of the crystallized area fraction of three droplets
against time. The analytical results (solid lines) according to Eq. (4.7) are also
shown. (B) The circular regions with areas ∆1 and ∆2, represent the areas
where nucleation can or cannot occur in time t, respectively. The orange
region indicates the area transformed at time t, due to a nucleation at N. S
is an arbitrary point in ∆1 which has distance z from the boundary. Within
time t, it must be transformed due to a nucleus on the boundary.

with

f(θ) =
sin(θ)

1 + cos(θ) + 4

∫ ∞

0

1 + cosh(2θε)
sinh(2πε) tanh[(π − θ)ε]dε (4.2)

with m the droplet mass, D the diffusion coefficient of the droplet liquid vapor
in air, cs the saturated concentration of liquid vapor molecules, and c∞ the
ambient concentration of the liquid vapor far away from the drop.
For the evaporation of multicomponent droplets, we first employ the method
suggested by Brenn [84], namely considering the total evaporation rate of
the mixture droplet as the sum of the evaporation rate of each individual
component. In our surfactant-laden glycerol-water droplet, glycerol and SDS
are non-volatile under ambient condition [120]. Therefore, only the diffusive
flux of water contributes to the total evaporation rate. The essential differ-
ence between the evaporation of pure droplets and multicomponent droplets is
the vapor-liquid equilibrium: the non-volatile component in the system alters
the saturated concentration of water vapor at the interface [24, 45]. Raoult’s
law [121] is used to calculate the saturated water vapor concentration of the
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binary system: cw,s = Xwc
0
w,s, where Xw is the mole fraction of water at the

interface and c0w,s is the saturated vapor concentration of pure water. However,
Raoult’s law relies on an idealized solution and as such ignores any interaction
between the components. To overcome this limitation, the so-called activity
coefficient ψ [122] was introduced to describe this interaction. In our case, it
specifically addresses the interaction between water and the other components:
cw,s = ψwXwc0w,s. By using the water activity coefficient ψw [10] in the mod-
ified Raoult’s law, we obtain a theoretical model to express the evaporation
rate for the binary droplet:

dm
dt = −πDR(ψwXwc

0
w,s − cw,∞)f(θ). (4.3)

There is, however, one added complexity in our system: it is difficult to deter-
mine the exact cw,s without knowing the exact mole fraction of water, glycerol,
and SDS molecules. Hence we cannot analytically predict the evaporation
rate for each time instant. To compare different sets of experimental data,
we rescale the measured droplet volume and time, by introducing the non-
dimensional volume V̂ = V /V0 and time t̂ = t/τc, with V (t) the measured
droplet volume and V0 its initial volume. τc is the characteristic timescale of
the diffusive evaporation [4, 9], which can also be read from Eq. (4.1),

τc =
ρR2

0

D∆c
. (4.4)

Figures 4.3A2,B2,C2 show that the rescaled experimental data for volume
V /V0, contact angle θ and footprint radius R/R0 versus the dimensionless time
t/τc follow a universal curve for all measured droplet sizes. The collapse of all
the curves demonstrates that regardless of the initial size, the droplets with the
same initial composition always follow the same evaporation behavior, with a
universal evolution of all geometrical characteristics. Based on this, we can
conclude that the variations of not just the geometry but also of the internal
composition concentration and distribution are universal, independent of the
droplet size.
We also compare the initial evaporation rate of different initial volumes by in-
troducing the dimensionless volume loss rate dV̂ /dt = d(V /V0)/dt. According
to Eq. (4.3), the dimensionless initial evaporation rate is

dV̂
dt

∣∣∣∣
t=0

∝ D∆cR0

ρV0
∝ D∆c

ρV
2/3
0

. (4.5)
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Based on the V −2/3
0 proportionality of Eq. (4.5), we rescale the experimental

data of Fig. 4.4A, see Fig. 4.4B, and plot them on a double logarithmic scale.
Indeed, the data follow the scaling law as suggested by Eq. 4.5, confirming our
model assumptions.
Besides controlling the evaporation rate, the model also yields the terminal
state of the evaporation, which is when the saturated water vapor concentra-
tion equals the environmental concentration, cw,s = cw,∞. Essentially, the
evaporation stops when the active mole fraction of water equals the relative
humidity H of the surrounding air, ψwXw = H. For the same reason as
mentioned above, we only compare the experimental data with the analytical
prediction for glycerol-water binary system, ignoring the mole fraction of the
surfactant. From the relative humidity H measured in experiment, we can
calculate analytically the “theoretical final volume” Vt (see Supplementary
Materials) as

Vt =

(
Mw

Mg

H

ψw −H
+
ρw
ρg

)(
1− Cg

Cg
+
ρw
ρg

)−1

V0, (4.6)

where Mg = 9.21×10−2 kg/mol and Mw = 1.8×10−2 kg/mol is the molecular
mass of glycerol and water, respectively, ρg = 1.226 × 103 kg/m3 and ρw =
0.997 × 103 kg/m3 are their liquid densities at room temperature, and Cg

is the initial mass concentration of glycerol in each measurement. The final
volume of the equilibrium state (dashed line in Fig. 4.3A2) lies below the final
volumes of all the droplets, which indicates that the shielding of water by
the crystallized interface blocked any further evaporation before the system
reached its equilibrium state.

4.4.2 Theory of 2-dimensional finite system crystalization

As it is well-known, the evaporation rate has a singularity at the rim of the
droplet, provided the contact angle is smaller than 90◦ [12, 24], which in our
system, where the contact angle ranges from 65◦ to 40◦ during the evaporation
process, indeed is the case. The singularity implies that the water depletes
the fastest at the rim, which locally leads to a higher concentration of glycerol
at that part. It is therefore also expected that crystal nucleation occurs first
near the CL region due to the highest degree of oversaturation of SDS.
To model the crystallization, we employ a 2-dimensional model which is de-
rived by extending the JMAK formalism [123–127] to a finite 2-dimensional
system with non-uniform nucleation. Based on the spherical shape of the
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droplet, the footprint area is circular and the nucleation starts near the con-
tact line. We assume that the crystallization process occurs within a circular
region, and nucleation is permitted at t = 0 at various points on the perimeter
of the area. Figure 4.9B shows the geometry of the two regions ∆1 and ∆2

within a circle with radius R (drop radius): the ∆2 region is completely free of
crystallization, while ∆1 is partially crystalline. The maximum growth radius
of the crystals is given by Γt, where Γ is the constant growth rate. Wein-
berg [128, 129] proposed an analytical model to describe the fraction X(t)
transformed at time t, namely

X(t) = [1− (1− Γt/R)2]X1(t). (4.7)

where X1(t) represents the fraction which has crystalized in ∆1. It can be
expressed as [129]

X1(t) = 1−
∫ 1

1−y
exp

[
−2P1Rcos−1

(
1 + Φ2 − y2

2Φ

)]
ΦdΦ× 1

2
[1− (1−Φ)2]−1,

(4.8)
with Φ = (R − z)/R and y = Γt/R. z denotes the distance between an
arbitrary point S in the ∆1 region and the boundary. P1 is the nucleation
probability per unit length in region ∆1.
We demonstrate that the transformation rate is more sensitive to the growth
rate Γ rather than to the seeding probability P1, as shown in Supplementary
Materials. Here we set P1 = 1000 µm−1 by assuming a saturated nuclei den-
sity. We test this theory for the three cases in Fig. 4.9A with droplet footprint
radius R1 = 146 µm, R2 = 110 µm and R3 = 86 µm. By fitting the theoretical
curves to the experimental data, we obtain the growth rate as the fitting pa-
rameter: Quite consistently, the results are Γ1 = 2.48 µm/s, Γ2 = 2.42 µm/s,
and Γ3 = 2.58 µm/s for the three analyzed cases. From Fig. 4.6C, we estimate
the crystal growth rate in the early crystallization stage by measuring the in-
creasing rate of crystal size near the contact line within the yellow circle. We
obtain the estimate Γ ≈ 25 ± 5 µm/10 s = 2.5 ± 0.5 µm/s, which is compa-
rable to the values Γ1,Γ2, and Γ3 obtained from our model. Even though we
applied a 2D model to a 3D problem, the theoretical predictions show good
agreement with experimental data: the reason is that our droplet is relatively
flat, with a contact angle of about 40◦ when crystallization occurs.
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4.5 Conclusions and outlook
In summary, crystallization of sodium dodecyl sulfate induced by selective
evaporation in a surfactant-laden glycerol-water mixture droplet is observed
during the evaporation process. We studied experimentally the dynamics of
evaporation prior to the occurrence of crystal nucleation and the kinetics of
crystallization, thereafter. We applied a diffusion model extended by Raoult’s
law to describe the evaporation characteristics and could reveal a universal
evaporation behavior, independent of the size of the droplets. Finally, we
applied a 2-dimensional model building on the JMAK nucleation model to de-
scribe the kinetics of the crystallization. Thanks to the the low contact angle,
this model can successfully describe our experimental data on nucleation.
Surfactants attract significant attention as their ubiquitous role in fluid dy-
namics of either nature or technology [130]. Our findings clearly show an un-
expected consequence of using surfactants in such evaporating systems. This
particularly holds for inkjet printing where surfactants are extensively used.
As nearly all inks contain various components with different volatilities, the
variations of the composition ratio caused by the selective evaporation of more
volatile components may lead to the segregation of surfactants in the form of
liquid phase separation [64] or crystallization. Our study may rise the aware-
ness of using surfactants with cautions in such multicomponent systems, which
normally involves rich physicochemical processes [131].
Some issues remain open and unexplored. As the temperature can change the
CMC of SDS in glycerol-water mixture [132], does the crystallization behavior
also depend on the temperature? How to describe the buckling behavior after
the occurrence of crystallization? Another question is on the morphology of
the SDS crystals, e.g., is the crystal structure different from the one induced
upon cooling? Such questions are of great interest in view of crystal chemistry,
and it is worthwhile to further investigate such crystallization behavior from
a microscopic perspective in the future.

