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ABSTRACT: The microscopic region near the triple line plays an important role in the heat and mass transfer of droplets,
although the mechanisms of evaporation and internal flow remain unclear. This paper describes an experimental study of fluid
flow and thin-film evolution near the triple line in sessile droplets of self-rewetting fluids, aqueous solutions of alcohols with the
number of carbon atoms varying from 1 to 7, to analyze the influence of various factors on the mesoscale flows. The mechanism
of internal flow for self-rewetting fluid droplets was different from that of conventional fluids, and hence, a novel expression of
the in-plane average velocity was fitted for them. The temporal and spatial evolution of the thin-film thickness near the triple line
during droplet evaporation was obtained by using a proposed subregion method, which was developed from an evanescent-wave-
based multilayer nanoparticle image velocimetry technique. The self-rewetting fluids are conducive to increase the microscopic
critical contact angle and the energy barrier of the contact line, which reduces the rate of thin-film thickness variation. The
inhibited impact of self-rewetting fluids on evaporation increases gradually with an increasing number of carbon atoms.

1. INTRODUCTION

Droplet evaporation widely exists in daily life and industrial
applications such as dropwise cooling, spray cooling, and fuel
injection. The evaporation of a sessile droplet suspended with
nanoparticles plays a crucial role in engineering, including inkjet
printing, coatings, and optoelectronic device manufacturing.1−3

The movement and deposition of nanoparticles in a droplet
were believed to be controlled by the fluid flow, especially the
contact line pinning or depinning motion on the solid
surface.4,5 However, the internal flow of an evaporating droplet
may be influenced by various factors, including the capillary
flow induced by surface tension and the Marangoni flow that
resulted from the temperature gradient or the solute
concentration gradient along the liquid−vapor interface.6

There are many factors affecting the two kinds of flows,
including substrate temperature, electric or magnetic field, and
so forth.7−9 Therefore, it is necessary to explore the
mechanisms of fluid flow and the evolution of thin liquid film
near the triple line of an evaporating droplet.10,11

For self-rewetting fluids, different mechanisms may exist for
droplet evaporation. Self-rewetting fluids refer to dilute aqueous
solutions of alcohols with the carbon atom number higher than
4 (such as butanol, pentanol, and hexanol).12 Compared with

conventional fluids (such as water and methanol), the
relationship between the surface tension σ and the temperature
T of self-rewetting fluids is nonlinear: for conventional fluids,
the surface tension decreases with increasing temperature and
Δσ/ΔT < 0; for self-rewetting fluids, the surface tension
decreases with increasing temperature and Δσ/ΔT < 0 when
the temperature is lower than a critical value Tc, whereas it
increases with increasing temperature and Δσ/ΔT > 0 when T
> Tc. Because of this unique property, evaporation of self-
rewetting fluids differs from that of conventional fluids.
Normally, when a temperature gradient exists at the liquid−
vapor interface, the hot liquid is transported to the cold region
mainly by the capillary force for all the fluids as the other forces
are negligible. When T > Tc, the Marangoni convection is
expected to overcome the other forces including the capillary
force and to drive the cold liquid to the hot region for self-
rewetting fluids.13 Droplet evaporation of self-rewetting fluids is
a heat- and mass-transfer process with unsteady-state, multi-
scale, and multi-physical field coupling. Near the triple line of
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an evaporative droplet of self-rewetting fluids, the coupling is
more complex because of the inherent physics related to the
temporal and spatial evolution of the thin film.
The extended meniscus can be divided into three regions

once a drop spreads over a substrate surface: the adsorption
layer region, where the liquid is adsorbed on the wall; the thin-
film region, where the attractive force of the solid surface is
weaker than the long-range molecular forces; and the intrinsic
meniscus region, where the capillary forces dominate.14 The
thin-film thickness is usually of nanometer scale. It was shown
that the mass flux in this region increases along the interfacial
direction toward the contact line.15 The long-range molecular
forces were proved to be crucial for liquid supply into the thin-
film region16 and were found to be dependent on the thin-film
profile.17−19 This requires theoretical prediction and numerical
simulation for the thin-film region. However, direct observation
of this region through traditional methods is difficult because of
the inherent optical limit. Atomic force microscopy in a tapping
mode was successfully used for the characterization of the thin-
film profile at about 1 nm away from the contact line,20,21 but it
is insufficient to further understand how the thin-film profile
varies with time. In fact, the thin-film evolution is critical for
understanding the thin-film dynamics.22−25

