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Abstract

Molecular dynamic (MD) simulations have been carried out to study the effect of the
nanostructures on the evaporation rate of the ultra thin liquid film at the solid surface. Simple
Lennard-Jones (LJ) fluids are simulated as the ultra thin liquid film in the nonequilibrium simulation
system. The liquid film is confined in a nanochannel composed of two solid surfaces designed with
nanostructures in a shape of molecular-scale unevenness. The potential function between solid and
liquid molecules is represented by a modified LJ function to conduct the solid-liquid interfaces of
different surface wettability. For the steady nonequilibrium MD simulation, the liquid film is
subjected to the steady heat flux passing through the nanostructured surfaces. It is found that the
interface thermal resistance decreases at the nanostructured surface and apparent heat transfer
enhancement is achieved due to the surface area increment. For the unsteady nonequilibrium MD
simulation, the vapor has been sandwiched between the liquid films in contact with the nanostructured
surfaces of high and low temperature respectively. It is found that the evaporation rate of the ultra
thin liquid film has a larger value than that of the flat surface when the film thickness is larger than

that of the adsorbed layer.
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Nomenclature

a spacing between two nanostructures nm

b: width of the nanostructure nm

D: distance between two solid walls nm

h: height of the nanostructure nm

kg:  Boltzmann constant m? kg s? K*
m:  mass transfer rate kg m?s*
m,:  mass of an atom kg

N: number of particles

P: pressure Pa

q:  heat flux W m?

r: distance between pair particles m

M area ratio of nanostructured to flat surface -

Ri:  thermal resistance at solid-liquid interface m?K W
s: size parameter being equal to a+b nm

V:  volume of the bin m?

V,;: Vvelocity component i (=x,y,z) of atomn ms?

V.. mean velocity component i (=x,y,2) ms?

Greek symbols
a.  potential parameter -

B:  potential parameter -



P energy parameter of potential function J

$: pair potential J

A: thermal conductivity wmtk?
G contact angle deg

p:  density kg m*

o: length parameter of potential function m
Subscripts

C : cooling suface
H : heating surface
i : interface

I: liquid

s: solid

X : x direction

y : y direction

z : zdirection

w : wall

1. Introduction

Recent progresses in ultra-fine manufacturing technology enable us to control surface structures in
nanoscale and its application to microscale thermal manipulation have attracted a great deal of
attention.  Although a surface with nanoscale structures has the possibility of changing wettability at
the solid-liquid interface [1-5] as well as the enhancement of heat transfer [6-8], in a macroscopic

point of view, the nanostructured surface is a kind of ultra flat surface because its surface roughness is



in nanoscale. However, the difference between the nanoscale and the conventional scale heat
transfer mechanisms by its very nature has not been clarified yet. For the heat and mass transfer
process in the region near the contact line during evaporation, as shown in Fig. 1, the traditional
macroscopic description of an ultra-thin liquid film on a heated solid substrate based on the
continuum assumption is open to question. With the decrease of the domain size of the liquid film,
the interface resistances at the liquid-vapor interface and the solid-liquid interface become distinct and
the understanding of the molecular interaction at the interface shows important.

Molecular dynamics (MD) simulation is a useful method to explore the nanoscale characteristics
of the heat and mass transfer at the solid-liquid interface [9-14]. Previous study by Maruyama and
Kimura [9] showed that the thermal resistance has a strong dependence on the solid-liquid surface
wettability. Other works of the liquid film on the flat solid surface have been conducted by Yi et al.
[10] and Ji et al. [11]. However, the evaporation rate of ultra thin liquid film at the nanostructured
surface has not been attracted much attention.

In this study, MD simulations have been carried out to study the effect of the nanostructures on the
interface resistance as well as the evaporation rate of the ultra thin liquid film at the solid surface.
As far as we know, this is the first work concerning on the thin liquid film at the nanostructured solid

surface.

2. Simulation Method

MD simulations are performed for the liquid film confined in a nanochannel bounded by two
planar solid walls [15, 16]. As shown in Fig. 2, two kinds of simulation cell are prepared and both
liquid films are subjected to a heat flow from a wall at high temperature T=120K to a wall at low
temperature T=100K. The simulation cells have the same size in x and y direction of Lx=5.83nm,

Ly=3.85nm, but differ in size in the z direction. For simulation cell (1), Lz is 7.22nm and the



distance separated between two planar walls D is 3.60nm-5.41nm. In simulation cell (1), the
nanochannel is filled with liquid near a saturation state and the thin liquid film is only subjected to a
heat flow without phase change phenomena. Thus, a steady heat flux passing through the solid-
liquid interface can be obtained. In simulation cell (2), Lz is enlarged to 12.62nm and the
nanochannel is filled with liquid and vapor. Since simulation cell (2) is subjected to the same heat
flow as simulation cell (1), the liquid particles evaporate from the liquid-vapor interface upon the high
temperature wall and condense at the liquid-vapor interface upon the low temperature wall. That is,
simulation cell (2) subjects to the heat flow and the mass flux. The system of simulation cell (2) is in
an unsteady state when phase change phenomena occur at the liquid-vapor interface. Since
simulation cell (2) contains both the solid-liquid interface and the liquid-vapor interface, the total
resistance of simulation cell (2) is larger than that of simulation cell (1) as a matter of course.