4.6 Supplemental Materials

4.6.1 Derivation of the theoretical final volume
The molar fraction of water in a binary mixture is defined as the number of
moles of water divided by the number of moles of both liquids. Here we neglect
the mole fraction of SDS. Be a the mass of water and b the mass of another
liquid, which is glycerol in our experiment. Then the mole fraction of water is
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xw =
a/Mw

a/Mw + b/Mg
=

1

1 + b
a
Mw
Mg

. (4.9)

Here we assume that the density of the mixture is linear with the solute con-
centration, which means that the total volume of the mixture is the sum of
the individual liquid volume [108]. This is a reasonable approximation for
water/glycerol mixtures. Then the initial density is given by

ρi =
mc +mw
mc
ρc

+ mw
ρw

=
(mc +mw)ρcρw
mcρw +mwρc

, (4.10)

where ρi is the initial density of the mixture, mc, ρc are the mass and density of
the solute liquid, and mw, ρw are the mass and density of water. We introduce
the initial mass percentage c of the solute, whose value can be between 0 and
1. Then we have mw = mc

1−c
c at the beginning before evaporation. By

substituting this into Eq. (4.10), it reduces to

ρi =
(mc +mc

1−c
c )ρcρw

mcρw +mc
1−c
c ρc

=
ρcρw

ρc + c(ρw − ρc)
. (4.11)

The solute mass in the droplet is now given by Viρic, which is constant during
the drying process due to the non-volatility of glycerol. Vi is defined as initial
droplet volume. Therefore the amount of water that has evaporated is given
by (Vi − V )ρw, and the total mass of water left in the droplet is the initial
mass minus the evaporated mass, Viρi(1 − c) − (Vi − V )ρw. By substituting
the water mass into Eq. (4.9), the mole fraction of water in the droplet can be
expressed as

xw =
1

1 + Viρic
Viρi(1−c)−(Vi−V )ρw

Mw
Mc

. (4.12)

Combing Eq. (4.12) and Eq. (4.11), it gives

xw =
1

1 + 1
V
Vi

1−c
c

+
V −Vi
Vi

ρw
ρc

Mw
Mc

. (4.13)

From the theory, it is predicted that the droplet stops evaporating at the
moment when the active mole fraction of water equals to the relative humidity
H of the surrounding air, ψwxw = H. Then we obtain the theoretical final
mole fraction xw = H/ψw, where H and ψw are the relative humidity and
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the activity coefficient of water [10], respectively. By substituting xw into
Eq. (4.13), we can analytically calculate the theoretical final volume Vt:

Vt =

(
Mw

Mc

H

ψw −H
+
ρw
ρc

)(
1− c

c
+
ρw
ρg

)−1

V0. (4.14)

4.6.2 Image analysis for crystallization process
The crystallization process was observed using a Nikon eclipse (confocal)
microscope, with a 60x magnification water objective focusing on the bottom
layer of the droplet (≈ 10 µm above the substrate). A manual detection with
ImageJ was used to measure the area which has already been crystallized at
the certain moment. The boundary of the crystallization area is labeled by
the yellow line, as shown in Fig. 4.8.

Figure 4.8: A snapshot of the image analysis by ImageJ. The crystallization
area is manually detected and labeled by the yellow line. By counting the
number of pixels within the area trapped within the yellow line, we measure
the area of crystallization for every instant.

4.6.3 Sensitivity of P1 and Γ in JMAK model
We test the sensitivity of the seeding probability P1 and growth rate Γ in
JMAK model. The time interval ∆t is set to be from 0 to 100 s and the radius
of circular area R is set to be 100 m, which makes the characteristic growth
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rate R/∆t = 1 m/s. We vary P1 from 0.01 to 1000 m−1 and Γ from 0.01 to
32 m/s. The results are shown in Fig. 4.9, which clearly show that the JMAK
model is sensitive to the change of Γ (Fig. 4.9B) but insensitive to the choice
of P1 (Fig. 4.9A).
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Figure 4.9: Calculated transformed area fraction with various seeding possi-
bility P1 and growth rate Γ using JMAK model.
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Chapter 5

Evaporating droplets on
oil-wetted surfaces:
Suppression of the
coffee-stain effect∗

The evaporation of suspension droplets is the underlying mechanism in many
surface coating and surface patterning applications. However, the uniformity of
the final deposit suffers from the coffee-stain effect caused by contact line pinning.
Here, we show that control over particle deposition can be achieved through
droplet evaporation on oil-wetted surfaces. We demonstrate by flow visualization,
theory, and numerics that the final deposit of the particles is governed by the
coupling of the flow field in the evaporating droplet, the movement of its contact
line, and the wetting state of the thin film surrounding the droplet. We show
that the dynamics of the contact line can be tuned through the addition of a
surfactant, thereby controlling the surface energies, which then leads to control
over the final particle deposit. We also obtain an analytical expression for the
radial velocity profile which reflects the hindering of the evaporation at the rim
of the droplet by the non-volatile oil meniscus, prevents flow towards the contact
line, thus suppressing the coffee-stain effect. Finally, we confirm our physical
interpretation by numerical simulations that are in qualitative agreement with the

∗Based on: Yaxing Li, Christian Diddens, Tim Segers, Herman Wijshoff, Michel Versluis,
and Detlef Lohse, Evaporating droplets on oil-wetted surfaces: Suppression of the coffee-stain
effect. Proc. Natl. Acad. Sci. U.S.A. (2020) (In press). Experiments are done by Li. Numerical
Simulation is done by Diddens.
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experiment.
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5.1 Introduction

A coffee drop drying on a table top leaves a ring-like stain behind, a mechanism
which is well-known as the “coffee-stain effect” [12]. It works as follows: When
a coffee drop is evaporating with a pinned contact line, suspended particles are
carried from the droplet interior towards its edge, and are left concentrated
along the original drop edge. The reason lies in the fact that to maintain
a pinned contact line, the evaporated liquid at the contact line needs to be
replenished by liquid from the droplet’s interior, thereby transporting parti-
cles to the contact line. The ubiquitousness of the coffee-stain effect makes it
paradigmatic for scientific research, but for many practical applications it is
a hinderance hard to overcome due to self-pinning caused by the suspended
colloids [133]. However, in a wide variety of modern applications involving the
evaporation of colloidal drops, such as in inkjet printing [25,134], surface pat-
terning [26, 135] and 3D printing technologies [58], the uniformity of the final
deposit is key. Therefore, ever since the coffee-stain effect has been revealed
more than 20 years ago, extensive research has been dedicated, and is still
dedicated, to control the phenomenon with the ultimate goal of its prevention
in order to homogeneously deposit particles through droplet evaporation.
Within the studies that aim for control over particle deposition by droplet
evaporation, the approaches mainly focus on internal flow manipulation [59,
136–139] and particle-solid interactions [140–143]. In particular, Marangoni
effects in evaporative multicomponent systems, either solutal [31, 85, 86, 134,
144,145] or thermal [146], have been suggested as an effective way to suppress
outward capillary flow by continuously mixing the suspended particles during
the evaporation process. However, recent experimental observations on the
evaporation of multicomponent drops show complex physicochemical dynamics
that can be triggered by selective evaporation such as phase separation [24,47,
64] and crystallization [147]. These systems are typically far from equilibrium,
i.e., with gradients in concentration, which may bring uncertainties in the final
deposition pattern. Notably, in very recent studies, the segregation in binary
droplets even causes gravity-dominated flow [79, 88, 148], which may further
complicate uniform particle deposition through droplet evaporation.
In a parallel line of research, lubricated surfaces have recently attracted a lot
of attention due to their robust wetting properties for droplets deposited on
their top [8, 101, 149–154], as on such lubricated surfaces contact line pinning
is reduced and the mobility of the droplets is strongly increased with respect
to that of the non-coated surface. Although there are many studies on the
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mechanism of the extreme liquid repellency of lubricated surfaces [102, 155],
the drying behavior of a droplet on them has barely been touched upon, let
alone fully understood. Only recently, Guan et al. [156] reported a study on
the evaporation of sessile droplets on slippery liquid-infused porous surfaces,
in which they mainly focused on the evaporation modes of droplets on such
lubricated surfaces. Even more recently, Gao et al. [100] studied the flow
behavior and particle deposition in evaporating colloidal droplets on oil-coated
surfaces. Through varying oil-film parameters such as thickness and viscosity
as well as the hydrophilicity of substrates, they achieved an improved control
on supraparticle formation and on uniform particle deposition.

Here, we approach the problem in a different manner, that is, by controlling
particle deposition through the surface energy of the droplet. We reveal the
key characteristics of the evaporation of suspension droplets on oil-wetted
surfaces through experiments, theory, and numerics by which we show that
the oil-wetted surface allows for suppression of the coffee-stain effect and that
thanks to the controllably either a “coffee-eye” [139] or a uniform particle
coating can be achieved in the very same system, simply by tuning a single
parameter: the surface energy of the droplet. The present work therefore
opens up new application perspectives for surface coatings, particle patterning,
and self-assembly. Furthermore, it is of great interest for industrial inkjet
printing, specifically to control the final deposit of colloidal pigment particles
that are typically destabilized by salts in a primer layer printed prior to ink
deposition [101].

The essence of our physical model system is shown in Fig. 5.1(a1): a water
droplet (MilliQ, Millipore Corporation) sits on an immiscible silicone oil film
(Sigma-Aldrich, viscosity µ0 ≈ 1 Pa·s) with a thickness h0 of 18 ± 1 µm that
was spin-coated on a solid glass substrate (Gerhard Menzel GmbH, 76 × 26
mm). The water droplet was then left to evaporate at ambient conditions. An
oil meniscus (“wetting ridge”), rapidly forms around the deposited droplet to
balance its three-phase contact line, as shown in Fig. 5.1(b1) with γ⃗oa + γ⃗do +
γ⃗da = 0 [150], where γ⃗ is the directional interfacial tension, and the subscripts
a, o, and d indicate the air and oil phases, and the droplet, respectively. When
the spreading coefficient, Sow(a) = γwa − γwo − γoa [153] is larger than zero,
the oil engulfs the droplet [Fig. 5.1(a1)] to minimize its surface energy. On
the other hand, when Sow(a) < 0 the main part of the water droplet remains
uncovered by the oil [Fig. 5.1(b1)]. Note that in the schematic in Fig. 5.1(a1,
b1), the droplets are in direct contact with the substrate, meaning that no
intercalated oil film between the droplet and the substrate is present. This was
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confirmed by interferometry measurements as detailed in the supplementary
information.
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Figure 5.1: Schematic of a water droplet (a1) and a surfactant-laden water
droplet (b1) sitting on an oil-wetted surface. The inset of b1 illustrates the
surface tensions at the three-phase contact line and the thickness of the film
(18 µm). (a2, b2) Side view images of both droplets at the start of the evap-
oration process. (a3, b3) Temporal evolution of the side view profiles of both
droplets. The length scales in a3, b3 are identical.

5.2 Experimental results

5.2.1 Flow visualization
As a reference, we start our experiments by quantifying the temporal evolution
of both an evaporating oil-engulfed particle-laden (2 × 10−2 vol%, 0.52 µm
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particle diameter, Fluoro-Max, Red Flourescent Polymer Microspheres) water
droplet and that of a non-engulfed particle-laden water droplet. The engulfed
droplet comprised water (γoa ≈ 21 mN/m; γwo ≈ 42 mN/m; γaw ≈ 72 mN/m)
with a resulting spreading coefficient Sow(a) of 9 mN/m. The non-engulfed
state was reached by lowering the surface energies of the air-water and the
water-oil interface to γaw(s) ≈ 33 mN/m [157] and γwo(s) ≈ 20 mN/m [158],
respectively, through the addition of a surfactant (Sodium Dodecyl Sulfate;
SDS) at a concentration of 2 times the critical micelle concentration (1 CMC
≈ 2.36 g/L [159]). The resulting spreading coefficient is negative (−8 mN/m),
corresponding to a non-engulfed state [Fig. 5.1(b1)]. The temporal evolution
of the height profiles taken from a side-view recording of the evaporating
droplets [Fig. 5.1(a2, b2)] are shown in Fig. 5.1(a3, b3). The apparent contact
angle θapp as defined by Guan et al. [156], can be measured from the profiles.
We use the theory suggested by Semprebon et al. [154] to approximate the
initial apparent contact angle for both cases in our study: cosθapp = γoa−γds

γeff
,

where γds is the interfacial tension between droplet and solid substrate, γeff
the effective interfacial tension, which is given by γeff = γaw when Sow(a) < 0
or γeff = γwo + γoa when Sow(a) > 0 [160]. Hence, for the first case (the water
droplet on the oil-wetted surfaces, Sow(a) > 0): cosθapp = γoa−γds

γwo+γoa
≈ 0.33,

where γds ≈ 0 due to the almost complete wetting of water on the glass slide.
Then θapp = arccos(0.33) ≈ 70.7◦. For the second case (the surfactant-laden
water droplet on the oil-wetted surfaces, Sow(a) < 0): cosθapp(s) = γoa−γds

γaw(s)
≈

0.64. Then θapp(s) = arccos(0.64) ≈ 50.2◦. From the experiment, we measure
that θapp ≈ 70◦, and θapp(s) ≈ 48◦, which are close to the prediction by the
theory [154, 160]. Note that an annular “wetting ridge” was present for both
droplets and that the engulfed water droplet (a2) had a much larger apparent
contact angle than the non-engulfed droplet (b2). Also note that the engulfed
droplet evaporated with a moving contact line whereas that of the non-engulfed
droplet was pinned.