High-precision optical instruments were extensively used to
study the internal flow of droplets and the evolution of
precursor film that precedes the macroscopic contact line while
only a completely wetting fluid can be measured.26,27

Instantaneous and nonintrusive approach of nanoparticle
image velocimetry with evanescent wave illumination is
beneficial for the high-resolution measurement of flow patterns
in the thin-film region.28 This technique was derived based on
the nanoparticle image velocimetry with multilayers (MnPIV),
in which the images were divided into several sublayers by
classifying each tracer image into different layers using the
fluorescent nanoparticle intensity that correlates with the
distance from the wall.29 In our recent work, the local thin-
film thickness was approximated by searching the maximum
distance between the nanoparticles and the wall using the
defined sublayers.28 It was found that the thin-film thickness
decreases just before the droplet shrinks. However, high-
resolution measurement of the thin-film thickness variation
near the triple line during droplet evaporation requires
characterization of its temporal and spatial evolution. In this
work, this is obtained by using a novel subregion method,
which divides the field of view into multiple subregions along
the direction of the capillary flow. The spatiotemporal
evolution of the local thin-film thickness in droplets containing
different kinds of alcohols is compared. In-plane average
velocities are also compared to understand their relationships to
the thin-film evolution near the triple line.

2. EXPERIMENT
2.1. Experimental Method. The experiment is based on

the characteristics of the evanescent wave. Total internal
reflection (TIR) occurs at a planar interface between two
materials with refractive indices n1 and n2 (where n1 > n2) when
the incident angle of the light is greater than the critical
incident angle, and an evanescent wave is generated in the
lower refractive index or less optically dense medium,29 the
intensity of which decays exponentially with the distance
normal to the wall. This characteristic is used in multilayer
nanoparticle image velocimetry, in which the images are divided
into several sublayers based on the nanoparticle intensity

correlating to the distance from the wall.29 This method was
validated for its accuracy by many prior research studies30−36

and can be extended to explore the evolution of the liquid−
vapor interface during thin-film evaporation.
The experimental setup used in this investigation is

schematically shown in Figure 1, of which the main body is

an inverted, evanescent wave-based TIR fluorescence (TIRF)
microscope (Olympus IX71). The local thin-film thickness
variation can be approximated by searching the maximum
distance between the nanoparticles and the coverslip, using the
defined sublayers which are based on the evanescent wave
decaying characteristic. This is briefly introduced as follows.
During evaporation, the droplet height decreases gradually until
less sublayers are illuminated, and thus, the thin-film thickness
at the illumination field may decrease with time. Note that the
nanoparticle center in each sublayer is available only if the
tracking algorithm is valid; the sublayers with valid velocities are
thus used for approximately determining the thin-film thick-
ness. Consequently, the velocity profile near the triple line and
the thin-film thickness variation are obtained.
This approach is extended by dividing the field of view into

multiple subregions along the direction of the capillary flow, as
schematically shown in Figure 2. In each subregion, the
extended particle image velocimetry technique can be used to
identify the position of the highest nanoparticle, which
approximately stands for the local thin-film thickness of the
interface. The local thin-film thicknesses are used for data
fitting to achieve the thin-film profile. The temporal variation of
the thin-film profile is then obtained by repeating the data
fitting at different time steps. Accordingly, the temporal and
spatial evolution of the thin film near the triple line during
droplet evaporation is visualized. The time interval of
exposition time for each measurement is chosen as 10 ms,
corresponding to the maximum velocity error of about 7%. The
accuracy of this method is influenced by many factors including
the nonuniform distribution of particles. It was suggested that
the accuracy can be improved such that an error less than 4%
can be obtained by using the particle-tracking algorithm,
carefully choosing the time interval, measuring the window size,
and averaging multiple results.34,37

