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A Molecular Dynamics Study of Sessile Droplet Evaporation

Yisheng Huang

(ABSTRACT)

We employ molecular dynamics simulations to investigate the evaporation process of nano-
sized droplets adsorbed on a substrate. Beads interacting with each other via Lennard-Jones
(LJ) potentials are used to construct the simulation systems. The solid substrate contains 6
layers of beads forming a face-centered-cubic lattice. The bottom 3 layers are held rigid while
the rest is kept at a constant temperature with a Langevin thermostat. A liquid droplet,
consisting of LJ beads as well, is placed on top of the substrate. An appropriate amount
of vapor beads are also supplied to the simulation box to help establish liquid-vapor equi-
librium. To ensure adsorption, a stronger attraction is rendered between the droplet and a
circular patch of 3 layers of beads at the center of the substrate surface while the rest of the
substrate is made nonsticky for the fluid beads. During equilibration, the droplet and vapor
are maintained at the same temperature as the thermalized substrate. After relaxation, the
droplet adheres to the attractive patch as expected. Then a deletion zone is introduced into
the top part of the vapor region. Fluid beads in this zone are removed at a given rate. To
ensure that the evaporation dynamics and kinetics are properly captured, only the thermal-
ized substrate is kept at the constant temperature during droplet evaporation. To carry out
steady-state evaporation, the removed beads are reintroduced into a channel through the
substrate and right below the droplet’s center. These beads are then supplied to the droplet,
compensating for the evaporation loss at the droplet surface. When the evaporation rate and
the insertion rate are balanced, the system enters a steady state with the droplet undergoing

continuous evaporation and its contact line pinned at the boundary of the attractive patch



on the substrate. A one-to-one correspondence is found between the evaporation rate and the
total number of fluid beads in the simulation box, as well as the contact angle of the droplet.
Using this steady nonequilibrium system, we have mapped out the flow, temperature, and
density fields inside and around the evaporating droplet as well as the local evaporation flux
along the droplet surface with unprecedented resolutions. The results are used to test the

existing theories on sessile droplet evaporation.



A Molecular Dynamics Study of Sessile Droplet Evaporation

Yisheng Huang

(GENERAL AUDIENCE ABSTRACT)

Droplet evaporation is a widespread natural phenomenon with numerous applications across
various fields. While there has been extensive research on droplet evaporation, it remains a
challenge to characterize the interior of the droplet and the local evaporation behavior on the
droplet surface. Here we employ molecular dynamics (MD) simulation to model a nanosized
droplet adsorbed on a substrate, which evaporates continuously while maintains a constant
shape. This is realized by supplying the evaporated fluid back to the bottom of the droplet
through an [0 0000 approach. Such a steady-evaporation system allows us to accurately
map out the internal capillary flow of the evaporating droplet with a pinned contact line,
where the droplet, vapor, and substrate meet. We find that local evaporation occurs faster

near the contact line than at the apex of the droplet.
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Sessile droplet evaporation, the process of a liquid droplet placed on a solid surface gradually
disappearing as the liquid transforms into vapor via surface vaporization, is a phenomenon
that permeates both natural and industrial realms. The applications of this phenomenon
are vast and diverse, finding utility in ink-jet printing [1], spray cooling [2], thin film coating
[3], and disease diagnostics [4]. While experimental studies of sessile droplet evaporation
have provided crucial insights, they often encounter significant challenges. These challenges
include the painstaking of executing experiments, the inability to precisely measure internal
changes within the droplet as well as evolution of the droplet surface, the restrictions set
by the droplet’s surface or external parameters, and the difficulty in controlling minute

variations during experiments.

A survey of the literature has confirmed that experimental approaches to study sessile droplet
evaporation have been hindered by the inability to precisely monitor transient internal
changes within the droplet. Typically, experimental data collection is limited to measure-
ments at the droplet’s surface with poor spatiotemporal resolutions or indirect observations
that require theoretical models to infer the internal state of the droplet. Additionally, the
control of subtle experimental variations can be a formidable task, limiting the precision and

accuracy of the results obtained.

