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Abstract: While recent studies have proven an unexpected liquid—vapor phase transition of adsorbed
liquid films, a comprehensive description of the mechanisms of different types of phase change
regimes over realistic representations of random rough surfaces is absent in the literature. The current
comprehensive study investigates the effects of a gold random rough surface, liquid film thickness,
and substrate temperature on the liquid-vapor phase change regime of an adsorbed sodium liquid
film, considering the evaporator section of a wicked heat pipe (WHP) using a molecular dynamics
(MD) simulation. At first, to generate a realistic random rough surface, a new and promising method
is proposed that is entirely based on MD simulations. Then, to simulate the evaporator section of a
WHP, a unique configuration for eliminating the vapor domain is developed. The simulation results
reveal that three distinct regimes, namely, normal evaporation, cluster boiling, and film boiling, could
be identified, which are presented on two-dimensional diagrams with the substrate temperature
and liquid film thickness as coordinates for the ideally smooth and random rough surfaces. The
results also manifest that even though using the random rough surface could lead to different phase
transition regimes, the type of regime depends mainly on the substrate temperature and liquid film
thickness. Furthermore, this study displays two different modes for normal evaporation. Also, it is
shown that the impacts of the liquid film thickness and substrate temperature on the mode of normal
evaporation are much more significant than the surface roughness.

Keywords: molecular dynamics simulation; liquid-vapor phase transition; random rough surface;
adsorbed liquid film

1. Introduction

Changing the solid surface properties is one of the most important common methods
that can significantly affect the phase transition heat transfer and regime [1]. Among
numerous methods to improve solid surface properties, introducing surface roughness is
one of the most promising and can significantly enhance phase transition heat transfer in
various thermal management devices. For example, studies [2,3] have revealed that the
direct deposition of nanoparticles on the wick surface of wicked heat pipes (WHPs) could
improve their thermal performance. Although macro-experimental studies have confirmed
the effects of surface roughness on phase transition heat transfer, molecular dynamics (MD)
simulation could be an effective technique to gain a deeper understanding of the impact of
non-smooth surfaces.

MD simulations of ultra-thin liquid film phase change over simple geometric nanos-
tructure shapes, for example, grooved [4-6], cubical [7-10], conical [11-14], and spheri-
cal [15-17] nanostructures, have been widely and intensively studied. Regardless of their
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shapes, the simple geometric nanostructures do not exhibit a real non-smooth surface
morphology. Therefore, a few researchers have constructed random rough surfaces and
studied their impact on the ultra-thin liquid—vapor phase transition. In 2019, the first
random rough (copper) surfaces were generated by Liu et al. [18] using the generalized
Weierstrass—Mandelbrot function to explore nanoscale explosive boiling dynamics of an
ultra-thin argon liquid film (with a thickness of ~14 nm (nanometer = 10~? m)) via MD
simulations. The substrate temperature was increased in a linear manner from 85 K to
300 K during the time period of 5 ns (nanosecond = 10~ s). According to their findings,
random rough surfaces exhibit a greater heat transfer rate compared to an ideally smooth
surface. This effect was further amplified when the roughness level was increased, primar-
ily as a result of the increased surface area at the solid-liquid interface. After that, in their
subsequent study [19], they developed two random rough copper surfaces with various
levels of roughness with their previous method to simultaneously investigate the effect of
surface wettability and roughness level on the nanoscale explosive boiling performance of
an ultra-thin argon liquid film (with a thickness of ~7 nm). They found that an increase
in wettability and roughness level could significantly improve liquid film-solid copper
substrate energy transfer. A similar study was reported by Guo et al. [20], who constructed
a random rough copper surface (by applying the generalized Weierstrass-Mandelbrot ex-
pression) to analyze the effect of surface wettability on the nucleate boiling of an ultra-thin
argon liquid film. In their study, the liquid film thickness and solid substrate temperature
were set to ~14 nm and 160 K, respectively. Their results indicated that, compared to
an ideally smooth surface, using random rough surfaces with higher wettability could
make new contact lines with more microlayers and consequently improve heat transfer.
Qun and Zheng [21] investigated the evaporation of an ultra-thin argon liquid film (with
a thickness of 5.76 nm) on three sinusoidal copper surfaces with different heights and
numbers of sinusoidal nanostructures and their heat transfer benefits with respect to an
ideally smooth surface via MD simulations. The solid substrates were gradually heated
up from 86 K to 160 K. The results demonstrated that enhancement of the quantity and
height of sinusoidal nanostructures improves the heat transfer characteristics. The authors
attributed this better heat transfer performance for the random rough surfaces to the higher
heating surface area and lower Kapitza (solid-liquid interfacial) thermal resistance. The
same mathematical expression was used by Wang et al. [22] to generate four sinusoidal gold
(Au) surfaces with different heights and numbers of sinusoidal nanostructures to examine
the evaporation of an ultra-thin sodium (Na) liquid film (with a thickness of ~8 nm) under
a 600 K heating substrate temperature. However, interestingly, the results revealed that
using the random rough surface not only remarkably decreases heat transfer, but with the
increment in heights and numbers of sinusoidal nanostructures, its negative effect increases.
The authors attributed this adverse impact of the sinusoidal nanostructures on the heat
transfer performance to the increase in the Kapitza thermal resistance and collision thermal
resistance (conduction and convection thermal resistance inside the liquid film). Recently,
Cao et al. [23] fabricated four Gaussian random rough copper surfaces with different levels
of roughness and explored the effect of surface roughness on the nucleate boiling heat
transfer of an ultra-thin argon liquid film with a thickness of 17.28 nm. The solid substrates
were gradually heated up from 86 K to 200 K. They showed that enhancing the roughness
of the surface enhances the heat transfer area and coupling strength between solid and
liquid, and consequently improving heat transfer.