Figure 1. Schematic of experimental setup for interface visualization
near the triple line.
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2.2. Experimental Procedure. The coverslip (Fisherbrand
FIS12−545F) is treated before the experiment to guarantee the
repeatability of the experimental results. First, it is washed
repeatedly using deionized water and immersed in a piranha
solution (98% H2SO4 and 30% H2O2, with a volume ratio of
3:1) heated by a thermostatic water bath at a temperature of 80
°C for 1 h. Then it is washed again using deionized water and
stored in a beaker filled with deionized water. Before each test,
the coverslip is immersed in deionized water to sonicate for 10
min; thus, the coverslip is processed to be more hydrophilic
because of the hydroxylation of the surface.
Different alcohols (methanol, ethanol, 1-propanol, 1-butanol,

1-pentanol, 1-hexanol, and 1-heptanol) of the same mass are
added to deionized water to compare the evaporation of
conventional fluids and self-rewetting fluids. As the solubility of
the alcohols with a high number of carbon atoms decreases
with the increasing ratio of the alkyl groups, the solubility of 1-
heptanol is minimal (0.12 g/100 mL H2O at 20 °C). The
concentration of the solute is set as 0.10 g/100 mL H2O, which
can ensure that all heptanol is dissolved in water because the
environmental temperature is maintained at about 18 °C and
the humidity is 37% during the experiment. The samples from
deionized water to 1-heptanol solution are labeled as C0−C7,
with the numbers being given by their number of carbon atoms
(C0−C4 are conventional fluids and C5−C7 are self-rewetting
fluids). The fluorescent solution with polystyrene tracer
nanoparticles is employed in the evanescent-wave-based TIRF
velocimetry. The fluorescent nanoparticles (Invitrogen Fluo-
Sphere f-8803) are 100 nm in diameter. Using a pipette
(Mettler-Toledo Rainin SL-2XLS+), a drop of 2 μL solution
seeded with 2 mM, 100 nm nanoparticles is added into 50 mL
sample solutions. The concentrations of these solutions are 8.0
× 10−4 w/v %. All the samples are sonicated for 30 min to
ensure that the nanoparticles are uniformly distributed.
The evaporation rates of the droplets are measured by using

an electronic balance (Mettler-Toledo AB135-S) with a
precision of 0.01 mg. The cleansed coverslip is first placed on

the electronic balance, and then 0.5 μL of the testing fluid is
taken by using the pipette and dripped onto the coverslip. The
droplet mass is measured every 10 s during the entire
evaporation process, until it dries out. Experimental results
show that the mass of the droplet varies linearly with time;
hence, the evaporation rates of the droplets are linearly fitted.
A series of 16-bit images are recorded by an inverted

microscope and an electron-multiplying charge-coupled device
(EMCCD, Andor Ixon3 Ultra 897) in one measurement with
50 sets of intensity data, which are in-plane-averaged to
minimize the random errors. The electronic gain is set as 8. The
resolution is set as 256 × 256 pixels, with an area of 16 μm for
each pixel. The exposition time for each measurement is set as
10 ms, and the frame rate for taking the photos is 64 fps.
The static contact angles of the droplets are first measured

using a contact angle meter (Powereach JC2000D4M). Then
the coverslip is put on the object stage of the microscope. A
60× objective (Olympus APON 60×) is adjusted to contact
with the coverslip bottom through an immersion oil (Olympus
Type-F, refractive index: 1.518). A 0.5 μL of the droplet is
dripped carefully onto the coverslip to maintain its shape of a
spherical cap. The objective is adjusted to focus on the
contacted surface of the droplet and the coverslip. The incident
angle of the laser beam is adjusted to create TIR at the liquid−
solid interface. The evanescent wave generated is used for
illuminating the tracer nanoparticles near the solid wall and the
triple line. After moving the observation field into the area in
the vicinity of triple line, the spreading sessile droplet is
pictured every 10 s for the in-plane average velocity
measurement.
The refractive index of the borosilicate coverslip is n1 = 1.52,

and the refractive index of the water droplets is n2 = 1.33.
Therefore, light is totally reflected at the glass−water interface
at a critical incident angle of ϕc = 61.04°. Here, the incident
angle of excitation light is 68°, and thus, the calculated depth of
the illumination field is determined to be about 360 nm. The
illuminated region is then divided into four sublayers, with a

Figure 2. Subregion method for detecting the evolution of the thin film near the triple line.
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thickness of 90 nm for each layer. Fluorescent polystyrene
nanoparticles are used as tracers, with each tracer nanoparticle
being assigned to one layer based on their distance to the
coverslip. Then the thin-film velocity profile near the triple line
is obtained by averaging all the particle velocities in each layer.
The procedure of experimental preparation for the near-wall
velocimetry is the same as that for the in-plane average velocity
measurement. A series of 100 images are recorded by EMCCD
and are in-plane-averaged to minimize the random errors.
These image pairs are then postprocessed using MATLAB
toolkits to obtain the near-wall velocity profile.

