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ABSTRACT: A novel surface-heating algorithm for water is developed for molecular
dynamics simulations. The validated algorithm can simulate the transient behavior of the
evaporation of water when heated from a surface, which has been lacking in the literature.
In this work, the algorithm is used to study the evaporation of water droplets on a
platinum surface at different temperatures. The resulting contact angles of the droplets are
compared to existing theoretical, numerical, and experimental studies. The evaporation
profile along the droplet’s radius and height is deduced along with the temperature
gradient within the drop, and the evaporation behavior conforms to the Kelvin—Clapeyron
theory. The algorithm captures the realistic differential thermal gradient in water heated at
the surface and is promising for studying various heating/cooling problems, such as thin
film evaporation, Leidenfrost effect, and so forth. The simplicity of the algorithm allows it
to be easily extended to other surfaces and integrated into various molecular simulation

software and user codes.

M olecular dynamics (MD) simulations are a powerful

computational tool for solving numerous problems in
science and engineering, especially at nanoscale. In MD
simulations that involve liquids, the canonical ensemble is most
commonly simulated by coupling the liquid to an external
thermostat.”” However, thermostats cannot be used to study
nonequilibrium phenomena, and thermostatting of liquid
interacting with frozen solid surfaces may give unrealistic
results.”* Nonequilibrium MD simulations on the surface
evaporation of liquids have been larggely focused on using simple
nonpolar Lennard-Jones fluids.’~® Water, although a more
practical fluid of interest, has only been the focus of a handful of
surface evaporation studies’~'" primarily due to the presence of
electrostatic forces and its complex nature of interaction. Among
them, the phantom wall method,” which uses Langevin-based
scaling for phantom layers of platinum, has been used to simulate
the heat transfer between a surface and water.'” Luca et al.'’
developed a virtual particle-based algorithm that heats confined
water in between parallel plates where virtual particles interact
with water by oscillating normal to the wall, transferring the
kinetic energy; the water domain height studied was <2 nm thick.
Wang et al.”” simulated the evaporation of water droplets using
an accelerated region where the molecules falling between a
region above the surface accelerated with a prespecified force
away from the surface. However, these surface heating models of
water do not capture the heat transfer characteristics and
thermodynamic properties of water evaporation. Moreover,
these methods, which simulate the wall atomic vibrations, are (1)
questionable as the integration time steps of both solid and liquid
are assumed to be the same even though their atomic vibrational
frequencies differ significantly,"*"> and (2) computationally very
expensive due to the high frequency vibrations. Thus, correctly
simulating the transient behavior of water evaporation requires
the application of a combination of frozen wall and appropriate
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thermal wall algorithms. In this work, we propose a novel
algorithm to simulate heat transfer from a heated platinum
surface (in the temperature range of 300—400 K) to water
droplets and validate the algorithm by contact angle estimation,
comparison with the classical one-dimensional heat equation,
and analysis of the evaporation profile and temperature gradient
in the droplet.

The simulated domain comprises a water droplet on a
platinum surface (Figure la). Water is modeled using rigid
SPCE'® molecules. The platinum surface is modeled as 3-layers
of FCC 111 lattice and forms the lower boundary. The top
boundary is adiabatic (reflective), and all sides are periodic in
nature (the reflective boundary is applied by reversing the atom’s
direction of velocity normal to the surface). Two molecular
systems are considered: (1) a 64 nm’ droplet, initially as a cube of
water on top of a platinum surface of dimension 20 X 20 nm, and
(2) a 216 nm? droplet, of side 6 nm on a 25 X 25 nm platinum
surface. The droplet is equilibrated for 1000 ps on the platinum
surface (Figure la). Water—water interaction is modeled using
the modified shifted Coulomb potential'” with a cutoff radius of
1.1 nm. The numerical integration is performed using the
velocity Verlet scheme. The rigid molecules are simulated using
the RATTLE-constrained algorithm.'® The interaction between
platinum and water is modeled using Zhu Philpott (ZP)
potential'” (please refer to Supporting Information) as it gives
accurate interaction energy between water and platinum atoms.
An in-house C++ code was developed for all the simulations
performed in this work.