Periodic boundary conditions are applied along the x and y directions. In the z direction, outside
each solid wall of the simulation cell, 4 layers of phantom solid atoms anchored by their lattice are
located to model a semi-infinite potential field. For the sake of physical understanding, the solid
walls are assumed to be made of platinum and the Lennard-Jones (LJ) fluid is argon. Each solid
wall consisted of more than four layers of atoms arranged as a FCC lattice and its <111> surface is in
contact with the liquid. There are 2688-3840 platinum atoms for the solid wall with nanostructures
corresponding to its density of 21.45x 10 kg/m®. Figure 3 shows the snapshots of the designed
nanostructured surface and the definition of the size parameters, a, s, h and b. There are 6 cases of

the nanostructured surface and the details of the parameters are listed in Table 1. For the
nanostructured surfaces, the apparent solid surface with a distance of bh S from the flat surface is
applied corresponding to its size parameters as shown in Fig. 3 (a)’. The liquid films in all

simulations are performed in a state near saturation corresponding to the saturated density of

1.31x 10° kg/m® of liquid argon at 100K. If there is no wall effect, the flat nanochannel will be filled



with 2400 atoms to achieve the saturated density at 100K. Therefore, 1953-2400 argon atoms are
prepared for the simulation cases corresponding to the spacing of the nanochannel composed of
different nanostructured surfaces. For the simulations with the same nanostructured surface case, the
liquid particle numbers of simulation cell (1) are the same as that of simulation cell (2).

For the intermolecular force field, the LJ potential is applied to argon with the length parameter
o, =0.3405nm, and the energy parameter &, =1.67x10"%1J as the liquid-liquid interaction. The LJ
potential is also applied for the solid-solid interaction with o, =0.2475nm corresponding to the

lattice constant 0.2776nm of platinum, ¢, = 8.35x10°%] for the potential well depth of Pt-Pt, taking

no account of the electron contribution in Pt.  For the solid-liquid interaction, a modified form of the

LJ potential shown below is used:

8,,(5; )= 4azy {[f—J'J - ﬂ[%ﬂ (1)

where o, =(o0,+0,)/2, and the energy parameter &, is given by ¢, =./¢¢&, based on the
Lorentz-Berthelot combining rule. Factors « and g of Eq. (1) are used to adjust the strength of
molecular interaction with the responding values of the contact angle taken from previous simulations
[15, 16]. In this paper, we set « to the constant of « :m =0.14,and set § to f=1 and
B =0.5 respectively. For the flat surface, the hydrophilic characteristic (contact angle is zero) has
been reported with the use of g =1. The contact angle of B =0.5 at the flat surface has been

reported of 60°. Also, the nanoscale unevenness of the solid surface is an important factor to the
solid-liquid interface structure [5]. Simulation cases (a)-(g) are carried out with both the potential

parameter =1 and £ =0.5.
All simulations are performed with a time step of 5fs and a selected cut off radius of 3.5¢, for the

spherically truncated and shifted (STS) potential. The equations of motion are integrated by the



Velocity Verlet algorithm. After achieving a steady state from the initial state, the equilibrium
system (without thermostat) at 100K is simulated. Then, the non-equilibrium molecular dynamic
simulation (NEMD) is carried out from the equilibrium state.  In all NEMD simulations, the local
data of liquid density are collected by 80 bins in the z direction and the segmental width of each bin

was set to be 0.676A (~ o,/5). Basically, the solid-liquid interface in atomic scale is the plane that

divides the solid atoms and the liquid ones. However, the property (i. e. density) of liquid varies in a
region of transition from the contacting layer upon the solid to the bulk liquid. Therefore, the solid-
liquid interface also could be defined as a region of transition with an atomic scale thickness parallel

to the solid surface. Since the apparent solid surface for the nanostructured surface locates at a

distance of bhs from the flat surface as shown in Fig. 3, the first layer of liquid at the solid-liquid

interface can be located at the position of b% +o1 from the first layer of solid approximately.