It is worth noting that most of the previous studies [18-22] used perfectly periodic
multivariable functions to construct a regular random rough surface, which does not reflect
the raw pattern of real solid surfaces. Furthermore, all the abovementioned investigations
were limited to the use of a single combination of liquid film thickness and solid substrate
temperature. This strongly hampers an in-depth understanding of ultra-thin liquid—-vapor
phase transition behavior, since changing film thickness and substrate temperature could
lead to completely different phase transition regimes. Additionally, the aforementioned
MD simulations used a specific simulation configuration consisting of either a reflecting
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size-control wall at the top (which results in an increasing pressure process) [18,19,21-23]
or a pressure-control wall at the top (which results in a constant pressure process) [20].
However, in this study, considering the actual working condition of WHPs, an alternative
and more realistic configuration is proposed. More details will be provided in Section 2.

In summary, in the light of the mentioned literature gaps, the present work investigates
the liquid—vapor phase transition behavior over a random rough surface in the whole
thickness range of the absorbed film (1-9 nm; see Ref. [24] for more details) and in the
operating temperature range of sodium WHPs (600-1000 K [25]). Sodium WHPs were
chosen because their working liquid (Na) is computationally more efficient and common
for MD simulations of liquid—-vapor phase change transition studies (see Refs. [14,22,26,27],
for example) compared to other common WHPs’ working fluids (e.g., water, methanol,
etc.). Moreover, the employed random rough surface is entirely generated by means of
the MD technique, and to the authors’ best knowledge, this is the first attempt to fabricate
a random surface entirely based on the MD technique and capable of providing a more
realistic representation of existing surface topographies. Lastly, an alternative simulation
configuration is adopted to effectively simulate vapor leaving the evaporator section in
real WHPs.

2. MD Simulation Models and Methods

In this study;, all equilibrium and non-equilibrium MD simulations were conducted with
the open-source Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
package (patch_22Dec2022) [28] because of its adaptability and verified accuracy. The
velocity Verlet algorithm [29] was employed to integrate the atom motion equation in
order to update the position and velocity of atoms. To ensure accuracy of the calculations
and speed up the simulations, the time step was set at 1 fs (femtosecond = 10~1° 5), and
the cutoff radius was chosen to be more than 2.5 times the fluid (Na) length parameters
(25 %324 A=972A (angstrom = 10710 m)) and set to 10 A to neglect their effects on the
simulation results [30]. Energy minimization of all simulation systems, which is necessary
to find the most stable and lowest energy conformation, was achieved using the conjugate
gradient algorithm. The stopping tolerances for energy and force were chosen as 1078 eV
and 108 eV/A, respectively. OVITO (Version 3.8.3) [31], an analysis and visualization
software for MD simulation data, was used to generate the visual representations of the
simulation boxes.