In recent years, molecular dynamics (MD) simulations have emerged as a powerful tool

to investigate the complex nanoscale processes associated with sessile droplet evaporation
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[5, 6, 7, 8,9, 10]. MD simulations offer several advantages, including a precise control of
evaporation conditions and the ability to access internal droplet dynamics that are challeng-
ing to measure experimentally. These simulations provide a unique vantage point, offering

a detailed view of the fundamental mechanisms governing the behavior of sessile droplets.

Several MD studies focusing on one-dimensional liquid evaporation (e.g., the unidirectional
evaporation of a liquid film) have successfully developed systems capable of continuous evap-
oration, overcoming many of the limitations encountered in experimental studies [11, 12, 13].
At the same time, in several experimental studies, the use of precise injection methods has
enabled researchers to achieve steady-state evaporation of droplets [14, 15]. These devel-
opments have paved the way for more accurate measurements and simulations. In the
simulations reported here, we have achieved sustained and controlled evaporation of ses-
sile droplets, addressing the challenge of accurately capturing their dynamic evolution via
long-time averaging. This breakthrough allows us to capture and analyze detailed informa-
tion about the droplet’s evolving internal state in real-time, enabling a more comprehensive

understanding of the entire evaporation process.

By utilizing MD simulations to achieve continuous evaporation, our research contributes
to the growing body of knowledge on sessile droplet evaporation, offering new insights and
a more accurate representation of the complex phenomena at play. These advancements
open new avenues for research and have the potential to impact various fields, ranging from
materials science to microfluidics where precise control and understanding of sessile droplets

are critical.
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In this chapter, we delve into the extensive body of literature related to sessile droplets
and their evaporation processes. We explore both theoretical and experimental studies on
sessile droplet evaporation, as well as molecular dynamics (MD) investigations. By reviewing
this literature, we aim to provide a comprehensive survey of the existing knowledge in the
field, serving as the foundation for our own research that aims to contribute to the overall

advancement of science and technologies related to sessile droplets.

Qoo Dbobllo obblood

Sessile droplets are liquid drops that are attached to a solid substrate without significant
spreading or motion. Some examples are shown in Fig. 2.1. The term “sessile” is derived
from the Latin word “sessilis”, meaning “sitting” or “resting”, emphasizing the immobile

nature of these droplets.

In the early stages, researchers primarily focused on applying the Young-Laplace equation to
various scenarios, which describes the pressure difference across a droplet’s curved interface.
Works by Young and Laplace laid the foundation for this field, emphasizing the importance

of surface tension and curvature for controlling the behavior of sessile droplets [16, 17].

Subsequently, investigations were extended into static contact angles, elucidating how they
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(a) Raindrops on a spider web (b) Raindrops on grass

,

(c) A blood drop (d) Coffee stains

Figure 2.1: Various types of stains and drops. (Source: The images are taken from the public
domain and there are no copyright restrictions.)

were related to the balance of interfacial forces at a solid-liquid-gas contact line. Young’s
work on contact angles provided crucial insights. Progress in this area continued with the
work of Cassie and Baxter, who introduced the concept of superhydrophobicity and the
Cassie-Baxter state where air bubbles may be trapped between a liquid droplet and a rough

solid surface [18].

In the next stage, studies on dynamic contact angles became a focus, considering the influence
of substrate properties, liquid properties, solid-liquid interactions, and wetting conditions on
the droplet behavior [19]. The research of Blake and Haynes extended our knowledge in this
regard [20].

Further developments explored the wetting properties and drying behavior of sessile droplets.
Wenzel and Cassie-Wenzel transition became a central theme. In particular, the research by

Wenzel offered insights into wetting processes on rough surfaces [21]. The capillary pinning
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and receding phenomena in droplet drying were extensively examined and the physical origin
of the famous coffee-ring effect was elucidated [22]. These studies collectively represent a
diverse and comprehensive understanding of sessile droplets and their intricate behaviors,

furthering our knowledge of interfacial phenomena of droplets.