3. RESULTS AND DISCUSSION

3.1. Interval Numbers. The distances between the
particles and the substrate surface can be calculated by using
the MnPIV technique. When the thin-film height is less than
the illumination depth of the evanescent wave (360 nm), the
highest particle on an image is selected to represent the
approximate thin-film thickness in the region. The detected
area is divided into m segments along the direction of the
capillary flow to obtain the trend of the thin-film thickness
variation in this region. According to the parameter setting
before the experiment, the actual length of the calculated area is
246 pixels and the length of each segment is 246/m pixels. The
interval numbers should have a significant impact on the
accuracy of the fitted thickness for the thin film and thus would
be set reasonably.
Taking into account the diffraction limits, the width of each

subregion should be higher than the maximum diameter of the
particles on the images. For a given optical device, there is a
minimum limit for the size of the actual particles on the images.
The diameter of particles on the images is calculated by
considering the diffraction effect, the geometrical magnification
of particles, and the distance between the particles and the focal
plane39

= + +
+

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥d d M a

M z d
s z

4
( )pi diff

2 2 2
2

f
2

a
2

ob fp
2

1/2

(1)

where ddiff is the diffraction-limited spot size, M is the
magnification of lens, a is the radius of the particle, zfp is the
distance between the center of the particle and the focal plane,
da is the aperture diameter, and sob is the object distance. If the
particles are in contact with the wall, then the last item in the
upper form can be neglected. Meinhart and Wereley40 derived
ddiff for infinity-corrected optics

λ= −⎜ ⎟
⎡
⎣⎢
⎛
⎝

⎞
⎠

⎤
⎦⎥d M

n
1.22

NA
1diff

0
2 1/2

(2)

where NA is the numerical aperture of the objective lens and λ
is the wavelength. For a CCD camera, with a pixel size of 16
μm and a 60× magnification lens, the maximal diameter of the
particle on the digital image is about 3.6 pixels; thus, the
maximum interval number is about 68.
The calculated displacement of the particles is not exactly

consistent with its actual value, which means that the calculated
positions of the particles are not identical with their actual
locations. This difference will lead to some errors in the process
of dividing the particles into subregions using the calculated
positions, and thus, a subregion may have particles which
should have been divided into a proper subregion if the
calculated and the actual positions are identical. Therefore, the
influence of the time interval Δt between two images on the
accuracy of the MnPIV technology is investigated. The results
show that the calculation error is related to the distance
between the particles and the wall, and the largest errors are in
layer I, the thinnest layer, and the one next to the wall, where
only about 20% of particle images are “matched” within an
image pair over this 30 nm thick layer.41 In this experiment, the
time interval is set as 10 ms, and according to the above-
mentioned method, the maximum error of the velocity
calculation is about 10%. At the later stage of measurement,
the maximum displacement of particles is about 4 pixels. The
influence of interval numbers on fitting the thin-film thickness
is defined by Δε/L, where Δε is the deviation of particle
displacement and L is the width of the subregion. The result
shows that the possibility of thin-film fluctuation increases with
increasing interval numbers. Brownian motion should be
considered when setting the interval numbers. The longitudinal
motion of particles is more susceptible to the Brownian motion
relative to the transverse motion of the particles. Particles may
therefore appear in only one of the two frames of an image pair,
resulting in the so-called mismatched particle images, which
effectively increase the noise and uncertainty of velocities
obtained by this technique. It is found that the mismatched
particles as a fraction of the total number of particles within an
image pair, F, increase rapidly with Δt with a relationship F ∝
Δt0.4.41 According to the parameter setting in the experiment, F
is calculated to be about 53%. The influence of mismatched
particles on the fitting thin films increases with increasing
interval numbers, and the thin films exhibit partial fluctuations
when the set interval number is too large.
Note that the highest particle is not completely at the center