Even though copper, platinum, and aluminum are unquestionably the most common
solid walls in liquid-vapor phase transition in industrial applications, to hold their atoms
in their initial original positions during MD simulations, a spring force with a constant
magnitude should be exerted on each atom (see Refs. [7,18,32], for more details). Therefore,
to avoid exerting this non-Lennard-Jones interaction, which could not provide a realistic
representation of the vibration of atoms, Au was used due to the fact that its interatomic
potential parameters could work reasonably well to simulate its structure.

The MD simulation domains and procedures for constructing a random rough Au
surface and liquid—vapor phase transition of the adsorbed Na liquid film are described in
the following subsections.

2.1. Innovative Method to Construct a Random Rough Au Surface

In this subsection, an original method is proposed to construct a random rough Au
surface. The main advantage of the presented method compared with those available in the
literature (the regular and periodic rough surfaces) is that it is solely and exclusively based
on MD simulations. Moreover, it could represent more realistic random rough surfaces.
It should be mentioned that up to now, Guillotte et al. [33] and Wu and Hong [34] have
established the most feasible and successful approach for modeling nanoporouses, from
which the suggested method derives its fundamental idea.

In order to better describe the modeling procedure, Figure 1 indicates a visual rep-
resentation illustrating the primary steps. The initial structure of the simulation system,
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-Ag mixing phase

&8 Au

Au pure phase

which had dimensions of 40.78 A(X) x 61.17 A(Y) x 300.00 A(Z), consisted of two phases:
a Au pure phase and a gold-silver (Au-Ag) mixing phase. The computational domain’s
height was significantly greater than the thickness of the pure and mixing phases, so both
phases could be fully developed. In the X and Y directions, periodic boundary conditions
were imposed, whereas in the Z direction, non-periodic boundary conditions were estab-
lished. For the Au pure phase, 6 monolayers of Au consisting of 1953 atoms were arranged
following a face-centered cubic (FCC) crystal structure with a lattice constant of 4.08 A,
which is based on the density of 19.29 g/cm?®. The Au pure phase lied at the bottom of the
simulation box. Then the Au-Ag mixing phase was placed over the Au pure phase. The
Au-Ag mixing phase consisted of 500 Au atoms and 913 Ag atoms (in a 50.00:50.00 mass
ratio) with a density value equal to 13.64 g/cm? [35]. Ag was chosen as the second mixing
element because its melting temperature and crystal structure are relatively similar to those
of Au.

Second
Step

oy

YA .

Figure 1. [llustration of the sequence of the main steps of the random rough Au surface construction.
The yellow and blue atoms are Au and Ag atoms, respectively.

As depicted in Figure 1, the whole simulation procedure was divided into four steps:
energy minimization and demixing, deletion of Ag atoms, gradual-cooling solidification,
and crystalline phase replacement, which are outlined in the following paragraph.

In the first step (energy minimization and demixing), the energy of the entire system
was minimized. Once the minimum energy state was achieved, an MD run was performed
under a constant number of particles, volume, and energy (NVE) ensemble at 1400 K
(higher than the melting points of both elements). A Langevin thermostat [36] was utilized
to regulate the temperature of both phases throughout this period. The total simulation time
was 500 ps (picosecond = 10712 s). In order to form artificially immiscible and separated
Au and Ag clusters in the mixing phase, the Ag and Au should be immiscible and also
prevent the blending of the Au pure phase with them. Therefore, the Au pure phase was
fixed. In the second step (deletion of Ag atoms), the Ag liquid atoms were entirely deleted.
Then, in the third step (gradual-cooling solidification), to change the amorphous state of
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Au atoms to a crystalline phase, the final structure obtained from the second step was
cooled gradually from 1400 K to 300 K over a period of 550 ps (corresponding to a ramp
rate of 2 K/ps), leading to a random rough Au surface. In the fourth step (crystalline phase
replacement), to improve the crystallization and obtain a more realistic result, the final
position of Au atoms from the third step was replaced by a crystalline phase, and this final
configuration was taken as the random rough surface (Surface B) for the MD simulation
of liquid—-vapor phase transition, which is shown along with the ideally smooth surface
(Surface A) in Table 1.