To further investigate the contact line behavior of both the edge of the droplet
and that of the oil meniscus, bottom view thin-film interferometry experiments
were performed using a confocal microscope. Therefore, monochromatic light
with a wavelength of 561 nm was focused on the upper surface of the oil
film and the reflected light was captured by a CMOS camera (see details in
SI). The results for the evaporating droplets are shown in Figs. 5.2(a1-a3,b1-
b3). Here, the fringes are due to interference between the light reflected from
the solid/oil and the oil/air interfaces whereas the dark ring results from the
curved meniscus reflecting the light away from the aperture of the imaging
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lens. Note that the pure water droplet evaporated with a moving contact line
[Figs. 5.2(a1-a2)] (Movie S4) and that after its evaporation, the suspended
particles were left behind over a small area as compared to the initial droplet
size. The fringes in Fig. 5.2(a3) show that the silicone oil film slowly filled
the dimple left behind by the evaporated droplet. On the other hand, the
surfactant-laden droplet evaporated with a pinned contact line [Fig. 5.2(b1-
b2)] (Movie S5). In the final stage of its lifetime, the ring-shaped oil meniscus
touched on the substrate after the water underneath dried out (area between
the red dotted ring and the yellow dotted ring) and it did not retract to
the original contact line. The inner region of the substrate uncovered by
the oil meniscus (yellow dotted ring) was directly exposed to the air with only
particles left on the substrate. Thus the area over which particles are deposited
is controlled by the contact line behavior during the evaporation process.

The observed contact line pinning of the surfactant-laden droplet results from
surface energy minimization, i.e., the interfacial energy between the droplet
and the substrate is lower than that between the oil and the substrate. Hence,
the interfacial area remains unchanged to maintain the minimal surface energy
of the system. When the initial SDS concentration was lower than 0.17 CMC
(0.4 g/L), a “half-pinned” regime was observed with both a free moving and
a pinned contact line, as shown schematically in Fig. 5.2(c): the contact line
first slides and then sticks due to the decreased surface energy resulting from
the evaporation driven increase in SDS concentration. This suggests that the
area over which particles are deposited can be controlled by the initial sur-
factant concentration. The evaporation state, i.e., half-pinned versus pinned,
of surfactant-laden droplets is indicated by the blue and yellow regimes in
Fig. 5.2(c), respectively. We quantify the degree of contact line pinning by
calculating the ratio of the final particle deposit area Af and the initial contact
area Ao. In the “half-pinned” regime, it shows that the increasing initial con-
centration of SDS enlarges the ratio Af/Ao. It clearly indicates that by tuning
the surface energy of the droplet, the contact line behavior of the droplet on
an oil-wetted surface can be controlled which in turn manipulates the size of
final particle deposit.

We will now further demonstrate that the coupling of the motion of the oil
meniscus and that of the contact line determines the flow field inside the
droplet and thereby the final deposition pattern of the suspended colloidal
particles. The flow field and the final particle deposit were quantified by micro-
particle image velocimetry (µPIV, see experimental details in supplementary
information). The flow field was measured at the plane 2.0 ± 0.5 µm above the
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substrate. The corresponding fluorescence images for the pure water droplet
showing bright particles against a dark background are shown in Fig. 5.3(a) at
different time instants. The images were processed to obtain the time-resolved
velocity fields, see Fig. 5.3(b). The mean radial velocity of the pure water
droplet is shown in Fig. 5.3(c) as a function of time (positive values indicate
outward flow). In the early stage, t < 620 s, indicated by the vertical dotted
line, the droplet evaporated in the “constant radius mode” with a continuously
decreasing contact angle and with a barely detectable and irregular flow. The
typical mean flow speed was Ū ≈ 1 µm/s, so that the Reynolds number Re
= Ūh0/ν ≈ 10−3, with the kinematic viscosity ν ≈ 10−6 m2/s. After 620 s,
the contact line started to recede, which led to an increase of the mean flow
velocity with a flow speed at Ū ≈ 2 µm/s. When the droplet reached the end
of its lifetime, the flow slowed down and a “coffee-eye” deposit was left behind
on the substrate.
When the surfactant was added to the evaporating droplet at a concentra-
tion of 2 CMC (4.73 g/L), the flow field changed dramatically. Figure 5.3(d)
shows the fluorescence images from which the time-resolved velocity field was
determined, see Fig. 5.3(e). In Fig 5.3(f), the local radial velocity Ur at the
distance R− r = 80 µm from the contact line and the mean radial velocity Ūr
of the entire flow field are shown. During the first phase of the evaporation
process (t ≲ 130 s), the local gradient in surfactant concentration resulted in
a Marangoni-driven flow, with a larger magnitude (Ū ≈ 4 µm/s) than the
flow in the evaporating pure water droplet (Ū ≈ 1 µm/s). Note that the flow
was still chaotic rather than radially towards the edge of the droplet, which
suppresses the coffee-stain effect. At a later stage, radially outward streaming
patterns appeared but instead of flowing all the way to the edge of the droplet,
the outward flow stopped at the location indicated by the red dotted lines in
Fig. 5.3(d). Before t = 271 s, Ūr was always negative showing inward flow
from the edge towards the interior of the droplet. After t = 271 s, towards
the end of the droplet’s lifetime when its profile became very flat, flow-reversal
occured and the flow velocity dramatically increased, a phenomenon known
as “rush-hour” [21]. Nevertheless, in spite of the strong radially outward flow
in the final stage of the evaporation process, the particle deposition pattern
(Fig. 5.3(d) at t = 304 s) is nearly homogeneous.

5.2.2 Quantification of final deposit
We now quantify the final particle deposits for the three different cases pre-
sented in Fig. 5.4: (a) a colloidal water droplet on a glass slide, (b) a colloidal
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Figure 5.2: (a1-a3) Side view sketch and bottom view interferometric image of
a water droplet evaporated on the oil-wetted substrate with a moving contact
line. (a3) After evaporation a dimple in the silicone oil film is left behind that
slowly fills up due to capillary action. (b1-b3) The same for an evaporating
surfactant-laden water droplet (2 CMC) on the substate with a pinned contact
line. (b3) After the droplet fully evaporated, the oil meniscus fell down to the
substate without retracting. By adding particles, we observed that in the
interior (within yellow dashed line), the substrate was exposed to the air with
only particles covering it, but within the region between the yellow and the
red lines, the particles were entrapped by the oil meniscus. (c) The phase
diagram displaying the transition from “unpinned” to “pinned” against SDS
concentration in the droplet. Af/Ao represents the area of final particle deposit
as compared to the initial contact area.

water droplet on an oil-wetted surface, and (c) a colloidal surfactant-laden
water droplet on an oil-wetted surface. The initial particle distribution at the
beginning of the evaporation process was homogeneous as can be observed
from Fig. 5.4(a2) to (c2). However, the final deposition patterns after the
droplets had fully evaporated were very different, see Figs. 5.4(a3) to (c3).
The water droplet in absence of an oil film left behind a cascading-coffee-ring
structure on the glass slide due to contact line pinning caused by heteroge-
neous surface roughness and contact line interaction with particles. On the
other hand, the lubricant film dramatically changed the contact line mobility
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Figure 5.3: (a,d) Experimental snapshots of the particle distribution in the
focal plane ≈ 2 µm above the substrate at different time instants for a colloidal
water droplet (a) and a surfactant-laden (2 CMC) colloidal water droplet (d),
respectively, both evaporating on the oil-wetted surface. The red dashed circle
in (d) indicates the inner boundary of the ring area, which is the regime covered
by the wetting ridge. (b,e) Snapshots of the velocity field for each of the image
in (a,d). (c) The evolution of the mean radial velocity Ūr for the water droplet
in (a,b): the vertical dashed line marks where the contact line starts to move.
(f) The evolution of the local radial velocity Ur at the distance R− r = 80 µm
from the contact line for the surfactant-laden droplet in (d,e): the dashed
line indicates the beginning of the “rush hour” behavior: the radial velocity
diverges towards the end of the droplet lifetime. The red solid line is our
model Eq. 5.3, which well describes the final rush hour. The inset displays the
mean area averaged radial velocity Ūr of the entire flow field.

such that during evaporation, the contact line moved inwards, thereby taking
the particles along towards the droplet center, a phenomenon which is often
called “self-lubrication” [161,162]. Note that the droplet was in direct contact
with the glass substrate such that the oil film was forced to slide inwards with
the contact line. For the surfactant-laden droplet, the contact line was pinned
for most of the droplet’s lifetime, thereby forming a nearly uniform deposition
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pattern. Indeed, for the final deposits, starting at their center, the fluorescent
intensity was averaged over all angles to obtain the particle number density,
and it was nearly uniform for the surfactant-laden droplet on the oil-wetted
substrate, which can be appreciated from Figs. 5.4(a4) to (c4).

5.3 Hydrodynamic model
We now theoretically analyze the observed suppressed coffee-stain effect for the
surfactant-laden droplet evaporating on an oil-wetted surface. The mechanism
that suppresses radial flow towards the edge can be interpreted from mass-
balance considerations [21]. In contrast to the conventional coffee-stain effect,
evaporation at the droplet edge is hindered by the nonvolatile oil meniscus.
Hence, the evaporative flux diverges at the oil-water-air three-phase contact
line, instead of the edge of the droplet. In the limit of small contact angles,
the flux profile is given by [18,107]:

J(r, t) =

{
j0[1− (r/Rin)2]−1/2+θ(t)/π (r < Rin),

0 (r ≥ Rin),
(5.1)

with j0 = 2
π
D∆c
Rin

, D = 24 × 10−6 m2/s the diffusion coefficient for vapor in
air, ∆c = 1.2 × 10−2 kg/m3 the vapor concentration difference between the
drop surface and the surroundings and Rin the radius of the area uncovered
by the meniscus (the area within the red circle in Fig. 5.3(d)). The temporal
dependence of the height-averaged radial velocity ū(r, t) at a distance r from
the drop center is expressed as (see supplementary information):

ū(r, t) =

− j0
ρ

πR2
in

(π+2θ)R3
2(R2−r2)

θr + j0
ρ

πR2
in

π+2θ
2R

θ(R2−r2)r
(1− r2

R2
in
)1/2+θ/π (r < Rin),

− j0
ρ

πR2
in

(π+2θ)R3
2(R2−r2)

θr (r ≥ Rin).