of the subregion because of the random distribution of particles

Figure 3. Thin-film thickness variation for the C0 droplet (t = 90 s).
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and the influence of Brownian motion. For example, the liquid
film thicknesses (H) of C0 (at 90 s) are calculated with interval
numbers (m) varying from 10 to 60, as shown in Figure 3a.
When comparing the variations of liquid film thicknesses,
apparent local fluctuations appear at the interval numbers of
40−60 as shown in the left (red) dashed line squares in Figure
3a, meaning that high interval numbers are not conducive to
high-precision prediction. Local fluctuations may occur at the
regions where insufficient tracer particles are grouped to
perform efficient tacking of particle positions. For the interval
numbers of 10−30, no obvious local fluctuations are observed.
To obtain the thin-film profile with as much details as possible,
the interval number of 30 is thus chosen for the calculation of
thickness.
To further examine the reasonability of choosing a

compromised interval number, the ratio of the film thickness
is defined to show the trend when using different interval
numbers. First, a region in which less fluctuations occur for all
the interval numbers is selected representatively, as shown in
the right (green) dashed line square in Figure 3a, to diminish
the influence of insufficient tracer particles. Then, the film
thickness determined by the interval number m = 10 is chosen
as the reference value, and the ratio of the film thicknesses
determined by other interval numbers to the reference value is
termed as the thickness ratio, Hr. The calculation shown in
Figure 3b clearly shows that with an increase in the interval
numbers, the thickness ratio decreases gradually, but it varies
slightly with m varying from 30 to 60. It also indicates that
when m is rather small, the actual position of the highest
particle differs greatly from the center of the subregion.
Therefore, the interval number is chosen with compromise as
30, taking into account the error of velocity calculation and the
effect of Brownian motion.
Precaution is also taken to improve the accuracy of fitting the

liquid film. The inhomogeneity of the incident light and the

actual size distribution of the particles result in the difference
between the reference gray scale and the actual gray scale of the
100 nm particles on the wall surface, and the maximum
difference of the gray scale Δg is about 100. According to the
characteristic of the evanescent wave, the distance between the
particles and the surface of the wall can be expressed as

=h z
g

g
ln 0

(3)

where z is the intensity-based e−1 penetration depth of the
evanescent wave or the distance into the less-dense medium
from the interface where the wave intensity is reduced by a
factor of 1/e, g is the gray scale of the fluorescent particles, and
g0 is the gray scale of the particles at the wall surface (y = 0).
The error of height of the particles is expressed as

Δ =
+ Δ

h z
g g

g
lnp

0

0 (4)

In the experiment, the incident angle of the excitation light is
68° and zp is about 90 nm. The reference gray scale of the 100
nm particles on the wall surface in the experiment is 811.57.
The maximum difference Δh between the calculated value and
the actual value of h for the 100 nm particles is about 10 nm,
which can affect the accuracy of the fitted thin liquid film.

3.2. Velocity Fields. The initial contact angles θ0 before the
evaporation of C0−C7 droplets, which have the same volume
of 0.5 μL, are measured to be 7.22°, 6.25°, 5.81°, 6.23°, 7.25°,
7.67°, 8.94°, and 9.03°, respectively. It shows that the
wettability of self-rewetting fluids is weaker than that of
conventional fluids. The wettability of self-rewetting fluids also
reduces gradually with an increasing number of carbon atoms.
This is due to the gradual increase of the proportion of the alkyl
groups in the self-rewetting fluids under the same mass of the
solute. The evaporation rates for C0−C7 droplets are

Figure 4. In-plane average velocities in the detection areas near the triple lines.
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determined as 0.00471, 0.00526, 0.00578, 0.00520, 0.00488,
0.00398, 0.00387, and 0.00383 mg/s, respectively. It shows that
the evaporation rates of C1 and C2 droplets are slightly higher
than that of the C0 droplet, and the evaporation rates of C5−
C7 droplets are remarkably smaller than that of the C0 droplet.
This indicates that the evaporation rates of the droplets are
affected by the types of solutes. Compared with the
conventional fluid droplets, the evaporation rate of self-
rewetting fluid droplets is smaller, which can be attributed to
the factors including the different mass flux at the liquid−vapor
interface because of the various internal flow mechanisms.
The in-plane average velocities in the field of view are first