The development of a heat transfer model for ZP potential is
not straightforward due to the potential’s anisotropic nature.
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Figure 1. Water—surface interaction and the new surface heating algorithm for water. (a) An equilibrated droplet of 7221 water molecules on top of the
platinum surface (in blue). This droplet was initially a 6 nm side cube and then equilibrated for 1000 ps at a surface temperature of 300 K. (b) ZP
potential energy and its components based on the interaction of a flat-oriented SPCE'® water molecule with the platinum surface. (c) Orientation of
water molecules in the monolayer above the platinum surface showing that the majority of the water molecules are in a flat-orientation along with the
minimum potential contours of flat-oriented water molecules. The blue regions in the contour have the strongest attraction and act as the adsorption
sites for water to form the monolayer. (d) Frequency distribution of water molecules in the monolayer above the platinum surface at different surface

temperatures; the number density is normalized by a factor of 1000. (e) Graphical representation of the surface heating algorithm for water;

F,

wW—w

represents the interaction force between a water molecule in the critical radius region and the n™ water molecule, and F¥_, represents the interaction

between the same water molecule and k* platinum atom.

Figure 1b shows the ZP potential energy function and its
components for a flat water molecule (hydrogens and oxygen of
the molecule lying on a plane parallel to platinum surface). The
ZP potential influences the structure of water adsorbed on the
platinum surface and is of significant importance for developing a
surface heating algorithm. Figure 1c shows the orientation of the
dense single layer of adsorbed water molecules, generally known
as a monolayer, with minimum potential contour for a flat water
orientation. The structure of the monolayer has a majority of the
water molecules in the flat orientation. The monolayer position
varies by less than an angstrom based on the water molecular
distribution histograms (Figure 1d) for different surface
temperatures studied in this work.

The central idea of the new algorithm is shown graphically in
Figure le. A “critical zone” is defined as the region above the
platinum wall up to a distance of r.,. For the water molecules
lying in the critical zone, the net force acting on the molecule
from the surface is compared with the force acting on it from all
other water molecules. If the force due to the surface is larger, the
water molecule will be heated (or cooled) to the platinum surface
temperature using the velocity scaling method. Thus, a water
molecule is heated (or cooled) by the surface if the following two
criteria are met

Zoxygen < Taitical (1)
k n

z F\l/v—Pt > z ng—w

i=1 j=1 (2)

where k is the number of platinum atoms, n is the number of
water molecules, F,,_p, and F,,_,, represent the force interaction

between individual molecules for water—platinum and water—
water, respectively. The basis of this new algorithm is derived
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from a validated surface-heating algorithm by Maroo and
Chung,20 which was used, however, for simpler nonpolar L]
argon fluid heat transfer. Unlike argon, a unified critical radius
region (minimum potential), r.;c is Not analytically possible
for water—platinum interactions as the ZP potential is
anisotropic. Thus, we performed multiple MD simulations to
empirically estimate 7., for the surface heating algorithm for
water.

For the estimation of the critical radius, a 4 nm cube of water
was equilibrated on the platinum surface until it formed a water
droplet. The new surface-heating algorithm was applied for a
surface temperature of 300 K, and 7., was varied from 0.248 to
0.257 nm. This range of ., was selected from the positional
distribution of water molecules in the monolayer (Figure 1d) and
the minimum potential energy location of an individual water
molecule. The equilibrated droplet temperature was measured by
varying f.gic,y and the same procedure was repeated for surface
temperatures of 350 and 400 K (Figure 2a). Using linear fits, the
appropriate r ;. Was chosen when the surface temperature and
droplet temperature matched. Thus, an ., value for each
temperature was obtained from which a correlation was deduced
based on alinear fit (Figure 2b). Hence, the following correlation
can be used to determine 7, for a desired surface heating
temperature

= 0.000072 X T + 0.225133 3)
where T is the temperature of the platinum surface (300 K < T <
400 K). The implementation of this algorithm is included in the
Supporting Information as a pseudo code.