Therefore, the segmental width of each bin for data sampling of temperature and pressure in z
direction is set to 20; (~0.676nm).  Accordingly, the temperature and pressure profiles of liquid are
collected by 8 bins in the z directions and the segmental width of each bin is set to be 0.676nm. The
local temperature T of each bin can be obtained from:
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where N is the particle number in the bin, kg is the Boltzman constant, m is the mass of the liquid

particle, v, ; isthe velocity of particle n in the i(=x,y,z) direction, and V; is the mean velocity of the

macro flow in the bin. In order to obtain realistic temperature distribution, no thermostat is coupled
directly to the liquid particles and temperature control is only performed to the outside solid layers of

the nanochannel. The heat flux passing through the steady nonequilibrium system is obtained from



the heating and cooling energy of the thermostat based on the law of the energy conservation. Then,

the thermal conductivity is calculated from the heat flux and temperature gradient.

p 3)
T

where dT /dz is the local temperature gradient and it is almost constant for the bulk liquid. The
thermal resistance at the solid-liquid interface is obtained from the heat flux and the temperature jump
as shown in equation (4).
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q

Here, AT is the temperature difference between the first liquid layer linked to solid and the first solid

layer linked to liquid. It should be noted that the position of the first solid layer for the nanostrctured

surfaces is generalized with the length of b%. Thus, the local temperature of the first liquid layer

is estimated based on the temperature profile corresponding to the apparent surface height b%.

Furthermore, the local pressure P of each bin is calculated according to the virial theorem;
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where V is the volume of the bin.  The first term in the right side is for the momentum flux caused by
the molecular motion while the second term is for the contribution of the intermolecular forces.

Long-range corrections are applied for the calculation of the pressure.

3. Results of Simulation Cell (1): Liquid Film in Steady NEMD
As shown in Fig. 2, simulation cell (1) contains two solid-liquid interfaces subjecting to heating
and cooling respectively (liquid film without phase change). 5ns are used for the data sampling in a

steady state under the nonequilibrium condition.



Figure 4 shows the density, temperature and pressure profiles of the liquid film for the hydrophilic
surfaces on the left side and the hydrophobic surfaces on the right side. The shadows illustrate the
flat walls as a guide for eye. Due to the small scale of the separate distance of the walls, the effect of
wall adsorption on the bulk density of the liquid is prominent for the hydrophilic surfaces. The mean
density of the bulk liquid in cases (b)-(g) approximates to 1.21x10°kg/m® and it is lower than that of
the bulk liquid for the flat surface 1.29x10° kg/m®as shown in Table 2. For the hydrophobic
surfaces, the mean density of bulk liquid varies in a range of 1.31x10° kg/m® to 1.35x107 kg/m°.
Although the effect of wall adsorption is weakened at the hydrophobic surfaces, in most cases, the
bulk liquid density of the nanostructured surface is lower than that obtained at the flat surface. This
implies that the surface adsorption is improved at the nanostructured surfaces compared to the flat
surface. Based on the density profile shown in Fig. 4, several ordering molecular layers can be
found at the solid-liquid interface (i.e. the transition region from the adsorbed liquid to bulk liquid).
The ordering molecular layers are also described as the solid-like liquid because they behave like
liquid crystals [17, 18]. It is found that the solid-like liquid structure at the nanostructured surface is
modified by the shape of the nanostructures and its first peak of the density is reduced in cases (b)-(g)
compared to case (a).

The ordering liquid layers exhibit different behavior from its bulk not only in terms of density but
also in terms of temperature and pressure. It is found that the pressure distribution of the
nanostructured surface has a different shape compared to that of the flat surface in both the
hydrophilic case and the hydrophobic case. The pressure of bulk liquid is almost uniform; however,
the pressure in the adsorption layers adjacent to the nanostructured surfaces is lower than the bulk
pressure in most cases. The molecular adsorption is considered to be the main reason of the local

low pressure as a result of the solid-liquid interface disjoining pressure.



As shown in Fig. 4, the temperature distribution shows the difference between the hydrophilic
case and the hydrophobic case. The mean temperature of the bulk liquid is near 110K in all
simulation cases. Apparent temperature jumps can be found in the vicinity of the solid surfaces. It
is clear that the temperature jump at the hydrophilic surfaces is smaller than that of the hydrophobic
surfaces. The details of the temperature jumps and the local heat flux collected at the heating surface
(ATw, gu) and cooling surface (ATc, gc) in all cases are summarized in Table 2. We can find an
equivalent amount of the heat flux at the heating surface and the cooling surface for all simulation
cases; thus, it could be supposed that the simulation system is in a steady state. Obviously,
simulation cases (b)-(g) have a larger amount of heat flux than case (a) at both the hydrophilic and
hydrophobic surfaces. The heat flux of the hydrophilic surface (107.0 MW/m?) is about 4.2 times to
that of the hydrophobic surface (25.2 MW/m?) for the flat cases; however, the ratios decrease to 2.6-
3.4 for the nanostructure cases.