measured during droplet evaporation to understand the effect
of fluid properties on evaporation. Using the evanescent wave
illumination, the particle image velocimetry technique is
extended to the measurement of the average velocities of 40
s after the droplets are dripped onto the coverslip. The
fluorescent intensity images for the average velocity measure-
ment are obtained at the position where the field of view is
about 40 μm next to the contact line observed in this
experiment.
As shown in Figure 4a, the measured average velocity V fits

well with an increasing function V ≈ (tf − t)−1 for the samples
of C0−C5, where tf is the starting time of the contact line
depinning and t is the evaporation time. This is also consistent
with the analysis of ring stains after droplet evaporation;38

therefore, the capillary flow should be the main contributor to
the fluid flow near the triple line. However, the above fitting
function is not applicable for self-rewetting fluid (C6 and C7)
droplets.
For instance, for the C6 droplet, the particles move toward

the droplet center, which is opposite to the capillary flow, in the
illuminated range of the evanescent wave during the initial stage
of evaporation, as shown in Figure 5a. The internal flow of
droplets is then recorded using a 4× objective for further
investigation of the evaporation of self-rewetting fluid droplets.
The time interval between two images is set as 10 ms, and the
trajectory of the particles is obtained by the synthesis of one
image from the 20 images.
At the initial stage of evaporation, there is a vortex directing

from the top region of the droplet of self-rewetting fluids to the
three-phase contact line, then it turns to the inside of the
droplet, as shown in Figure 5b. The vortex is produced by the
Marangoni convection caused by the concentration gradient

because of the saturated vapor pressure of the high carbon
alcohol and the surface tension gradient at the liquid−vapor
interface. During evaporation, the intensity of the vortex
decreases gradually.
When the evaporation time t is larger than the disappearance

time of the vortex, tv, the capillary flow is dominant. It is found
that the quadratic function is more suitable for the in-plane
average velocities of the self-rewetting fluid droplets. As shown
in Figure 4b,c, the evaporation of C6 and C7 droplets can be
divided into two stages. In the first stage, the expressions of the
velocities for C6 and C7 can be fitted as

= + − + −V a b t t c t t( ) ( )1 1 v 1 v
2

(5)

where a1 = −0.3 μm/s, b1 = 0.11 μm/(s·°C), c1 = −0.0023 μm/
(s·°C2), and tv is about 70 s for C6 and 65 s for C7. In the
second stage, the expressions of velocities are fitted as

= + − − + − −V a b t t t c t t t( ( )) ( ( ))2 2 f v 2 f v
2

(6)

where a2 = 5 μm/s, b2 = 0.18 μm/(s·°C), c2 = 0.0025 μm/
(s·°C2), and tf is about 170 s for C6 and 250 s for C7.
Therefore, the relationship between the in-plane average
velocities and the evaporation time for conventional fluids
(C0−C3) is V ≈ (tf − t)−1; for self-rewetting fluids with a low
number of carbon atoms (C4 and C5), the relationship is still V
≈ (tf − t)−1; for those with a higher number of carbon atoms
(C6 and C7), the relationship is V ≈ (t − tv)

2 at the earlier
stage of evaporation and V ≈ (t − (tf − tv))

2 at the later stage.
Note that both V ≈ (tf − t)−1 and eq 6 can be applied to the
self-rewetting fluids of C4 and C5 because tv is very short (<30
s) and tf is about 100 s for C4 and 120 s for C5, which are
apparently shorter than those of the self-rewetting fluids of C6
and C7. Therefore, the proposed novel correlation could be
widely used for the self-rewetting fluids studied in this work and
even for those with a higher number of carbon atoms.