Research on sessile droplets currently encompasses various aspects and spans across multiple
domains, each addressing specific issues. Notably, there have been numerous review papers
delving into diverse fields, offering comprehensive insights[23, 24, 25, 26, 27]. For instance,
in the realm of materials science, investigations have explored the behavior of sessile droplets
on different surfaces, shedding light on surface wettability and adhesion [28]. In engineering,
studies have focused on the use of sessile droplet techniques for microfluidic applications and
heat transfer enhancement [29]. Furthermore, biology and pharmaceutical research have
harnessed sessile droplets to advance drug formulation and manufacturing and disease diag-
nostics [30]. The primary focus of the current thesis lies in the realm of droplet evaporation

physics, aiming to contribute to the existing body of knowledge in this specific area.

00 00ddobboobb oo boood booooooo

The evaporation of sessile droplets might seem ordinary, witnessed in raindrops drying on
leaves, coffee stains, or ink spots on paper. Yet, beneath this everyday occurrence lies
intricate scientific principles that have captivated researchers across disciplines. In this
section, we aim to uncover the complexities governing this process, exploring it from various

perspectives and building upon past studies.

In the late 19th century, James Clerk Maxwell [31] introduced the first model based on vapor
diffusion for the evaporation of water droplets. Maxwell considered the simplest scenario: a

stationary spherical droplet of pure water placed in a uniform atmosphere that extends to
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infinity. While Maxwell’s model laid the foundation for subsequent research, it was limited

to highly simplified conditions.

Contributions to the solution of the Laplace equation were made by Lebedev [32] and Pick-
nett and Bexon [33]. They derived the analytical solution to the problem, providing a
mathematical framework for understanding droplet evaporation. Furthermore, Picknett and
Bexon identified two distinct models regarding contact line dynamics during droplet evap-
oration/contraction: the constant contact angle model with a moving contact line and the
constant contact radius model where the contact line is pinned. Their work expanded our
comprehension of droplet behavior and introduced models on dynamical contact lines that

are crucial for a more nuanced understanding of the evaporation process.

The research on droplet evaporation has been advanced across various dimensions. Deegan
et al. [22, 34] delved into droplet dynamics, focusing on the ring stains formed during
drying. Meanwhile, Cachile et al. [35], Hu and Larson [36, 37], and McHale et al. [3§]
explored the droplet evaporation behaviors on diverse surfaces, from highly wettable surfaces
to superhydrophobic surfaces. The possible flow patterns that may develop in the interior
of an evaporating droplet, with its contact line either pinned or unpinned, have also been

discussed.

Further studies probed the impact of substrate properties on evaporation dynamics, as evi-
dent in the work of Dunn et al. [39], Sefiane et al. [40], Gelderblom et al. [41], and others.
They have investigated the effects of substrate thermal conductivity and hydrophobicity on
the droplet evaporation process. In pursuit of a more comprehensive understanding, investi-
gations by Eggers and Pismen [42], Murisic and Kondic [43], and Nguyen et al. [44] ventured
into nonlocal features, universal behaviors, and the lifetime of evaporating droplets. Their

work has unraveled broader insights into this complex phenomenon.
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Computational advancements have made significant contributions to the study of droplet
evaporation. Long et al. [45], Consolini et al. [46], Zhang et al. [12, 47], Wang et al. [48],
Shi et al. [49], and Yu et al. [50] utilized molecular dynamics simulations to investigate the
molecular intricacies of droplet evaporation. In particular, the work of Zhang [47] has offered
a non-equilibrium molecular dynamics approach for studying the steady-state evaporation

of a suspended droplet surrounded by its vapor.