Since the surface area increases with increasing the nanostructures, the parameter r, is used to
describe the area ratio of the nanostructured surface to the flat surface. The heat flux versus the
surface area ratio ry, is plotted in Fig. 5.  As shown in Fig. 5, the heat flux increases with increasing
the surface area ratio r, at both the hydrophilic and hydrophobic interfaces. It can be seen that the
rate of heat flux increase caused by nanostructures effects are almost in proportion to the surface area
increment at the hydrophobic surface and the hydrophilic surface. The hydrophilic cases show less
effect of increasing surface area and the maximum of heat flux is about 1.5 times larger than that of
the flat surface when r,, is 1.97. For the hydrophobic cases, the maximum of heat flux is about 2.3
times larger than that of the flat surface. The heat flux increase at the nanostructured surface is not
monotonously dependent on the area increment strictly. It is slightly affected by the sizes of the
nanostructures. Also, the thermal conductivity at the solid-liquid interface obtained from the heat

flux and the temperature gradient are shown in Table 2. It is found the thermal conductivity at



nanostructured surface is higher than that of the flat surface and thus, lower thermal resistance is

obtained.

4. Results of Simulation Cell (2): Evaporating Liquid Film in Unsteady NEMD

For simulation cell (2) of liquid film with phase change, two liquid-vapor interfaces subjected to
evaporation and condensation respectively are prepared in addition to two solid-liquid interfaces as
shown in Fig. 2. The NEMD simulation is started in an initial state of the same film thickness of

about 2.7nm (~ 80, ) at the evaporating surface and the condensing surface. In this paper, we only

focus on the continuous liquid films on the hydrophilic surfaces with the parameter a=0.14, f=1.0
because the liquid film is discontinuous in the hydrophobic cases when the evaporation proceeds. A
surface located in the vapor region sandwiched by the liquid film shown in Fig. 2 is used for data
sampling to obtain the net evaporation molecular number from the evaporating surface to the
condensing surface and the evaporation rate.

The evaporation behaviors of the ultra thin liquid film at the nanostructured surfaces (b)-(g) are
similar to each other. Figure 6 shows the examples of the evaporation process of the liquid film at
the surfaces (f) and (g). It is found that the film thickness of the evaporating surface decreases
during the period of t=0 to 3ns rapidly and then the system reaches a steady state when the film
thickness keeps almost constant. Obviously, the adsorbed layer of non-evaporation exists at the
solid-liquid interface due to the hydrophilic intermolecular force field.

Figure 7 shows the snapshots of the liquid film at the flat surface and the nanostructured surfaces
at t=5ns after NEMD starting. Although the liquid film on the flat surface becomes much thinner
than its initial state, it is thicker than those of the nanostructured cases (b)-(g). The evaporation of
the liquid film on the flat surface lasts 3ns longer and the system reaches a steady state at t=8ns.

This means that the liquid film evaporates faster at the nanostructured surfaces than the flat surface.



The reason is that the solid-liquid interface resistance for the nanostructured surfaces is lower than
that of the flat surface (shown in Table 2). Also, it is found that the non-evaporation layer exists in
all cases.

Figure 8 plots the data collected at the vapor region of the net evaporation molecular number
during the simulation period of t=0 to 6.8ns. The number of evaporation molecules increases as the
simulation time proceeds and the evaporation rates could be obtained based on the data of Fig. 7. It
is found that the evaporation rates of nanostructured surfaces during the period of t=0 to 2ns is almost
constant and the mean value of about 827.87 kg/m?s is obtained. This means that the evaporation
phenomena are dominated by the liquid-vapor interface and the nanostructures show less effect on the
evaporation rate. After t=2ns, the evaporation rate decreases rapidly because the liquid-vapor
interface is affected by the solid-liquid interaction. The liquid particles are restricted to the absorbed
layer and the evaporation rate is decreased to 0 after t=5ns. On the other hand, the mean evaporation
rate during t=0 to 6ns is about 466.17 kg/m?s on the flat surface, which is much lower than that of the
nanostructured surface. It shows that the evaporation rate for the nanostructured surface decreases
earlier than that for the flat surface (2ns compared with 6ns for the flat surface). This implies that
the nanostructures can enhance the evaporation through ultra thin liquid film since the thermal

resistance at the solid-liquid interface can be reduced by the nanostructures.

5. Conclusions
Molecular dynamics simulations of the interfacial heat and mass transfer for ultra thin liquid film
at nanostructured surface have been carried out and the following conclusions may be drawn from the

present study:



(1) Thermal resistance at the solid-liquid interface can be reduced by the nanostructures located in
the interface zone. Significant heat transfer enhancement can be achieved at the nanostructured
surface compared to the flat surface due to the area increment of the solid-liquid interface.

(2) The effect of surface nanostructure is important in determining the evaporation rate of the ultra
thin liquid film. The evaporation rate at the hydrophilic nanostructured surface has the larger

value than that of the flat surface when the film thickness is larger than that of the adsorbed layer.
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