(5.2)
For r ≥ R, the velocity ū(r) ≤ 0, which indicates that the liquid flows from
the edge towards the center within the contact line regime, hence avoiding
the coffee-stain effect. In order to compare this simple model with the µPIV
measurements, we note that those are performed at a focal plane 2.0 µm ±
0.5 µm above the glass slide, where the measured velocity differs from the
height-averaged velocity. Therefore we must also calculate the local radial
velocity Ur(r, z, t) at distance z = 2 µm from the substrate, which within the
lubrication approximation of ref. [21] is given as
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Ur(r, z, t) =

{
3

h2(r,t)
ū(r, t)

(
h(r, t)z − 1

2z
2
)

(r < Rin),
6

h2(r,t)
ū(r, t)

(
h(r, t)z − z2

)
(r ≥ Rin),

(5.3)

with the local height of the droplet h(r, t) = θ(t)(R2−r2)/(2R). In Fig. 5.3(f),
we quantitatively compare the model with the measured radial velocity at
distance R − r = 80 µm from the contact line (within the regime covered by
the wetting ridge, r > Rin). For the plot of the radial velocity predicted by
Eq. 5.3 we took z = 2 µm, Rin = 380 µm and R = 475 µm. The contact
angle θ(t) is calculated based on the droplet’s lifetime te, which is determined
from experiment, see Supplementary Material. The model shows quantitative
agreement with the experimental data, except for the small period (t = 230 s−
265 s) in the early stage of the rush-hour behavior. The strong outward flow at
the radial position close to r = Rin explains the increase of the radial velocity
in the early stage of the “rush-hour”. In the experiment, the flow-reversal does
not always perfectly occur at r = Rin. This is also due to the unpinning of
the contact line. When the droplet becomes very flat due to the evaporation,
the contact line detaches from one side and the contact area shrinks towards
the other side. Because of this, the liquid tends to flow towards the pinning
side, as shown in the third column of Fig. 5.3(d). This mechanism is also the
reason for the uneven distribution of the particles in the very late stage of the
droplet’s lifetime.

5.4 Numerical investigation

To substantiate our interpretation regarding the suppression of the coffee-
stain effect in the surfactant-laden droplet on the oil-wetted substrate, we
took advantage of numerical simulations. In Fig. 5.5(a), a snapshot of the
simulation of a pure water droplet on a glass substrate with an advancing
contact angle of θa = 20◦ and a receding contact angle of θr = 10◦ is shown.
The slip velocity can be controlled by the choice of the slip length, which has
been set to ls = 5× 10−14 m here to match approximately the slip duration in
the experiments. As expected, the coffee-stain effect transports the particles
towards the rim during the pinned phases in the evolution, whereas the contact
lines moves rather quickly in the short intermediate slip regimes. The resulting
deposition pattern, as shown in Fig. 5.5(c), reproduces the features of the
experimentally obtained pattern (cf. Fig. 5.4(c1)), namely sharp concentric
deposition rings stemming from the pinned evaporation phases.
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The very thin engulfing oil layer on the pure water droplet on the oil-wetted
substrate, as depicted in Fig. 5.4(d2), is difficult to incorporate into a simu-
lation. Moreover, the exact evaporation rate through this thin oil layer has
not yet been quantified. To that end, we only present a simulation of the
third case, i.e. the surfactant-laden water droplet on an oil-wetted substrate
(cf. Fig. 5.4(d3)). In that simulation, instead of considering the presence of
the surfactants directly, the surface tension of the droplet-gas interface has
been artificially reduced to γad = 33 mN/m. A snapshot of the simulation
is shown in Fig. 5.5(b). It is clearly visible that there is still a singularity of
the evaporation rate at the rim of the water-air interface. However, since it
is not in contact with the substrate but with the oil meniscus, the enhanced
particles at this position are not transported towards the rim of the droplet,
i.e. to the pinned contact line between water, oil and the substrate. Instead,
as already predicted in the analytical considerations (Eq. 5.2), the flow in the
part of the droplet covered by the oil is directed inwards. This indeed leads
to a rather homogeneous deposition pattern despite of the pinned contact line
throughout the entire drying process, as shown in Fig. 5.5(d).

5.5 Conclusions

In summary, we have systematically studied particle-laden droplet evaporation
on oil-wetted surfaces by experiment, theory and numerics. It is shown that
the interfacial energies between the droplet, the oil film, and the solid sub-
strate determine the wetting state, and moreover, influence the flow structure.
We have demonstrated that by tuning the surface energy of droplets through
the addition of surfactants, the contact line dynamics can be controlled such
that either the coffee-stain effect can be suppressed to obtain a uniform depo-
sition, or a size-controlled “coffee-eye” pattern can be formed. Numerically,
we simulate the evaporation of a water droplet on a glass substrate and that
of a surfactant-laden droplet evaporating with a meniscus arising from the
oil film, showing a cascading coffee ring pattern and a uniform deposition,
respectively. The results are in qualitative agreement with the experimen-
tal observations. This work therefore offers a useful and robust method to
accomplish controlled particle deposition, which may open further applica-
tion perspectives for surface coating, particle patterning and self-assembly.
Moreover, our study focuses on the case that oil is coated on a hydrophilic
substrate. It is definitely worthwhile to further explore the particle deposition
modes on other lubricated surfaces such as LIS or SLIPS, which have more



5.6. EXPERIMENTAL METHODS 101

complicated surface features. The knowledge on particle deposition from evap-
orating particle-laden droplets on oil-wetted surfaces is also very relevant for
disease transmission or in the agricultural context, where droplets are sprayed
on leaves.

5.6 Experimental Methods
The evaporation process was recorded simultaneously from the side and the
bottom (see Fig.1 in SI): the side view was used to characterize the geometrical
parameters and the bottom view was used to implement the µPIV measure-
ment. For the side view, the droplet was illuminated by a LED light source
[MWWHL4 Warm White Mounted LED, THORLABS] from one side and
recorded from the other side by a microscope [12X Ultrazoom, NAVITAR]
connected to a CMOS camera [MQ013MG-E2, XiQ]. For the bottom view, a
laser was used to excite the fluorescent particles [Fluoro-Max; Red Floures-
cent Polymer Microspheres: Ex/Em 530 nm/607 nm; Diameter: 0.52 µm] and
a camera connected to a micro-lens was used to capture the fluorescent sig-
nal emitted by the particles. The two cameras were synchronized by a BNC
pulse/delay generator. The typical frame rate for the measurement was 10
fps. The relative humidity in the laboratory was measured with a standard
hygrometer (±3% RH for 35% ∼ 70% RH at 20 ◦C). The temperature of each
experiment was between 21 ◦C and 22 ◦C. The relative humidity was around
40%.
The silicone oil films were spincoated resulting in uniform thickness over the
entire substrates. We controlled the film thickness by the spinning time
and the rotation speed. The spinning time and rotation speed were fixed
at 100 s and 25 rps. The thickness of the film was measured by a spectrometer
(OceanOptics HR2000+ with HL-2000-FHSA halogen light source) to be 18
± 1 µm [163].

5.7 Numerical Model
A sharp-interface finite element method combined with an arbitrary Lagrangian-
Eulerian approach has been developed and implemented via the finite element
library oomph-lib [164]. Within this method, the droplet is considered to
be axisymmetric. In the gas phase, the diffusion equation of water vapor is
solved, by that the local evaporation rate at the interface is obtained. In
the liquid, the Navier-Stokes equations determines the flow. The presence of
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multiple interfaces, even with a three-phase contact line between the three
free interfaces (water-gas, oil-gas, water-oil), can easily be treated with this
approach, as the contributions of the individual surface tensions to the stress
are directly calculated at the sharp interfaces. The numerical method, which
generalizes the method described in [46] by the possibility of having arbitrarily
shaped interfaces, has been successfully used to reproduce experimental mea-
surements on droplet evaporation [88], submerged droplets with competing
buoyancy and Marangoni effects [165] and Leidenfrost droplets [166]. Since
here we are also interested in deposition patterns predicted by the numer-
ics, a convection-diffusion equation for the mass fraction of particles has been
included and the most simple deposition model has been used, namely a depo-
sition rate proportional to the mass fraction of particles in the liquid. Effects
of particles on the fluid and on the contact line dynamics, as well as particle-
particle interactions and thermal effects have been disregarded for simplicity.
The deposition profile is given as an effective height based on the assumption
of completely densely packed particles.

5.8 Supplemental Materials

5.8.1 Experimental setup
The evaporation process was recorded simultaneously from the side and the
bottom (see Fig. 5.6): the side view was used to characterize the geometrical
parameters and the bottom view was used to implement the µPIV measure-
ment.
For the volumetric measurement from the side view, the image analysis was
performed by custom-made MATLAB codes to detect the profile of the droplet
and the wetting ridge. For the µPIV images, the noises in the background
outside the droplet contour are first removed and exported as a new series of
images for the processing. Then the post-possessing images were analyzed with
PIVlab [51,52], utilizing an interrogation window of 32 × 32 pixels, followed by
an analysis with sub-window of 16 × 16 pixels and then a second sub-window
of 8 × 8 pixels.

5.8.2 Intercalated film between a droplet and a flat solid sub-
strate

Previous studies have shown complex equilibrium lubrication states of the
intercalated film sandwiched between a droplet and a flat solid surfaces, de-
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pending on the relation between the interfacial energies of droplet, liquid film,
and substrate [102, 155]. Three possible states were identified: 1. a stable lu-
bricant film beneath the droplet; 2. an unstable film film beneath that forms
discrete liquid pockets; and 3. a lubricant film that is completely displaced
from beneath the droplet. To confirm that no intercalated lubricant film nei-
ther liquid pockets are present below our droplets, we performed thin-film
interferometry [102]. Therefore, a monochromatic light with a wavelength
λ of 561 nm was focused on the upper surface of the substrate and the re-
flected light was captured by a confocal microscope. In the presence of an
intercalated lubricant film, the light reflected off the solid/lubricant and lu-
bricant/droplet interfaces interferes constructively or destructively to result
in bright or dark fringes, respectively. Carlson et al. studied the stability of
the oil-film under the water drop as a function of the water drop equilibrium
contact angle (θsw) on a dry substrate [151]. They found that for θsw < 90◦

the oil film ruptures and water re-wets the substrate whereas for θsw > 90◦

a stable film is formed. The glass substrate in our experiment has a θsw of
10◦ for the water drop and a θsw of 8◦ for the surfactant-laden drop. The ab-
sence of fringes in Figs. 5.7(a,c) indeed demonstrates that both droplets fully
touched the hydrophilic surface [167]. For a comparison, the interferometry
measurements were repeated for the same droplet compositions and the same
lubricant film but now deposited on hydrophobic OTS-coated glass with cor-
responding contact angle θsw ≈ 100◦ for a pure water droplet and θsw ≈ 60◦

for the surfactant-laden droplet. The presence of the fringes during the en-
tire lifetime of the water drop, demonstrates that the silicone oil beneath the
droplet was stable. For the surfactant-laden water drop, the rupture of the
thin film evolved slowly and formed discrete liquid pockets. In this study, we
focus on the hydrophilic substrate on which our water droplets are in direct
contact with the substrate [Fig. 5.7(b,c)].