Together, these endeavors have enriched our understanding of droplet evaporation and cov-
ered evaporation dynamics, interfacial interactions, thermal effects, and broader universal
behaviors. They form a substantial knowledge base, laying the groundwork for further ex-

ploration in this intricate scientific domain.
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We have established a molecular dynamics simulation model to study the evaporation physics
of sessile droplets. In each system, one droplet adsorbed on a solid substrate is generated.
Both droplet and substrate are composed of point beads interacting through the standard
Lennard-Jones (LJ) 12-6 potential,

" #

12 6 12 6

oo(rij) ij rij rij re e 3

where rjj is the distance between two beads indexed i and j, jj sets the interaction strength,
and is the unit of length. The value of j; is expressed in the unit of , which is an energy
scale. The LJ potential is truncated spherically at rjj = rc. The specific value of r¢ depends
on the types of beads involved in the interaction and is listed in Table 3.1. All simulation

results are reported in terms of , , and m, the mass of a point particle.

The system geometry is illustrated in Fig. 3.1. The simulation box is a rectangular prism
with side lengths of Ly = 471:44 | L, = 469:66 , and L, = 330 in the X, y, and z
directions, respectively. To facilitate discussions, we use a Cartesian coordinate system for
the simulation box with Lx/2 x L./2, Ly/2 y Ly/2,andB, z T,, where
B, = 50:42 and T, = 279:58 . In this setting, the bottom of the substrate is located
at z = 0 and its center is located at (0;0) in the Xy-plane. Periodic boundary conditions

are applied in the Xy-plane. The boundary condition along the z-axis is discussed in detail



below.

deletion zone

Sl S4

Figure 3.1: Simulation setup: (left) the side view of the simulation box and (right) the
magnified view of the region surrounding the insertion zone of fluid beads.

There are four types of beads in the system: two labeled as S; and S; forming the solid
substrate and the other two labeled Sz and Sy for the fluid. The substrate contains 6 layers
of beads forming a face-centered-cubic (fcc) lattice with a (111) face exposed. The number
density of beads in the substrate is 1:0 3. The bottom 3 layers are held as a rigid body
with the bottommost layer located at z = 0 while the top 3 layers are held at a constant
temperature Ts = 1:0 /Ky with a Langevin thermostat at a damping rate of = 100 1.

The mass of S; and S, beads is set as 100m but additional simulations with their mass set

as 1:0m yield similar results. The initial thickness of the substrate is about 4:58 .

The solid beads in the top 3 layers and within a circular region, which has a radius of 100
and is centered on (0;0) in the Xy-plane, are designated as the S, type. That is, the central
part of the substrate is a circular patch formed by S, beads. This will be called the S, patch.

The rest of the solid beads are designated as the S; type. A hole with a radius of 13 , also



10 Qouuoid 0t fiooooooo 4oooooo

centered on (0;0) in the Xy-plane, is carved out of the bottom 3 rigid layers of the substrate,
where the beads are S; type. Additional beads of the S; type are used to construct a rigid
cylindrical channel with the z-axis as its central axis and the hole as its top open-end. The
inner radius of the channel is therefore also 13 . The outer radius of the channel is 15 and
the wall thickness is about 2 . The length of the cylindrical channel is about 27 . It bottom
is closed with a circular wall of a thickness of about 1:83 . This channel is later used to as
a reservior, where new fluid beads can be inserted, to supply fluid beads to the droplet so
that the evaporation loss at the droplet surface can be compensated. A magnified view of
the region surrounding the channel is included in Fig. 3.1. As an easy implementation, the

entire structure formed by S; and S; beads is carved out of a fcc crystal.

A top wall is placed at z = T, to confine all fluid beads in the simulation box via a LJ 9-3
potential. " #

Uo(rw) = w — — — rw <r¢; (3.2)

where , = 1:1 , ry is the distance of the fluid bead under consideration from the wall, and
the potential is truncated at ro = 1:12 . When a sufficient amount of Sz fluid beads are
added to the space above the substrate, a droplet starts to form and liquid-vapor equilibrium
develops. The interactions between the fluid and substrate beads are chosen in such a way
that the droplet is adsorbed on the S, patch with the contact line pinned at the patch edge.
This can be realized by making the S, patch attractive for the fluid beads while rendering
the rest of the substrate repulsive and thus nonwettable for the fluid. All the interactions

parameters are summarized in Table. 3.1.