The next step was to validate and demonstrate that this new
algorithm produces physically sound results. On the basis of the

above correlation, additional simulations were performed for
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Figure 2. Estimation of the critical radius for the surface heating algorithm of water. (a) Droplet temperatures with varying critical radius while
maintaining the surface temperature at 300 K (blue triangles), 350 K (black triangles), and 400 K (red triangles). The linear fits for these data are shown
as solid lines. Interpolated critical radius values are shown in solid squares when the droplet temperature matches the surface temperature. (b)
Correlation between critical radius and surface temperature based on data from (a), which can be used to determine the required critical radius for a
desired surface temperature. (c) Temperature evolution of droplets with velocity scaling for the first 200 ps and the surface heating algorithm thereafter.
The darker colored lines represent the data for the 64 nm? volume droplet, and the lighter colored lines represent the 216 nm? droplet at the 300, 350,
and 400 K surface temperatures. Evaporation of the 216 nm® droplet at (d) 350 K and (e) 400 K surface temperature (images taken at 1000 ps).

surface temperatures of 300, 350, and 400 K with 4 and 6 nm
cube droplets. Temperature evolution of the water droplets is
shown in Figure 2c. The equilibrated water droplet’s mean
temperature (Table 1) shows the accuracy of the proposed
algorithm; the maximum error (deviation of average from the
expected surface temperature) is less than 1%. Evaporation of the
droplets was also observed for surface temperatures of 350 and
400 K in Figure 2d and e, respectively. To the best of our
knowledge, there is no prior work reported for evaporation of
water droplets based on surface heating in MD simulations. The
algorithm was also validated using the classical one-dimensional
heat equation (please refer to the Supporting Information).

Table 1. Water Droplet Temperature at Steady State Using the
Surface Heating Algorithm for the Two MD Systems Studied
(64 nm® and 216 nm® Droplet Volumes)

droplet temperature (K)

64 nm® 216 nm?

surface temperature (K) Imax. errorl
300 2994 + 3.2 2985 +1.8 0.5%
350 350.7 + 3.3 3509 + 2.1 0.3%
400 400.8 + 3.5 403.9 +2.2 1.0%

The algorithm was further validated by studying the
dependency of the contact angle of the water droplets at
different platinum surface temperatures (300, 350, and 400 K).
Contact angle studies are important for understanding
wettability and surface interaction energies. There are many

. 21,22
studies on the contact angle of water on graphene,

23 2425 1 26,27
graphite,” carbon nanotubes, solid surfaces, polymer
surfaces,” and platinum”*’ using molecular dynamics simu-
lations. However, these studies involve equilibrium MD
simulations for contact angle determination rather than transient
surface-heating nonequilibrium MD as performed in this work.
We developed™ a fast and accurate algorithm to estimate the
contact angle, which is applied here. Further, at each time step,
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the droplet is rotated about the axis normal to the surface with 1°
increments up to 90°, and the 2D density-based contact angle is
estimated. The curvature is fitted assuming a circular shape with a
robust geometric fit algorithm.”" The contact angle values are
temporally averaged from 600 to 1000 ps at every 1 ps. This
procedure provides an accurate estimation of the contact angle
even for a small droplet undergoing high fluctuations at the liquid
vapor interface. Figure 3a shows a screenshot of a water droplet
on the platinum surface, equilibrated at a surface temperature of
300 K, with the bold line representing the circle fit based on the
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Figure 3. Droplet contact angle estimation and comparison. (a) Water
droplet equilibrated at 300 K with the solid curved line depicting the
liquid—vapor interface. (b) Contact angle of the droplets at different
surface temperatures and comparison with literature. The green and
blue curves show the data for 64 and 216 nm® droplets, respectively, in
the present study. The error bars indicate one standard deviation. D and
Y in ref 9 represent data from a direct molecular simulation and from the
Young—Laplace equation, respectively. The green triangular marker
shows the available experimental data.”
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Figure 4. Transient behavior of water droplet evaporation using the surface-heating algorithm. (a) Average droplet temperature variation over time of a
216 nm?® droplet when the surface is heated from 300 to 400 K. The inset shows the droplet temperature for the entire time range of the simulation. (b)
The droplet temperature gradient along the droplet height based on temporal averages from 200 to 205 ps and from 230 to 235 ps. (c) Thermal gradient
contours at the onset of surface temperature increase (upper) and for the equilibrated droplet (lower), showing a gradual and realistic change in droplet
temperature due to the surface heating when compared to heating the entire droplet using a thermostat. (d) The total number of water molecules
evaporated between 200 to 1000 ps (averaged over S different simulation sets) plotted against the location of evaporation in the vertical direction (along

z) and also from the center of the droplet (along r).