5.8.3 Contact line behavior of oil meniscus

We employed the interferometry but raised the focal plane to the upper surface
of oil film. Fig 5.7(a2) schematically shows the measurement: the fringes are
due to interference between the light reflected from the solid/oil and the oil/air
interfaces. With the method, we are able to visualize the contact line motion
of oil meniscus and the particle depositions on the substrate.
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5.8.4 Hydrodynamic model
The flow inside the droplet is driven by the evaporative flux from the droplet
surface. We consider an axisymmetric droplet with a pinned contact line,
which is described in a cylindrical coordinate system (r, z); see Fig 5.8 [21].
Inside the droplet, we define an infinitesimally small control volume of width
dr, located at a distance arbitrary r(r ≤ R) from the center of the droplet.
Mass conservation requires that the change rate of the amount of liquid inside
the control volume equals to the net inflow of the liquid into the control, minus
the depletion of the liquid due to the evaporation from the droplet surface of
that volume. It can be expressed as

∂h

∂t
=

1

r

∂

∂r
Q− 1

ρ
J, (5.4)

where h(r, t) is the local height of the liquid surface, t is the time, r is the
radial coordinate, Q(r, t) is the volume flow, ρ is the liquid density, and J(r, t)
is the local evaporative flux. For small contact angle θ and small capillary
number and Bond number, the local height can also be expressed with the
geometrical relation:

h(r, t) =
R2 − r2

2R
θ(t). (5.5)

In our system, the edge of the droplet is covered by a nonvolatile liquid, i.e.,
1,2-hexanediol, which hinders the depletion of water. We assume that the
evaporative flux of the area covered by the meniscus is zero and that of the
inner part exposing to the air is obtained from the solution of the diffusion
equation for vapor in air [18,107]:

J(r) =

{
j0[1− (r/Rin)2]−1/2+θ/π (r < Rin),

0 (r ≥ Rin),
(5.6)

where j0 = 2
π
D∆c
Rin

, with D the diffusion coefficient for vapor in the air and ∆c
the vapor concentration difference between the droplet surface and the sur-
rounding air in the experiment. The change in the droplet volume is expressed
as:

dV

dt
=

d

dt

∫ R

0
h(r, t)2πrdr =

πR3

4

dθ

dt
, (5.7)

which should be equal to the total amount of evaporated liquid:
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dV

dt
= −1

ρ

∫ R

0
J(r)2πrdr = − 2π

π + 2θ

πj0R
2
in

ρ
. (5.8)

By combing Eq. 5.7 and Eq. 5.8, we obtain:

dθ

dt
= − 8π

π + 2θ

R2
in
R3

j0
ρ
. (5.9)

Hence, we obtain the temporal evolution of contact angle θ(t),

θ =
1

2

√
64D∆c

ρ

Rin
R3

(te − t) + π2 − π

2
, (5.10)

with te the total droplet’s lifetime. We substitute Eq. (5.9) into Eq. (5.4),
then

∂h

∂t
=
R2 − r2

2R

∂θ

∂t
= −4π(R2 − r2)

π + 2θ

R2
in
R4

j0
ρ
. (5.11)

Then by replace dh/dt in Eq. (5.6), we have

1

r

∂

∂r
Q = −∂h

∂t
− 1

ρ
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4π(R2−r2)

π+2θ
R2

in
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ρ [1− ( r
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in
R4

j0
ρ (r ≥ Rin),

(5.12)
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in
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− j0
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(5.13)

Q = −j0
ρ

πR2
in

(π + 2θ)R4
(R2 − r2)2 ≤ 0 (when r ≥ Rin). (5.14)

Finally, the height-averaged radial velocity ū(r, t) can be derived:

ū(r, t) =
Q

rh
=

− j0
ρ

πR2
in

(π+2θ)R3
2(R2−r2)

θr + j0
ρ

πR2
in

π+2θ
2R

θ(R2−r2)r
(1− r2

R2
in
)1/2+θ/π (r < Rin),

− j0
ρ

πR2
in

(π+2θ)R3
2(R2−r2)

θr (r ≥ Rin).

(5.15)
The employed µPIV measures the velocity field at a distance of 2 µm above
the glass surface, which hence differs from the height-averaged velocity ū. We
use the theory proposed by Marin et al [21] with the thin-film approximation
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to obtain the description of the velocity field. Given the low Reynolds number
(low velocity) in the droplet, the inertial terms in the Navier-Stokes equation
can be neglected:

dp

dr
= µ

∂2u

∂z2
, (5.16)

with p the pressure, µ the viscosity, and u the radial velocity. By solving
Eq. (5.16), the velocity profile is given by

u(r, z) =

{
1
µ
dp
dr

(
1
2z

2 − h(r, t)z
)

(r < Rin),
1
µ
dp
dr

(
1
2z

2 − 1
2h(r, t)z

)
(r ≥ Rin),

(5.17)

where we used the boundary conditions u(r, 0) = 0 (no slip) and ∂u
∂z

∣∣
z=h(r,t)

= 0

(no shear stress on the liquid-air interface) for the case r < Rin, and u(r, 0) = 0
(no slip) and u(r, h) = 0 (no slip on the liquid-oil interface) for the case r > Rin.
Take the height average of Eq. (5.17), we obtain

ū(r, t) =

{
− 1

3µ
dp
drh

2(r, t) (r < Rin),

− 1
12µ

dp
drh

2(r, t) (r ≥ Rin),
(5.18)

hence

u(r, z, t) =

{
3

h2(r,t)
ū(r, t)

(
h(r, t)z − 1

2z
2
)

(r < Rin),
6

h2(r,t)
ū(r, t)

(
h(r, t)z − z2

)
(r ≥ Rin),

(5.19)

with h given by Eq. (5.5), θ by Eq. (5.10) and ū by Eq. (5.18). We took
R − r = 80 µm, z = 2 µm and te = 300 s the droplet’s lifetime determined
from the experiment.
We plot the theoretical radial velocity against the relative radial position. We
use the same set of parameters as above, Rin = 0.8R and z = 2 µm. From
Fig. 5.9(a), we can see that the radial velocity orientates towards outside,
increasing with the relative radial position. When it comes close to the po-
sition r = Rin, the velocity dramatically decreases and changes direction to
be inward. After crossing the position r = Rin, the flow orientates towards
inside and decreases with the radial position. From Fig. 5.9(b), the intensity
of flow increases with decreasing contact angle θ, which is consistent with the
“rush-hour” behavior. The strong outward flow at the radial position close to
r = Rin explains the increase of the radial velocity in the early stage of “rush-
hour” [Fig. 3(f) in the main text]. In the experiment, the flow-reversal does
not always perfectly occur at r = Rin. This is also due to the detachment of
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the contact line. When the droplet becomes very flat due to the evaporation,
the contact line starts detaching from one side and the contact area shrinks
towards another side. Because of this, the liquid intends to flow towards the
pinning side. This manner also causes the uneven distribution of the particles
in the very late stage of the droplet’s lifetime.
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Figure 5.4: (a1-c1) Schematics of the droplets on the substrates under differ-
ent conditions: (left) a colloidal water droplet on the glass slide, (middle) a
colloidal water droplet on the oil-wetted surface, and (right) a colloidal water
droplet seeded with surfactant SDS at concentration of 2 CMC on the oil-
wetted surface. (a2-c2) The particle distribution after the deposition of each
droplet in a1, b1 and c1, respectively. (a3-c3) Comparison of the final depo-
sition patterns after full evaporation of the droplets in three cases; the red
dashed lines indicate the original contact line positions. (a4-c4) Deposition
profiles along the radius r from the center to the original droplet edge are
plotted for each of the images in a3, b3 and c3, respectively. R is the average
radius of the original contact area. The intensity profile Φ(r) is normalized
with the maximum of Φ(r) where Φ(r) = (1/2π)

∫ 2π
0 I(r, θ)dθ and I(r, θ) is

the local light intensity.
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Figure 5.5: Numerical simulation of a water droplet on a glass substrate (a)
and a water droplet with reduced surface tension on an oil-wetted substrate
(b). The images show the vapor concentration in the gas phase and the parti-
cle concentration (left) as well as the velocity (right) and the evaporation rate
at the interface. (c) Final deposition pattern of the stick-slide contact line dy-
namics from simulation (a). (d) Almost uniform final deposition pattern from
simulation (b) as a consequence of the suppression of the coffee-stain effect
via the oil film. Movies of the simulations can be found in the supplementary
information.
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Figure 5.6: Schematic of the experimental setup employed for the simulta-
neous side- and bottom-view measurements during droplet evaporation. Two
synchronized cameras were utilized to obtain the geometrical parameters (side
view) and particle velocity (bottom view) at every time instant.
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resenting the wetting states of four cases: b0, lubricant film is completely dis-
placed from beneath the droplet; c0, stable lubricant film beneath the droplet;
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fringes are observed and the contact line is moving. The droplet also slowly
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lubricant film is gradually displaced by the droplet and forms pockets in the
center. The contact line is unpinned during the drying process.
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Conclusions and Outlook

When a multicomponent droplet evaporates, the selective evaporation makes
the system out of equilibrium, i.e., the preferential evaporation of more volatile
liquid components causes concentration gradients, which results in surface ten-
sion gradients or density gradients. In this thesis, we have studied several
multicomponent droplet systems, focusing on the evaporation behavior, flow
structures and subsequent particle deposition. From a fundamental perspec-
tive, one of the simplest system has been used as the physical model: a single
sessile droplet that evaporates under ambient conditions.

Conclusions

In Chapter 1, we begin with a binary liquid system consisting of 1,2-hexanediol
and water, in which only water evaporates in to the atmospheric environment.
It is observed that segregation within the binary droplet, that is triggered
by the selective evaporation during the drying process. It is the first exper-
imental evidence to show that segregation may occur in a fully miscible bi-
nary system. This surprising and counterintuitive finding reveals a completely
new mechanism of segregation. The small surface tension differences cannot
drive a strong enough Marangoni flow on the surface to induce a high enough
convection within the droplet to obtain perfect mixing. Therefore a locally
high concentration of 1,2-hexanediol accumulates near the contact line of the
droplet, leading to segregation. Our finding is consistent with a parallel but
independent study on drying of a binary droplet. Kim & Stone [49] monitored
the distribution of a certain type of particles which preferentially dissolves in
one component. They also conclude that the evaporation of one component
in the binary system can be so fast that it can lead to segregation.
In Chapter 2, we study another binary system of submillimeter-sized droplet
by replacing 1,2-hexanediol with glycerol, which is also non-volatile in ambient
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conditions. We measure the flow field in both sessile and pendant glycerol-
water droplets at submillimeter size. The µPIV measurement on the flow
structure near the substrate surprisingly shows an opposite radial flow direc-
tion for each orientation. This observation clearly indicates that gravitational
effects triggered by density gradients due to selective evaporation can play a
dominant role in controlling the flow in evaporating multicomponent droplets,
even at small Bond numbers. We introduce the Archimedes number Ar as the
control parameter to predict the presence of gravity-controlled flow. With this
criterion, we ignore the Marangoni effect which normally is the leading force
in controlling the flow structure at such small scale. The complete picture of
the competition between gravity and Marangoni effect is complicated, as it is
a combination of many competing physical effects: 1. the density difference
between the two liquids; 2. the difference in volatility; 3. the diffusivity be-
tween the two liquids; 4. the viscosity; 5. the surface tension difference; 6.
the geometrical configuration, etc. We investigated the detailed picture in a
follow-up paper by using the tool of numerical simulations. Here, we argued
that in a relatively viscous droplet (Re ≪ 1, e.g., our glycerol-water droplet),
Marangoni force barely affects the bulk flow inside the droplet, but only drives
the surface flow near the liquid-air interface. In these cases, viscosity plays the
role of damping, resisting the flow driven by the density gradient. Therefore,
Ar can be a good indicator as a criterion for the dominance of gravity-driven
flow.