To implement evaporation, a thin slab parallel with the Xy-plane and spanning (T, 25 ;T,)
along the z-axis, is designated as a deletion zone. Fluid beads in this zone are removed at
a preset maximum rate: up to 100 fluid beads are removed every 5 time steps. The vapor

density in the removal zone then becomes lower than the saturation vapor density. As a
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Table 3.1: Interaction Parameters

Type Pair | Strength () | Cutoff ( )
S1-S; 100 1.3
solid-solid | $1-S, 100 1.3
S,-S, 100 1.3
S1-S;3 1.1 1.122
. . S1-S4 1.1 1.122
solid-fluid 5,5, 11 5 E
S,-Sy turned off
S3-S3 1.0 2.5
fluid-fluid | S3-S4 1.0 2.5
S4-Sy 1.0 2.5

result, vapor flows into this zone, which lowers the vapor density in the entire vapor zone,

drives the system out of liquid-vapor equilibrium, and causes the droplet to evaporate.

Since our goal is design a system where the evaporating droplet can remain in a steady state
as evaporation proceeds, we need a strategy to supply fluid beads back to the droplet so
its shape can remain stable. Our approach is to set up an insertion zone in the lumen of
the cylindrical channel, as shown in Fig. 3.1. Fluid beads of type S; are inserted inside
the channel with 25:42 z 5:42 . The insertion is implemented in a way to avoid
overlapping with existing beads. The inserted fluid beads are assigned an initial velocity
vV, =0:8 / in the z-direction so they can move towards the hole in the substrate, which is
just the open end of the channel. Since the bottom end of the channel is closed, S; beads

cannot escape this reservior.

The relevant parameters for the interactions between Sy-type beads and other types of beads
can be found in Table 3.1. In particular, the S-Sy interaction is turned off so that the inserted
S, beads passing the hole can easily merge with the adsorbed droplet. Otherwise, a S5 bead
behaves similarly as a Sz bead. Furthermore, once an S4 bead passes the horizontal plane at

z = 7:58 | its type is updated to Sz and starts to interact with all other beads in the system
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as a Sz bead. Actually, as shown in Table 3.1, the only change accompanying this identity
transition is that the updated beads start to interact with the S, patch and therefore cannot

penetrate the substrate or return to the reservior.

The following strategy has been adopted to drive the droplet into a steady evaporation state.
Every m time steps, up to K particles in the deletion zone are removed. For the simulations
reported here, m = 5 and k = 100. At the same time, the total number of fluid beads in
the simulation box is counted every 50 time steps. If the total number is below a preset
threshold, then p beads of the S; type are inserted every X time steps in the insertion zone,
which is in the lumen of the channel underneath the substrate. In this study, p = 1 and

X = 1. This iterative process continues until the predefined particle count is attained.

All simulations are performed with the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [51]. The Velocity-Verlet algorithm with a time step of 0:005 is used
to integrate the equations of motion. Each system has been equilibrated for at least 107 time
steps prior to evaporation runs. Once evaporation is initiated, the removal-addition strategy
described above is utilized to make the system to enter steady-state evaporation, which allows
us to perform long-time averages to collect high-quality simulation data. It is interesting to
note that the contact line of the droplet always remains pinned at the edge of the S, patch
and the apparent contact angle exhibited by the evaporating droplet is determined by the
preset threshold of the total number of fluid beads in the system. Therefore, it can be tuned
by changing the threshold. This point will become clear below when the simulation results

are discussed.
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N=883602 N=1029156 N=1159560 N=1206097 N=1715125
] & H & ]
N=2302706 N=2503599 N=2977090 N=4328139 N=5489725

Figure 4.1: Visualizations of droplets undergoing steady-state evaporation with N standing
for the preset threshold number of fluid beads (i.e., beads of type Sz and Sy).