3.3. Variation of Thin-Film Thickness. Using the
recorded 16-bit images with 256 × 256 pixels, an effective
calculation region of field of view of 246 × 246 pixels is
available to detect the evolution of thin-film thickness. The
magnification of the imaging system is 60, which corresponds
to 0.267 μm/pixel; thus, a field of view of 65.42 × 65.42 μm2 is
obtained. Here, 30 subregions, with a width of about 2.18 μm
for each subregion, are used for the calculations. We denote o
as the origin which lies on the farthest side of the field of view
to the contact line, D as the distance from the origin in the field

Figure 5. Motion of fluorescent nanoparticles in 1-hexanol solution (C6 droplet).
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of view, and H as the local thin-film thickness. Figure 6 shows
that the evolution of local thin-film thickness for the droplets is
different.
At an initial stage of the experiment, the evaporation mode of

the droplets for all samples is CCR mode, that is, the contact
radius is constant and the contact angle decreases gradually.
Along with the evaporation, the contact angle decreases
gradually and the liquid film becomes thinner. Because the
thin-film thickness on the side of the detection region near the
contact line is relatively small as compared to the other side, its

interface pioneers to be illuminated by the evanescent wave.
The thin-film thickness in the subregion nearest to the contact
line is selected to compare the evaporation modes of different
samples. To reduce the error caused by random motion of
particles, the largest particle of two adjacent subregions is
selected to represent the liquid film thickness of this area, as
shown in Figure 7. As the droplet evaporates, its contact angle
decreases gradually; when it evolves into the microscopic
critical contact angle, θc, the contact line begins to move and
the evaporation mode changes to the CCA mode, namely, the

Figure 6. Evolution of thin-film thickness in the detection areas for different droplets.

Langmuir Article

DOI: 10.1021/acs.langmuir.8b00170
Langmuir 2018, 34, 3853−3863

3859

http://dx.doi.org/10.1021/acs.langmuir.8b00170


contact angle is constant and the contact radius decreases
gradually. Thus, there is a critical thin-film thickness, Hc, at
which the evaporation mode changes.
The thin-film thickness variation with the evaporation time is

shown in Figure 8a, from which the critical thin-film thickness
can be derived. As shown in Figure 8b, the addition of alcohols
seems to be beneficial for improving the critical thin-film
thickness as compared with that of water. The microscopic
critical contact angles of the droplets are calculated to be
0.2305°, 0.4202°, 0.4198°, 0.4116°, 0.4335°, 0.4304°, 0.4481°,
and 0.4566° for C0−C7 samples. Compared with the
conventional fluids (C0−C3 samples), the microscopic critical
contact angles of the self-rewetting fluid droplets are larger and
generally increase with an increasing number of carbon atoms.
This is determined by the proportion of hydrogen bonds in the
alcohol molecules and the surface tension characteristics of the
fluids.
The depinning of the contact lines is influenced by the

energy barrier that prevents the triple line movement. Using
Young’s equation at the equilibrium state, σsl − σsg = σlg cos θ0,

the corresponding Gibbs free energy denoted by G = σlgA +
πR2(σsl − σsg) can be rewritten as42

σ π
θ

θ=
+

−⎜ ⎟⎛
⎝

⎞
⎠G R

2
1 cos

coslg
2

0
(7)

where R is the contact radius of the droplet, θ is the actual
contact angle of the droplet, θ0 is the equilibrium contact angle
established at the atomically flat surface, A is the liquid−vapor
interfacial area of the spherical cap, and σlg, σsl, and σsg are the
surface tensions at the liquid−gas, solid−liquid, and solid−gas
interfaces, respectively. When the droplet is out of equilibrium
with contact radius R = R0 + δR, the excess free energy δG =
G(R) − G(R0). The excess free energy per unit length of the
triple line due to the deviation of state from the equilibrium one
for the same droplet volume can be derived in terms of change
of contact angle or radius as43
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Figure 7. Schematic for determining the microscopic critical contact angle.

Figure 8. Evolution of thin-film thickness in the subregions nearest to the triple line for C0−C7 droplets.
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When the contact line depins, δG̃ is simply equivalent to the
energy barrier U.42 In the experiment, the surface tension σlg
values of the samples of C0−C7 are 70.59, 70.33, 69.99, 67.75,
66.09, 65.54, 52.12, and 38.18 mN/m. The contact radius R can
be calculated by the initial contact angle θ0 and the volume of
droplet, and δθ can be obtained by the difference between the
initial contact angle θ0 and the critical contact angle θc.
Therefore, the energy barrier U can be calculated by eq 8.
The ratios of energy barriers for different samples (C1−C7)

to the reference energy barrier for the water sample (C0), U/
U0, are named as reduced energy barriers. The result shown in
Figure 9 indicates that the self-rewetting fluids are beneficial for