In Chapter 3, we gradually increase the complexity of the system by adding
a small amount of silicone oil into the binary mixture of 1,2-hexanediol and
water. With the help of silicone oil, 1,2-hexanediol is extracted from the mix-
ture causing an instantaneous segregation in the evaporating sessile droplet.
Segregated fluid appears, i.e., separated 1,2-hexanediol rises up in the form of
plumes from the edge to the apex of the droplet. By orientating the droplet
upside down, the absence of the plumes demonstrates that the instability is
controlled by gravity, as a so-called Rayleigh-Taylor instability. We have
shown that it is a more extreme case than those described in Chapter 1 and
2: Became of hindrance of the strong evaporation near the contact line by
segregation of the non-volatile 1,2-hexanediol, the Marangoni effect can be
significantly suppressed, and it thus allows buoyancy force to play a dominant
role in the flow structure.

Conventionally, Marangoni flow is considered as the dominant effect in drying
drops at small scales. We have shown that the natural convection controlled
by gravitational effects can also play a dominant role. In the first three chap-
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ters, the droplets display a competition between Marangoni flow and natural
convection, namely “Marangoni vs. Rayleigh”. In the first case, the gravity-
driven flow is negligible but only Marangoni flow is dominant. In the second
case, the interfacial flow driven by the surface tension is limited to a region
near the droplet surface whereas the bulk flow is natural-convection-controlled
by the density gradient. In the third case, the Marangoni effect is significantly
suppressed and thereby, a Rayleigh-Taylor instability is generated by density
gradients that appear on the droplet surface.
In Chapter 4, we study a surfactant-laden glycerol-water droplet system. We
observe the crystallization of sodium dodecyl sulfate (SOS) induced by the
selective evaporation of water. This system resembles an “ouzo-like” system,
i.e., the depletion of water reduces the solubility of SDS in the system, even-
tually resulting in a segregation of SDS and the formation of crystals. We
tested the applicability of a 2-dimensional model expanded from the JMAK
model to describe the kinetic behavior of crystallization, which shows a good
predictive value. This work may inspire the community to use surfactants in
multicomponent system with greater care.
In Chapter 5, we study the evaporation of particle-laden droplets on lubricated
surfaces. It is demonstrated that the interfacial energy between the droplet,
the lubricated film, and the solid substrate determines the wetting state, and
moreover, controls the flow structure. We show that by tuning the surface
energy of the droplets through the addition of surfactants, the contact line
dynamics can be manipulated such that either the coffee-stain effect can be
suppressed to obtain a uniform deposit, or a size-controlled “coffee-eye” pat-
tern can be formed. This work offers a robust method to achieve a controlled
particle deposition.
In this thesis, we systematically study several multicomponent droplet systems
evaporating in ambient environment. Our work progresses the fundamental
physical understanding of such multicomponent systems. Moreover, we dis-
cuss the relevance of the physicochemical hydrodynamics for many important
applications involving droplet evaporation, including inkjet-printing, surface
coating, surface patterning and particle-assembly.

Future directions

This thesis has addressed a number of topics related to the evaporation of
multicomponent droplets. Many issues still remain unexplored and open for
research.
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In Chapter 1, we observe the segregation in a fully miscible binary mixture trig-
gered by the selective evaporation. Though we analyzed the underlying mecha-
nisms from a hydrodynamics perspective, an investigation on a molecular-level
is missing. How does the local depletion of water molecules break the equi-
librium of the system? Why do the 1,2-hexanediol micelles remain unstable
and aggregate to form large structures? In Chapter 3, the segregation can be
significantly accelerated by seeding a minute amount of silicone oil. How do
the oil-water emulsions in the ternary system trigger the early extraction of
1,2-hexanediol? To answer all these questions, investigations at a micro-scopic
level are required.
Chapter 2 and Chapter 3 mainly discuss the gravitational effects in evapo-
rating microdroplets, which are normally ignored in such undersized systems
dominated by surface tension. While we have shown that the suppression of
the Marangoni effect allows the density gradient to drive flow at a relative long
timescale. It will be interesting to further explore the instability in such a con-
figuration (a spherical cap), either theoretically or experimentally. By varying
the size of the droplet and other properties, e.g., viscosity, we can characterize
the control parameters which determine the onset and the optimal wavelength
of the instability.
In Chapter 5, we explore a new way to achieve uniform particle deposition by
letting droplets evaporate on lubricated surfaces. We note that our method
is efficient to suppress the ”coffee-stain” effect until the very late stage of the
droplet’s lifetime. How to avoid the ”rush-hour” behavior in the very end still
remains the biggest challenge. In the future, we plan to focus on controlling
the contact line movement at the final stage of the drying process.
In recent years, the evaporation of multicomponent droplets attracted signif-
icant attention as a result of their ubiquitous role in either nature or tech-
nology [131]. Our findings clearly show many unexpected phenomena in such
evaporating systems. This particularly holds for inkjet printing, as nearly all
inks contain various components with different volatility. These variations
of the composition ratio caused by the selective evaporation of more volatile
components may lead to the segregation of less volatile components in the
form of liquid phase separation [64] or crystallization [119]. Our study may
rise the awareness to utilize the interactions between different components as
to control evaporation lifetime, internal flows and final particle deposition in
multicomponent ink droplets.
This not only holds for the “second phase” of inkjet printing, namely the
evaporation phase of ink drops on paper or other substrates; but also on the



117

nozzle-plate of the inkjet channel during the “first phase”, which is known as
the jetting phase. The selective evaporation of ink droplets at the nozzle exit
may cause major issues for the jetting [131]: 1. the selective evaporation of
the liquid meniscus in the nozzle within the time interval between two jetting
cycles results in changes of the material properties of the remaining ink; 2. the
Marangoni flow in the liquid on the nozzle plate originating from the surface
tension gradients caused by selective evaporation can lead to transport of dirt
particle into nozzle. These are major issues leading to misprints or even failure.
Our study may offer a new perspective to suppress such selective evaporation
by phase separation of non-volatile components, and hence to maintain the
stability of the material properties of the ink, leading to an improved printing
quality.
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Summary

Multicomponent droplets are ubiquitous in nature and technology. It is of
great importance to understand their evaporation process. In this thesis, we
have studied several multicomponent droplet systems, while focusing on the
evaporation behavior, flow structures and subsequent particle deposition. We
have applied multiple experimental techniques, theoretical analysis and numer-
ical simulations to systematically study the evaporation process from different
aspects.
We first studied the evaporation of 1,2-hexanediol-water binary droplets (Chap-
ter 1). In this work, we observed and studied phase segregation of an evap-
orating sessile binary droplet, consisting of a miscible mixture of water and
a surfactant-like liquid (1,2-hexanediol). The phase segregation (i.e., demix-
ing) leads to a reduced water evaporation rate of the droplet. Eventually the
evaporation process ceases due to shielding of the water by the non-volatile
1,2-hexanediol. Visualizations of the flow field by particle image velocimetry
and numerical simulations reveal that the timescale of water evaporation at
the droplet rim is faster than that of the Marangoni flow. This originates
from the surface tension difference between water and 1,2-hexanediol, eventu-
ally leading to segregation. This insight has provided the first demonstration
that the phase separation can be triggered by the selective evaporation in a
miscible binary droplet.
In Chapter 2, the flow in an evaporating glycerol-water binary sub-millimeter
droplet with Bond number Bo ≪ 1 is studied, both experimentally and nu-
merically. First, we measure the flow fields near the substrate by micro-PIV
for both sessile and pendant droplets during the evaporation process. Surpris-
ingly, they show opposite radial flow directions – inward and outward, respec-
tively. These observations clearly reveals that in spite of the small droplet
size, gravitational effects play a crucial role in controlling the flow fields in the
evaporating droplets. We theoretically analyze that this gravity-driven effect
is triggered by the lower volatility of glycerol which leads to a preferential
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evaporation of water then the local concentration difference of the two compo-
nents leads to a density gradient that drives the convective flow. We show that
the Archimedes number, Ar, is the nondimensional control parameter for the
occurrence of the observed gravitational effects. We confirm our hypothesis
by experimentally comparing two evaporating microdroplet systems, namely
a glycerol-water droplet and a 1,2-propanediol-water droplet. We obtain dif-
ferent Ar, larger or smaller than unity by varying a series of droplet heights,
which corresponds to cases with or without gravitational effects, respectively.
Finally, we simulate the process numerically, finding good agreement with the
experimental results and again confirming our interpretation.

As a next step, we added 0.5 wt% silicone oil into the 1,2-hexanediol-water
binary solution (Chapter 3). This minute silicone oil concentration dramat-
ically modifies the evaporation process as it triggers an early extraction of
the 1,2-hexanediol from the mixture. Surprisingly, we observe that the seg-
regation of 1,2-hexanediol forms plumes, rising up from the rim of the sessile
droplet towards the apex during the droplet evaporation. By orientating the
droplet upside down, i.e., by studying a pendant droplet, the absence of the
plumes indicates that the flow structure is induced by buoyancy, which drives
a Rayleigh-Taylor instability (i.e., driven by density differences & gravitational
acceleration). From µPIV measurement, we further prove that the segrega-
tion of the non-volatile component (1,2-hexanediol) hinders the evaporation
near the contact line, which leads to a suppression of the Marangoni flow in
this region. Hence, on long time scales, gravitational effects play the domi-
nant role in the flow structure, rather than Marangoni flows. We compare the
measurement of the evaporation rate with the diffusion model of Popov [5],
coupled with Raoult’s law and the activity coefficient. This comparison in-
deed confirms that the silicone-oil-triggered segregation of the non-volatile
1,2-hexanediol significantly delays the evaporation. With an extended diffu-
sion model, in which the influence of the segregation has been implemented,
the evaporation can be well described.