As explained in the Methods section, we use a preset threshold to decide if new S; beads
need to be added to the insertion zone (see Fig. 3.1). With this strategy, the droplet is
indeed driven into a steady evaporating state with its contact line pinned at the edge of

the S, patch, which is its boundary with the surrounding S; zone. This setup allows us to

13
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directly compare the simulation results to the earlier work by Hu and Larson that combined
experiment, analytical theory, and finite element computation [36] as well as the theory of
Rowan et al. [52]. Furthermore, the contact angle of the droplet in our simulation setup is
tunable by changing the preset threshold, as shown in Fig. 4.1 where N denotes the threshold
value. As N is increased, the droplet grows with a fixed base, which is set by the S, patch,

and the contact angle gets larger. In this process, the contact line is clearly pinned.

x108
7 - N=883602
—— N=1029156
—— N=1159569
61 —— N=1296097
N=1715125
E 5| —— N=2302706
=
= N=2503599
g —— N=2977090
2 4 N=4328139
- —— N=5489725
v —— N=7055074
m 3 -
2]
2_
l_
0.0 0.2 0.4 0.6 0.8 1.0
TimeStep %108

Figure 4.2: Temporal evolution of the total number of fluid beads in the simulation box at
various values of N, the preset threshold.

Since N only sets the threshold value to trigger the addition of S, beads to the reservior (i.e.,
the insertion zone in Fig. 3.1), the total number of Sz and S, beads can still fluctuate with
time. It is thus important to check if the number of fluid beads in the simulation system

remains roughly constant when the system is assumed to be in a steady state. The temporal
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evolution of the number of fluid beads in a series of steady states is shown in Fig. 4.2 for
various values of N. It is clear that our strategy has effectively produced an adsorbed sessile
droplet, which evaporates continuously but maintains a steady shape as the evaporating

droplet is replenished with fluid from the cylindrical reservior underneath the substrate.

An evaporating droplet in a steady state allows us to compute the relevant physical quan-
tities (e.g., droplet shape, contact angle, density filed, temperature field, flow field, and
evaporation flux) with unprecedented precision as long-time averaging is now possible. In
the remainder of this Chapter, simulation results from such calculations are presented and

analyzed in detail.

00 Hiboiot dootor ot doobbot gubooo

As shown in Fig. 4.1, during evaporation each droplet maintains it shape as a spherical
cap adsorbed on the S, patch. To quantify the shape and compute the associated contact
angle, the location of the liquid-vapor interface needs to be identified. To this end, the
fluid density (R;H) is computed, which represents the density of fluid beads in a z-axis-
centered cylindrical shell spanning (R 0:25 ;R +0:25 ) radially in the Xy-plane and (H
0:25 ;H + 0:25 ) along the z direction. As an example, the results on (R;H) vs. R at
4 different values of H are included in Fig. 4.3 for N = 1;715;125. The location of the
liquid-vapor interface, Rj(H), at height H can be determined by fitting the density profile
in the liquid-vapor transition region to a hyperbolic tangent function,

s H)+ y(H) o (H)  w(H) R Ri(H)
(R;H) = > 5 tanh 5 :

(4.1)
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where (H) and (H) are the values of (R;H) in the liquid and vapor phases far away
from the liquid-vapor interface at a given H, respectively, and is the width of the liquid-
vapor interface. Apparently, the liquid-vapor interface identified in this way is the location

at which (R; H)jR=Ri(H) = M

“;b( 0.6

E — H=26.750

) 04 — H=57250

\6: — H=66.250
02l — H=77.250

0.0t \

0 20 40 60 80 100 120
R/o

Figure 4.3: Density profiles in the radial direction in the Xy-plane at various heights in a
system with N = 1;715; 125 and contact angle = 91:58 .