Table 1. The topological morphologies of the ideally smooth and random rough Au surfaces.

Surface Roughness Ratio ! Oblique View Top View
i
i y
y
A 1.00 ¥
z
= Height (X)
] rn————
246 81012141618202224
z
B 1.03

+ &

! Roughness ratio = the surface area/the ideally smooth surface area. The surface areas were calculated by
the Gaussian density method [37] with the resolution, radius scaling, and iso value equal to 200, 100%, and
0.6, respectively.

Despite producing a more realistic random rough surface than the conventional
periodic multivariable function method, the proposed method should not be considered a
time- and cost-effective computational technique.

The interactions between the pair of interacting atoms (Au and Ag) were described by
two kinds of potential functions.

First, to describe the Au-Au and Ag-Ag interactions in the first step (energy minimiza-
tion and demixing), the Embedded Atom Model (EAM) potential [38] was employed:

Ui =Fi+ % Y by(ry) @
j(#)

Uj is the potential energy of the atom i, F; is the embedding energy, which is a function
of the electron density, and ¢;; is a short-range pair repulsion between the atoms i and
j separated by a distance r;;. However, to describe the Au-Ag interactions, the Van der
Waals interactions were modeled via the well-known 12-6 Lennard-Jones potential (12-6 L-])
(Equation (2)), due to its straightforward interaction potential and minimal computational

expense [39].
12 6
I‘i]' rij
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where Uj; is potential energy between the atoms i and j, ¢;; and oj; are energy and length
parameters, and r. is the cutoff radius. A modified version of the Lorentz combination rule
was employed for the calculation of the length parameter between Au and Ag atoms, i.e.,
Equation (3).

1 OAu-Au*t OAgAg

Oauwag = 7 X — ot = 0.6514 3)

This modification was considered because the exact length parameter between Au

and Ag atoms (Oau-Ag = w — 2.6055 A) prevents the formation of separated Ag
and Au clusters, which is essential for the proposed method of constructing the random
rough Au surface (see Ref. [33] for more details). Moreover, the energy parameter between
Au and Ag atoms was defined by eauag = VEautag = 0.3936 €V, based on the Berthelot
rule (a geometric mean) [40]. The potential functions and their parameters used in different
steps are tabulated in Table 2.

Table 2. Interatomic potential parameters related to the EAM and 12-6 L-] for Au and Ag interactions.

. . Potential 12-6 L-J Parameters
Simulation Step Atom Pair Function EAM Parameters o iy e eV)
Au-Au EAM Ref. [41] — —
First Step Ag-Ag EAM Ref. [41] — —
Au-Ag 12-6 L-J — 0.6514 1 0.3936 !
Third Step Au-Au 12-6 L] — 2.6370 (Ref. [26])  0.441280 (Ref. [26])

! To calculate these values, the Ag-Ag interactions with the length parameter (0ag) and the energy parameter
(eag) equal to 2.574 A and 0.3510 eV [42], respectively, have been used.

2.2. Liquid—Vapor Phase Transition Simulation

In this subsection, the simulation system and method for investigating liquid—vapor
phase transition are introduced.

The details of the simulation boxes are shown in Figure 2a, which were composed of
a Au solid surface and a Na liquid film. The dimensions of the simulation boxes in the
X and Y directions were 40.78 A and 61.17 A, respectively. These dimension values were
chosen to be large enough (larger than two times the cutoff radius (10 A)) to maintain the
minimum image convention. The dimension in the Z direction was 1200.00 A. What is
more, all directions were subjected to periodic boundary conditions, with the exception of
the Z direction, where non-periodic boundary conditions were applied. It should be noted
that, in order to simulate the evaporator section of WHPs, an elimination zone was defined
at the upper part of the simulation boxes (from 600.00 to 1200.00 A), where the vapor atoms
were deleted every 100 ps, as schematically illustrated in Figure 3.