In Chapter 4, we observed and studied the crystallization of sodium dodecyl
sulfate (SDS) within an evaporating glycerol-water mixture droplet. The crys-
tallization is induced by the preferential evaporation of water, which decreases
the solubility of SDS in the mixture. As a consequence, the crystals shield the
droplet surface and cease the evaporation. The universality of the evaporation
characteristics for a range of droplet sizes is revealed by applying a diffusion
model, extended by Raoult’s law. To describe the nucleation and growth of
the crystals, we employ the 2-dimensional crystallization model of Weinberg,
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J. Non-Cryst. Solids, 1991, 134, 116. The results of this model compare fa-
vorably to our experimental results. Our findings may inspire the community
to reconsider the role of high concentration of surfactants in multicomponent
evaporation system.
In Chapters 1–4, we have seen that different segregation behaviors can be
triggered by the selective evaporation. In Chapter 5, we moved to the particle
deposition by the evaporation of suspension droplets, which is the underly-
ing mechanism in many surface coating and surface patterning applications.
However, the uniformity of the final deposit suffers from the coffee-stain effect
caused by contact line pinning. Here, we showed that control over particle de-
position can be achieved through droplet evaporation on oil-wetted surfaces.
We demonstrated by flow visualization, theory, and numerics that the final
deposit of the particles is governed by the coupling of the flow field in the
evaporating droplet, the movement of its contact line, and the wetting state
of the thin film surrounding the droplet. We showed that the dynamics of
the contact line can be tuned through the addition of a surfactant, thereby
controlling the surface energies, which then leads to control over the final par-
ticle deposit. We also obtained an analytical expression for the radial velocity
profile which reflects hindrance of the evaporation at the rim of the droplet by
the non-volatile oil meniscus. It prevents flow towards the contact line, thus
suppressing the coffee-stain effect. Finally, we confirmed our physical inter-
pretation by numerical simulations that are in qualitative agreement with the
experiment.
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Samenvatting

Druppels bestaande uit meerdere componenten zijn alomtegenwoordig in de
natuur en de techniek. Het is daarom belangrijk om hun verdampingsproces
goed te begrijpen. In dit proefschrift hebben we een aantal systemen met drup-
pels die uit meerdere componenten bestaan onderzocht. Daarbij hebben we
ons met name toegelegd op hun verdampingsgedrag, hun stromingsstructuren,
en de daaropvolgende deeltjesdepositie. Wij hebben meerdere experimentele
technieken, theoretische methoden, en numerieke simulaties gebruikt om ver-
scheidene aspecten van het verdampingsprocess systematisch te bestuderen.
Als eerste hebben we de verdamping van 1,2-hexaandiol-water binaire druppels
onderzocht (Hoofdstuk 1). In dit werk hebben we fasescheiding geobserveerd
en onderzocht in een verdampende binaire sessiele druppel, bestaande uit een
mengbare combinatie van water met een vloeistof met oppervlakte-actieve
eigenschappen. De fasescheiding (d.w.z., ontmenging) resulteert in een tragere
verdamping van water. Uiteindelijk stopt de verdamping van het water door
de afschermende werking van het niet-vluchtige 1,2-hexaandiol. Visualisaties
van het stromingveld door velocimetrie met deeltjes en numerieke simulaties
tonen aan dat de tijdschaal van de verdamping van water bij de rand van
de druppel sneller is dan die van de Marangoni-stroming, die ontstaat door
het verschil in oppervlaktespanning van water en 1,2-hexaandiol, wat uitein-
delijk leidt tot fasescheiding. Dit werk heeft voor het eerst aangetoond dat
fasescheiding kan worden veroorzaakt door selectieve verdamping in een meng-
bare binaire druppel.
In Hoofdstuk 2, bestuderen we de stroming in een verdampende glycerol-water
binaire submillimeter druppel met Bondgetal Bo ≪ 1 middels experimenten
en numerieke simulaties. Eerst meten we de stromingsvelden dichtbij het sub-
straat met micro-PIV voor zowel sessiele als hangende druppels tijdens het
verdampingsproces. Dit toont dat zij verrassend genoeg tegengestelde radiale
stromingsrichtingen tonen - respectievelijk naar binnen en naar buiten. Deze
observatie laat zien dat zwaartekrachtseffecten zelfs voor kleine druppels een
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cruciale rol spelen in het controleren van de stromingsvelden van verdamp-
ende druppels. We laten aan de hand van theoretische argumenten zien dat
dit door zwaartekracht aangedreven proces wordt veroorzaakt door de lagere
vluchtigheid van glycerol, wat leidt tot een preferentiële verdamping van water,
waarna het lokale concentratieverschil van de twee componenten leidt tot een
dichtheidsgradiënt die de convectieve stroming aandrijft. We laten zien dat
het Archimedesgetal Ar de relevante niet-dimensionale parameter is voor het
optreden van zwaartekrachtseffecten. We bevestigen onze hypothese door ex-
perimenteel twee verdampende microdruppelsystemen te vergelijken, namelijk
een glycerol-waterdruppel en een 1,2-propaandiol-waterdruppel. We verkrij-
gen verschillende Ar door de druppelhoogte te variëren. Deze Archimedes-
getallen, groter en kleiner dan een één, komen overeen met de situatie met
respectievelijk zonder zwaartekrachtseffecten. Ten slotte vinden we een goede
overeenkomst tussen numerieke simulaties en de experimentele resultaten, en
bevestigen we opnieuw onze interpretatie.

Als volgende stap hebben we 0,5 gew.% siliconenolie toegevoegd aan de 1,2-
hexaandiol-water binaire oplossing (Hoodstuk 3). Deze zeer kleine concen-
tratie siliconenolie wijzigt het verdampingsproces dramatisch omdat het een
vroege fasescheiding van 1,2-hexaandiol veroorzaakt. Verrassend genoeg zien
we dat de fasescheiding van 1,2-hexaandiol pluimen vormt, die tijdens de
verdamping van de druppel opstijgen vanaf de rand van de sessiele druppel
naar de top van de druppel. Door de druppel ondersteboven te oriënteren,
d.w.z. door een hangende druppel te bestuderen, geeft de afwezigheid van
de pluimen aan dat de stromingstructuur wordt veroorzaakt door het dri-
jfvermogen, wat een Rayleigh-Taylor-instabiliteit veroorzaakt (d.w.z. aange-
dreven door dichtheidsverschillen en zwaartekrachtversnelling) Middels µPIV-
metingen bewijzen we verder dat de fasescheiding van de niet-vluchtige compo-
nent (1,2-hexaandiol) de verdamping nabij de contactlijn belemmert, wat leidt
tot een onderdrukking van de Marangoni-stroming in dit gebied. Zwaartekracht-
effecten hebben daarom op lange tijdsschalen de dominante rol in de stro-
mingsstructuur, in plaats van Marangoni-stroming. We vergelijken de meting
van de verdampingssnelheid met het diffusiemodel van Popov [5], gekoppeld
aan de wet van Raoult en de activiteitscof̈ficiënt. Deze vergelijking bevestigt
inderdaad dat de door siliconenolie veroorzaakte fasescheiding van het niet-
vluchtige 1,2-hexaandiol de verdamping aanzienlijk vertraagt. Een uitgebreid
diffusiemodel, waarin de invloed van de fasescheiding is geïmplementeerd,
beschrijft de verdamping goed.

In Hoofdstuk 4 hebben we de kristallisatie van natriumdodecylsulfaat (SDS)
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in een verdampende glycerol-waterdruppel geobserveerd en bestudeerd. De
kristallisatie wordt veroorzaakt door de snellere verdamping van water, waar-
door de oplosbaarheid van SDS in het mengsel vermindert. Als gevolg hiervan
bedekken de kristallen het druppeloppervlak en stoppen ze de verdamping.
De algemeenheid van de verdampingseigenschappen voor een reeks druppelg-
roottes wordt onthuld door een diffusiemodel toe te passen, uitgebreid door
de wet van Raoult. Om de vorming en groei van de kristallen te beschri-
jven gebruiken we het twee-dimensionale kristallisatiemodel van Weinberg, J.
Non-Cryst. Solids, 1991, 134, 116. Onze experimentele resultaten worden
goed beschreven door dit model. Onze bevindingen kunnen de gemeenschap
inspireren om de rol van hoge concentraties van oppervlakteactieve stoffen in
verdampingssystemen met meerdere componenten te heroverwegen.
In Hoofdstukken 1–4 hebben we gezien dat verscheidene fasescheidingsge-
dragingen kunnen worden veroorzaakt door selectieve verdamping. In Hoofd-
stuk 5, hebben we deeltjesdepositie door de verdamping van suspensiedrup-
pels bestudeerd. Dit is het onderliggende mechanisme van veel toepassingen
die te maken hebben met het coaten van oppervlakken en het aanbrengen
van patronen op oppervlakken. De gelijkmatigheid van de uiteindelijke de-
positie lijdt echter onder het koffievlekeffect dat wordt veroorzaakt door het
vastzitten van de contactlijn. Hier tonen we aan dat controle over de deelt-
jesdepositie kan worden bereikt door druppelverdamping op met olie bedekte
oppenvlakken. Doormiddel van stromingsvisualisatie, theoretische analyse,
en numerieke simulaties laten we zien dat de uiteindelijke deeltjesdepositie
wordt bepaald door de koppeling van het stromingsveld in de verdampende
druppel, de beweging van de contactlijn, en de bevochtigingstoestand van de
dunne laag rond de druppel. Wij laten zien dat de dynamica van de con-
tactlijn kan worden gecontroleerd door de toevoeging van een oppervlakteac-
tieve stof, die de oppervlakte-energieën controleert, wat vervolgens leidt tot
controle over de uiteindelijke deeltjesdepositie. Wij hebben ook een analytis-
che uitdrukking gevonden voor het radiale snelheidsprofiel dat de belemmer-
ing van de verdamping aan de rand van de druppel door de niet-vluchtige
oliemeniscus beschrijft. Dit voorkomt stroming naar de contactlijn, waar-
door het koffievlekeffect onderdrukt wordt. Ten slotte hebben we onze fysieke
interpretatie bevestigd door numerieke simulaties die in kwalitatieve overeen-
stemming zijn met het experiment.



142 SAMENVATTING



Scientific output
Publications

• Yaxing Li, Pengyu Lv, Christian Diddens, Huanshu Tan, Herman Wi-
jshoff, Michel Versluis, Detlef Lohse
Evaporation-triggered segregation of sessile binary droplets,
Phys. Rev. Lett. 120, 224501 (2018),

• Yaxing Li, Christian Diddens, Pengyu Lv, Herman Wijshoff, Michel
Versluis, Detlef Lohse
Gravitational effect in evaporating binary microdroplets,
Phys. Rev. Lett. 122, 114501 (2019),

• Yaxing Li, Christian Diddens, Tim Segers, Herman Wijshoff, Michel
Versluis, Detlef Lohse
Evaporating droplets on oil-wetted surfaces: Suppression of the coffee-
stain effect,
Proc. Natl. Acad. Sci. U.S.A. (2020) (In press),

• Yaxing Li, Christian Diddens, Tim Segers, Herman Wijshoff, Michel
Versluis, Detlef Lohse
Rayleigh-Taylor instability by segregation in an evaporating multi-component
microdroplet,
J. Fluid Mech. (2020) (In press),

• Yaxing Li, Valentin Salvator, Herman Wijshoff, Michel Versluis, Detlef
Lohse
Evaporating-induced crystallization of surfactants in sessile multicompo-
nent droplets,
Langmuir (2020) (In press),

143



144 SCIENTIFIC OUTPUT

• Christian Diddens, Yaxing Li, Detlef Lohse
Competing Marangoni and Rayleigh convection in evaporating binary
droplets,
J. Fluid Mech. (2020) (Under review).

Invited and selected talks

• Max-Planck Center Meeting (invited), Mainz, Germany, Feb. 2020

• 72nd APS DFD, Seattle, US, Nov. 2019

• Droplets 2019, UK Durham, Sep. 2019

• Lorentz center inkjet printing workshop (invited), Leiden, NL, Jul. 2019

• Burgers Symposium, Lunteren, NL, Jan. 2019

• Physics@Veldhoven, Veldhoven NL, Jan. 2019

• 71st APS DFD, Atlanta US, Nov. 2018

• 70th APS DFD, Denver US, Nov. 2017

Scientific workshops & Schools

• Complex Fluids Summer School, DK, Aug. 2019

• Complex Fluids Summer School, UK Cambridge, Sep. 2016

• Complex Fluids Summer School, DK, Aug. 2015



145

Prizes & Awards
• Chinese Government Outstanding Self-Financed Students Abroad Award

(2020)

Selected student supervision
• Bachelor student:

Hannah Brugge (Expected Oct. 2020)

• Master student:

Valentin Salvator (Apr. – Jul. 2018)

Experience
• Academic Visit to USTC, China, member of the organization committee.