The location of the liquid-vapor interface, Rj(H), yields the shape of a sessile droplet. The
sketch in Fig. 4.4 depicts how the contact angle is computed once data are available on
its shape. The horizontal line at H = 0 represents the substrate surface. The radius of
the droplet’s base, where the droplet contacts the substrate, is denoted as R.. Since the
contact line is pinned at the edge of the S, patch, R is also the patch radius. The height
of the droplet is denote as H.. For most droplets studied here, the droplet shape is well

approximated as a spherical cap. The radius of the corresponding sphere is Rs. The contact
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angle, , thus satisfies the following equation,

h"-—.f

Figure 4.4: A vertical cross-section of a sessile droplet, which is used to determine the contact
angle . The horizontal plane at H = 0 represents the substrate surface and its center O is
also the center of the S, patch. R is both the patch radius and the radius of the droplet
base in contact with the substrate. The height of the droplet is Hc. The droplet shape can
be fitted to a spherical cap (in the vertical cross-section, an arc), with Og and Rs as the
center and radius of the fitted sphere. Note that the finite gap between the droplet and
substrate is taken as 0. That is, the apparent contact angle is the one extrapolated to the
substrate surface. An enlarged spherical cap centered on Og with a radius of Rg = 1:08Rg
is also drawn, where the local evaporation flux is computed. Its cross-section is an arc with
a length of 2Ly. Using the rotational symmetry about the vertical axis passing the droplet
apex (i.e., the H-axis), the surface of the enlarged spherical cap can be parameterized with
the zenith angle  or the normalized arc length L/Lg, where L is the arc length measured
from the central vertical axis.

The least-squares method is used to fit the droplet shape to a spherical cap. Since an angular

average has already been performed when the fluid density, (R;H), is computed, the droplet
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shape is simplified into a two-dimensional representation, which can be fitted to an arc as
depicted in Fig. 4.4. The results of such fits for a series of droplets with different contact
angles are included in Fig. 4.5. The quality of these fits is generally high, confirming the
spherical-surface nature of the liquid-vapor interface as required by the Young-Laplace law.
Furthermore, only data on Rj(H) at intermediate values of H (i.e., in the middle of [0; H])
are used in the fitting process, out of which the values of H, and R, are extracted. The
extracted values agree well with those directly determined with the fluid density data near
the substrate and at the droplet apex. The values are then used to compute the contact

angle for each droplet.

The contact angle determined via the fitting procedure described above is listed for each
droplet in Fig. 4.5. Since the S, patch is well wet by the droplet while the rest of the
substrate surface is nonwettable, the contact angle is not simply determined by the liquid-
solid, liquid-vapor, and solid-vapor interfacial tensions through the Young-Laplace equation.
Instead, the contact angle can adopt a value consistent with the droplet size, which in turn
is controlled by the number of fluid beads placed in the space above the substrate. When
more beads are available, the average fluid density increases and the droplet grows at the
compensation of the vapor phase being reduced accordingly. A variable contact angle is
consistent with the fact that the contact line is pinned at the boundary between the wet
and nonwettable regions, which in reality corresponds to a chemical heterogeneity. For an
evaporating droplet, the size of the droplet and its shape is controlled by the preset number
of fluid beads in the simulation box, which controls the balance between the bead removal in
the deletion zone and their addition in the insertion zone. Then a contact angle emerges that
is consistent with the droplet size. Fittings as shown in Fig. 4.5 further show that the droplet
shape remains stable while evaporation occurs at its surface, confirming the effectiveness of

our approach of using a reservior to supply fluids to the interior of an evaporating droplet.
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Figure 4.5: The angle-averaged location of liquid-vapor interface via Rj(H) and the cor-
responding fit to an arc at various contact angles. The blue circles represent the data on
Ri(H) determined from the density profiles such as those shown in Fig. 4.3. The red curve
is the result of fitting the data to an arc. The dashed green arc is an enlarged version of the
red arc with the radius expanded outward by 8%. The green arc represents the location at
which the local evaporation flux is computed.
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The fluid density data,

(R; H), can be used to construct a two-dimensional density map for

each droplet. Some results are shown in Fig. 4.6. There is a distinct liquid-vapor interface

for each droplet, which confirms the spherical-cap shape.

It is also noted that at small
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