As depicted in Figure 2a, to analyze the effect of the random rough surface on the
liquid—vapor phase transition, the ideally Au smooth surface (surface A) and the random
rough Au surface (surface B) fabricated in the previous section were employed as the solid
substrates and placed at the bottom of the simulation boxes (along the Z direction). As
illustrated in Figure 2b, the solid substrates were divided into three regions: a fixed region,
a heating region, and a conduction region. To guarantee that the solid substrates stayed
fixed in their location through the entire simulation process, the outermost monolayers of
them (the fixed region) were fixed at their lattice sites. It should be noted that the other Au
monolayers and atoms (the heating and conduction regions) were permitted to undergo
unrestricted oscillation. Additionally, the immediately following two Au monolayers were
set as the heating region in order to sustain the intended wall temperature and operate as
the heat source during MD simulations. Also, the conduction region transferred heat from
the heating region to the liquid film.
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Figure 2. (a) Initial configuration of the simulation domains, (b) three regions of the solid substrates,
() the initial distance between the initial liquid film and solid substrates, (d) four steps of the phase
transition simulations.

The Elimination Zone

600 A

-
-

1200 A

‘B ] ||
Ops .. {(100xn)—1}ps (100 X n)ps

Figure 3. A schematic illustration of the proposed configuration for the MD simulations (n =1, 2,
3,...,40).

An ultra-thin Na liquid film of 12 nm thickness (containing 7207 Na atoms), which
corresponds to the density of 0.92 g/cm? at 400 K [43], was used as an initial liquid film
and placed on the solid substrates. However, as depicted in Figure 2c, the initial liquid film
and solid substrates were separated by an initial distance (minimum of 3.98 A) in order to
prevent nearby atoms from being subjected to an unphysically strong force.

Figure 2d displays the main four steps of the simulation protocol: relaxation, equi-
librium, thickness regulation, and phase transition. At the start of the relaxation step (the
first step), the entire system (including both the solid substrate and initial liquid film) was
given the opportunity to relax via energy minimization. After energy minimization, the
whole system was equilibrated with the Nose-Hoover thermostat at a uniform temperature
of 400 K (a little higher than the Na melting point (371 K) [44]) in the NVT ensemble for
1,000,000 steps (1000 ps). In the second step (equilibrium), the thermostat was disconnected
from the Na atoms, and an NVE ensemble was imposed on them for 500,000 time steps
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(500 ps). Meanwhile, the solid substrate was still kept in the NVT ensemble. In the third
step (thickness regulation), the liquid film’s height was adjusted to 1-9 nm by eliminating
extra Na atoms. In the fourth step (phase transition), the thermostat was disconnected from
the conduction region, and the temperature of the heating region was suddenly increased
to 600-1000 K, and non-equilibrium MD simulations ran for four million steps (4 ns).

The Lorentz combination rule [40] was employed to calculate the length parameter
between Au and Na atoms, expressed in Equation (4):

O AUNa = w: 2.9385 (4)

In addition, the energy parameter between Au and Na atoms was defined by
€Au-Na = & \/€auENa based on a revised version of the Berthelot rule suggested by Din and
Michaelides [45], where « is the potential energy factor that could be applied to modify
the solid surface wettability. In the present work, informed by the results in Ref. [27],
only the strong hydrophilicity (x = 1) was considered. Based on the above Au-Na energy
parameters, the contact angle of Na atoms on an ideally smooth Au surface is around
0° (see Ref. [27] for more details). Based on the results obtained by Refs. [26,27], the
aforementioned interatomic potential parameters show good agreement with available
experimental data. The interatomic potential parameters related to the 12-6 L-J for Na and
Au interactions are tabulated in Table 3.

Table 3. Interatomic potential parameters related to the 12-6 L-J for Na and Au interactions.