interface identification algorithm. The equilibrated droplet
contact angles for different surface temperatures are plotted in
Figure 3b. The contact angles are in good agreement with the
theoretical model of the Young—Laplace equation,”””* prior
numerical studies,” and experimental measurements.”

The algorithm was applied to study the transient behavior of
the water droplet evaporation using the 216 nm® droplet system.
The platinum surface temperature was maintained at 300 K from
0 to 200 ps, following which, the surface temperature was
changed to 400 K. This resulted in a gradual increase in the
temperature of the droplet, which initiated evaporation. The
transient droplet temperature profile is shown in Figure 4a with
the droplet reaching a steady state temperature at ~250 ps. The
temperature gradients within the droplet during the transient
period of 200—20S ps and 200—23S ps are averaged and plotted
in Figure 4b. The distribution shows an exponential-like trend in
the temperature of droplets in the initial 5 ps, and a linear change
over the larger time period, as expected. Temperature contours
of the thermal gradient within the droplet are shown in Figure 4¢
at the onset of heating and after the droplet reached steady state.
As expected at continuum scale, the droplet spreads over the
surface at the higher temperature and achieves a uniform
temperature in steady state.

The evaporation profile of the droplet was determined with
respect to the distance above platinum (labeled as the z-axis) as
well as around the centroid of the droplet (labeled as the r-axis).
An “evaporated” molecule was defined when a molecule
suddenly has one or few neighbors within its 0.4 nm radius
near the droplet interface or has less than three neighbors within
its 0.4 nm radius away from the droplet. On the basis of this
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definition, the evaporation positions of all “evaporated”
molecules are identified and quantified as shown in Figure 4d.
The curve “along z” represents the number of molecules
evaporated at positions along the vertical direction, whereas the
“along r” curve shows the same data radially outward from the
center of the droplet. Both of these curves indicate that the base
of the droplet has a higher rate of evaporation primarily due to
the higher temperature and thinner water film at the base as seen
in Figure 4c. These results are in agreement with the classical
Kelvin—Clapeyron equation,” where the evaporation rate for a
droplet can be approximated as #i1 = a(Ty, — T,) = (1/(1 + (ah,,/
k)8))a(T, — T,), where T, is the liquid—vapor interface
temperature, T, is the vapor temperature, T is the surface
temperature, 0 is the liquid thickness, k is the thermal
conductivity of the liquid, h,, is the latent heat of vaporization,
a is a function of temperature, enthalpy of vaporization, and
pressure of the vapor and liquid regions,” and the pressure
variation within the liquid region is assumed to be negligible. The
equation predicts a higher evaporation rate at regions of higher
T}, or smaller thickness 6, similar to that observed from the MD
simulations at the base of the bubble.

In summary, we have developed and validated a novel surface-
heating algorithm for water in molecular dynamics simulations.
The algorithm is used to heat water droplets at different platinum
surface temperatures. The estimated contact angles of the
droplets are found to be in good agreement with theory and
experiments. The transient evaporation behavior of the droplet is
studied and shown to conform to the Kelvin—Clapeyron
equation. The algorithm also captures the proper heat diffusion
within water based on a comparison with the analytical solution
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of the one-dimensional heat equation. Furthermore, the
algorithm is computationally efficient and easy to implement.
It can be extended to other surfaces and can also be used to
simulate differential thermal regions on the same surface without
much complexity. The algorithm provides the capability to
simulate various phenomena, such as nanoscale evaporation,
Leidenfrost effect, and so forth, that involve the evaporation (or
condensation) of water droplets and thin films.
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