reducing the energy barriers of the contact lines, and the
contribution of self-rewetting fluids to the reduction of energy
barriers is less than that of conventional alcoholic solutions,
such as methanol solution, ethanol solution, and so forth.
It can be seen from Figure 8a that basically the thin-film

thickness H changes linearly with the evaporation time t in the
subregions, and thus, the rates of thin-film thickness variation,
ΔH/Δt, can be obtained by linear fitting. Figure 10 shows that

the rates for C0−C7 droplets are 2.51, 1.93, 1.40, 1.36, 0.75,
0.48, 0.45, and 0.52 nm/s, respectively. The general trend
clearly indicates that the thin-film thickness of water changes
faster than those of the other aqueous alcohol solutions. Also,
the rates of thin-film thickness variation of the self-rewetting
fluids are apparently smaller than that of the conventional
fluids, which indicates that the introduction of alcohols with a
high number of carbon atoms to water can substantially
suppress the evaporation of droplets. This is attributed to the

presence of the Marangoni convection in the self-rewetting
fluid droplets from the region near the contact line to the
droplet top, which transports the fluids to the droplet center
and hence weaken the contribution of thin-film evaporation to
the entire heat and mass transfer at the liquid−vapor interface.
In addition, the inhibition of self-rewetting fluids on the
evaporation is more obvious as the number of carbon atoms
(i.e., the proportion of alkyl groups in molecules) increases.
This is due to the fact that the gradient of surface tension
increases with the increase in the proportion of alkyl groups,
and thus, the intensity of the Marangoni convection increases
accordingly, which has a notable impact on the evaporation of
droplets.

4. CONCLUSIONS
Evaporation of droplets of conventional fluids and self-
rewetting fluids near the triple line was observed to capture
insights on how the self-rewetting fluids influence the
evaporation mode. The evaporation rates of the droplets
were first obtained. It shows that the addition of alcohols
(methanol and ethanol) with low carbon number can increase
the evaporation rate, whereas the introduction of alcohols with
high carbon number can substantially reduce the evaporation
rate. The in-plane average velocities in the field of view were
then measured during droplet evaporation, and the self-
rewetting fluids form a vortex because of the Marangoni
convection at the beginning of evaporation which differs from
that of conventional fluids. The relationship between the
average velocities and evaporation time for conventional fluids
is V ≈ (tf − t)−1. For self-rewetting fluid droplets, the
relationship changes from V ≈ (t − tv)

2 to V ≈ (t − (tf − tv))
2

because of the presence of the vortex. Using the proposed
subregion method, the temporal and spatial evolution of the
thin film near the triple line during droplet evaporation was
obtained. Self-rewetting fluids are conducive to enlarge the
microscopic critical contact angle and slow down the rate of
thin-film thickness variation. The inhibition on evaporation is
more obvious as the number of carbon atoms increases. This
work also reveals that the capability of reducing the energy
barrier for the self-rewetting fluids is weaker than that for the
conventional fluids.
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■ NOMENCLATURE
a radius (m)
aperture
A interfacial area (m2)
a1, a2 constants (μm/s)
b1, b2 constants (μm/(s·°C))
c1, c2 constants (μm/(s·°C2))

Figure 9. Reduced energy barriers of the contact lines for C0−C7
droplets.

Figure 10. Rates of thin-film thickness variation with respect to time in
C0−C7 droplets.
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d diameter (m)
D distance (m)
F fraction (%)
g gray scale (-)
G Gibbs free energy (J)
h particle−wall distance (m)
H local thin-film thickness (m)
Hr thickness ratio
L width of the subregion (m)
m interval number
M magnification of lens
n refractive index
NA numerical aperture
R contact radius (m)
s distance (m)
t time (s)
T temperature (°C)
U energy barrier (J)
V thinning velocity (m/s)
z distance (m)

■ GREEK SYMBOLS

ε displacement of particles (m)
ϕ incident angle (°)
λ wavelength (m)
θ contact angle (°)
σ surface tension (N/m)

■ SUBSCRIPTS

0 initial, reference, or equilibrium
a radius (m)
aperture
c critical
diff diffraction-limited
f drying
fp focal plane
lg liquid−gas interface
o origin
ob object
pi particles on image
sg solid−gas interface
sl solid−liquid interface
v vortex
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