(Apr. 2017)

• Laboratory general supplier, Physics of Fluids group. (2017-2020)

• Teaching assistant for the Master course: “Experimental techniques in
physics of fluids” for the study Applied Physics in Twente. (2017-2019)

• Teaching assistant for Physics of Bubbles course, Master course. (2016-
2020)

• Research Internship, “Bubble entrainment in printhead”, Océ Technolo-
gies B. V., Venlo, The Netherlands. (Apr. – Jul. 2016)

Peer review
• Reviewer for Journal of Fluid Mechanics (JFM), International Journal

of Multiphase Flow (IJMF), and Proceedings of the National Academy
of Sciences (PNAS).



146 SCIENTIFIC OUTPUT



Acknowledgements

It is hard to believe that the journey is approaching the ending. Seven years
ago, I got a phone call from Prof. Chao Sun from the Physics of Fluids group
when I was applying for the master programme at University of Twente. Now
I still believe that it is the luckiest phone-call I’ve ever received in my life. One
year later, I started my study in Enschede. Some people say, the city where
you live in your 20s leaves its own personality on you. If this is true, I wish
I’ve learned the kindness, the enthusiasm and creativeness from this beautiful
town. Looking back at this amazing journey, there are so many people I would
like to thank.

First of all, I am very blessed to have the best supervisors any Ph.D could
wish for: Detlef Lohse and Michel Versluis.
Dear Detlef, I still vividly remember that our first conversation was in your
Turbulence course in which you encouraged me to talk to you whenever I
needed. Throughout my Ph.D pursuits, I always feel your enthusiasm and
support. Thank you for providing such a great atmosphere for the group and
for every one of us. During one of our drivings to Venlo, you told me that
the essence to be an outstanding researcher is to have a good taste on science.
Since then, I always challenge myself to ask good questions. Your passion on
science and your attitude on work always teach me to be curious, to cherish
the value of time. I am, and will always be proud of being your student.
Dear Michel, our first essential interaction was the rehearsal of my master de-
fence in which you helped me to polish my slides. It turned out to be the most
important lesson in my career to really learn how to make a nice presentation.
Since the beginning of Ph.D, you have invited me to your 2-weekly meetings.
I really appreciate and greatly benefit from these meetings, in which I can
share many immature ideas with you and always get constructive feedback.
Thank you for letting me be your teaching assistant, which is an invaluable
experience and training for my future career.

147



148 ACKNOWLEDGEMENTS

Dear Herman, you are my third supervisor from the Océ. You always come
up with so many interesting ideas for us to study. Thank you for inspiring me
to think from so many different views and angles. Dear Hans and Marc, you
are the supervisors of my intern. Thank you for taking care of me. It was a
great experience to work in a world-class company.

Dear Chao, as I said in the beginning, it is one of the luckiest moment in my
life to receive your invitation to the group. Thank you for all the advices,
help and encouragement throughout my stay in the Netherlands. Without
you, there is not even a start for this journey. Dear Andrea, I have to admit
that discussing with you is very challenging but very inspiring! You taught
me how important for a researcher to be critical and precise. Dear Jacco, if I
had a chance, I would join every lecture you give. I am amazed by your sense
of humor which is always full of wisdom. I appreciated and enjoyed every dis-
cussion we had. You told me that the lubrication equation is your favourite, I
wish in the future, I will also have my favourite one. I’d love to thank Devaraj
and Álvaro for the nice discussions and excellent courses.

Dear Pengyu and Christian, I cannot express my gratitudes to both of you.
No work can be done in this thesis without you. Pengyu, you taught me
everything you know when I just started my Ph.D, experimental technique,
post-processing skills, writing ... You are my academic old brother, my friend
and my teacher! Christian, you participated in almost every work in my thesis.
Your amazing numerical simulations and stunning colour code have already
became your signature. I really appreciate all the scientific discussions and
random talks we had. I wish and I am sure you will become a great professor
in the future!
It is a great pleasure to pay tribute to Joanita, Bas, Gert-Wim, Martin B.,
and Dennis G.. As Detlef always says, the group will not notice his absence,
but be very sensitive to yours. Joanita, thank you for taking care of me and
all of us for so many years. Almost everyone in our group is welcomed by you
and your warm smile in their first day. Bas, thank you for helping me with my
laptop and item ordering. Gert-Wim, thank you for sharing your memory in
China with me. Dennis, thank you for arranging everything in such a nice way!

My dear officemates, dear Mengqi, Borge, Anais, Anja, Jassica, and Steven.
It is so lucky for me to have such wonderful officemates like you. Mengqi, I



149

really enjoy the great time we had together in the office, at my place, and in
Denver. Anais, you are a rising star in the fluid dynamics. I admire the way
you perform the research work. Anja, I enjoyed the futsal we played together.
Jassica, I really appreciate all the conversations we had. You are a sensitive
girl with a warm and big heart. Thank you for being my English teacher! You
are the colour of PoF! Steven, it is such a pleasure to have you in my office.
You are a wonderful teacher and an amazing friend. I wish you can achieve
what you want in the near future.
My former officemates back to the old days during my master. Dear Dennis,
Rodrigo, Christa, Martin, Xiumei, Leonie, Mathijs, Sebastian, Maura, Pilar,
and Mirjam. Thank you for being so nice to me when I just joined the group.
I still miss the dinners and parties we had. Dear Ivan, you are my true hero.
You took so much care of me when I was a freshman. I still remember the
every moment of us in Frankfurt. I heard that you are doing great now, I hope
I can visit you sometime in your city!

My teammates in PoF United. Dear Ruben, Pieter, Mike, Mikhail, Álvaro,
Nakul, Marvin, Youssef, Raymond, and Jelle. I enjoyed every single match
with you guys. Dear Alexander, you are the best goal-keeper I have ever
played in my life! Thank you for the coffee-breaks we had, thank you for all
the warm things to comfort me whenever I was down. Dear Pieter, you are
the best captain!

My inkjet printing fellas. Dear Michiel, Tim, Maaike, Yogesh, Arjan, Wojtek,
and Udo. I enjoyed every trip we had to Venlo. Dear Michiel, we have shared
hotel rooms for so many times at different cities, for different conferences. You
are the best roommate I have ever had, and you are an amazing friend to me.
I learned so much from your organized and disciplined lifestyle. Dear Tim,
you are an amazing experimentalist and a great writer! I enjoyed working
with you so much!

My Chinese folks in the group. Dear Yantao, Xiaojue, Huanshu, Haoran, Yan-
shen, Luoqin, Qi, Rui, Junyi, Xiaolai, Binglin, Guiquan, Jiaming, Songchuan,
Xiaoyan, Jun, and Haitao. I am so grateful to have all of you these years in my
life. Dear Yuliang and Zhenhua, I leaned so much from you. Dear Yibo and
Shuai, we have a great friendship together which I will value and appreciate
for the rest of my life.
My dear friends in Enschede. Dear Han, Luyao, Chongnan, Yuhan, Songbo,



150 ACKNOWLEDGEMENTS

Ying, Lantian, Bingying, Danqi, lovely Sipei, Lingna, and Zhuoyun. Thank
you for your company making me never feel lonely !

Of course, PoF can never be such a great group without all of the young
PoFers! I couldn’t remember how much I learned and gained from you these
years. Dear Guillaume, I really appreciate all the generous help you offered
me. “Even a french people deserves a good place to work”. You deserve the
best facilities to achieve your academic goal! Dear Sander, you are the best
photographer I have ever met in my life! Thank you for taking me to all dif-
ferent places in the world by your camera! Dear Pierre, Mazi and Pallav, you
are the greatest experimentalists! Dear Chong Shen, thank you for teaching
me tennis! Dear Myrthe, we got to know each other since our master. You are
so smart and talented. I enjoyed the travel we had in the UK. Dear Álvaro,
Varghese, Vamsi and Anupam, you are the old generation. I wish you the best
in the US! Utkarsh, you are the coolest Indian! I enjoyed talking all different
kinds of stuff with you! Dear Mathieu, Pablo, Martin, Nathan, Peter, Diana,
Robert, Minkush, Srinath, Yoan, Ricardo, Ali, Saeed, Vatsal, Farzan, Carola,
Lijun, José, Marie-Jean, Maxime... Thank you for the talks, the greetings
and many small things we had. I would like to thank my master supervisor
Erik-Jan, you welcomed me to the group and taught me so many things. I am
so blessed to have you as my supervisor. It was you to initiate my life in the
PoF. I also want to thank my student Valentin, you are so smart. I am happy
that our work ends up with a nice publication!

Finally, I own my most profound gratitude to my beloved family: my parents
and my wife. Your love, support and trust are the only reason of me to achieve
all of these!

Yaxing Li
Enschede, June 2020



About the author

Yaxing Li was born on December 22nd 1991 in Anhui, China. He spent the
first 18 years of his life in a beautiful small city, Maanshan. He has been
interested in Physics since the middle school. In 2010, he moved to Hefei where
he studied Theoretical Mechanics at University of Science and Technology of
China. During his Bachelor, he found his passion on fluid mechanics. In 2013,
he joined the group of Prof. Jiming Yang for his Bachelor thesis. In 2014,
he moved to Enschede, the Netherlands to start his Master at University of
Twente. For his Master’s thesis, Yaxing worked on the experimental study on
the evaporation of sessile droplets, in the Physics of Fluids group. After his
Master defence, he spent three months in Venlo for an internship at Canon
Production Printing. He obtained his Master’s diploma in 2016. In August
2016 he continued his PhD research in the same group with Prof. Detlef Lohse
and Prof. Michel Versluis.
Apart from doing research, Yaxing likes to spend time with his friends, in
football fields, in basketball courts, in swimming pools and on snow mountains.
He is passionate on food and cooking. In the spare time, he enjoys music by
playing saxophone and acoustic guitar. He also learned painting for six years
in the primary school, including three-year traditional Chinese ink painting.

151



152 ABOUT THE AUTHOR


	cover_YLi
	thesis
	Contents
	Introduction
	1 Evaporation-triggered segregation of sessile binary droplets
	1.1 Introduction
	1.2 Experimental results
	1.3 Numerical simulations
	1.4 Conclusions and discussions
	1.5 Supplemental Materials

	2 Gravitational effect in evaporating binary microdroplets
	2.1 Introduction
	2.2 MicroParticle Image Velocimetry
	2.3 Theoretical analysis
	2.4 Numerical simulations
	2.5 Conclusions
	2.6 Supplemental Materials

	3 Rayleigh-Taylor instability by segregation in an evaporating multicomponent microdroplet
	3.1 Introduction
	3.2 Experimental methods
	3.3 Rayleigh-Taylor instability arising from segregation
	3.4 Evaporation process and its quantitative understanding
	3.5 Summary and outlook
	3.6 Appendix

	4 Evaporation-induced crystallization of surfactants in sessile multicomponent droplets
	4.1 Introduction
	4.2 Experimental Methods
	4.3 Experimental results
	4.4 Theoretical analysis
	4.5 Conclusions and outlook
	4.6 Supplemental Materials

	5 Evaporating droplets on lubricated surfaces: Suppression of the coffee-stain effect
	5.1 Introduction
	5.2 Experimental results
	5.3 Hydrodynamic model
	5.4 Numerical investigation
	5.5 Conclusions
	5.6 Experimental Methods
	5.7 Numerical Model
	5.8 Supplemental Materials

	Conclusions and Outlook
	References
	Summary
	Samenvatting
	Scientific output
	Acknowledgements
	About the author