Atom Pair o (A) e (eV)
Na-Na 3.2400 (Ref. [27]) 0.051528 (Ref. [27])
Au-Au 2.6370 (Ref. [27]) 0.441280 (Ref. [27])
Au-Na 2.9385 0.150792

As mentioned previously, the liquid—vapor phase transition behavior of Na liquid film
of nine film thicknesses (1-9 nm) over two different Au surfaces with five different heating
region temperatures (600, 700, 800, 900, and 1000 K) was studied. For convenience of
reference, the simulation cases were labeled using three parts: the first part of the case name
indicates the surface (A: ideally smooth surface; B: random rough surface), the second part
indicates the thickness of liquid film (1-9 nm), and the third part presents the temperature
of the heating region (solid substrate temperature). For instance, the simulation case B3-600
represents a simulation box with the random rough surface and a liquid film thickness of
3 nm, which in the solid substrate was heated to 600 K.

3. Result and Discussion

Using the aforementioned simulation boxes and procedure, the liquid—vapor phase
transition regime of adsorbed Na liquid films with different thicknesses of 1 nm to 9 nm
on heated ideally smooth and random rough Au solid surfaces under various values of
substrate temperatures (ranging from 600 K to 1000 K) is analyzed in this section.

3.1. Overview of Phase Transition Regimes

According to the obtained results, phase transition regimes have been classified into
three categories and named: normal evaporation, film boiling, and cluster boiling. In
order to explain the underlying internal mechanisms of normal evaporation, film boiling,
and cluster boiling, three cases, including Cases B3-700, B3-900, and B3-800, are selected,
respectively. Figure 4 illustrates the captured snapshots of the trajectory of atoms during
normal evaporation (Case B3-700), film boiling (Case B3-900), and cluster boiling (Case
B3-800) at 0, 5, 40, 80, 120, 160, 200, 300, 500, 1000, 2000, and 4000 ps. It should be noted that
these instants at limited selected times are taken in order to indicate differences between
the phase transition regimes.
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(a) Normal Evaporation
Case B3-700
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Figure 4. The snapshots of the time evaluation of atom trajectories during: (a) normal evaporation,
(b) film boiling, and (c) cluster boiling processes in the Y-Z plane.

To have a better perspective on different phase transition regimes, their mass density
(Dens) distributions are shown in Figure 5. To show the contour plots more clearly, the view
of the Y-Z plane with a height of 153 A, which is higher than the liquid-vapor interface
in all cases, was chosen. As can be seen in Figure 5a, in normal evaporation, the liquid
film thickness steadily decreases as liquid atoms and droplets separate from the liquid film
and reach the vapor space, as has been shown in Figure 4a. It should be noted that the
density of liquid droplets is much lower than that of the liquid phase. In film boiling, a
vapor layer forms inside the liquid film, which pushes the upper liquid atoms upward as a
liquid slug, as shown in Figure 5b. Cluster boiling is a transition regime between normal
evaporation and film boiling, in which the liquid atoms leave the liquid film neither in the
form of an individual atom or droplet (observed in normal evaporation) nor in the form of
a liquid slug (observed in film boiling). In fact, cluster boiling is defined by liquid atoms
leaving the liquid film in a liquid cluster form that consists of a limited number of atoms,
even though it could show high value density (more than half of the density of the liquid
phase [46] (0.46 g/cm? at 400 K [43])) in its core, as depicted in Figure 5c. Then, the liquid
cluster gradually disintegrates into the vapor space, as indicated in Figure 4c.
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(a) Normal Evaporation
Case B3-700 @ 250 ps

_ o4 "
B 100 Na
§ 50 Au
0.06
(b) Film Boiling
Case B3-900 @ 90 ps
150~
100
I Liquid Cluster
Z 50

t.y (c¢) Cluster Boiling

Case B3-800 @ 190 ps

Figure 5. Two-dimensional contour plots of Dens distributions for: (a) normal evaporation, (b) film
boiling, and (c) cluster boiling. To show the contour plots more clearly, the solid substrates are
represented by a gray region.

Figure 6 displays the phase transition diagrams for the ideally smooth surface (sur-
face A) and the random rough surface (surface B). The roman numerals inside the green
cells show the different normal evaporation modes, which will be discussed in detail in
Section 3.4. The results presented in Figure 6 illustrate the relationship between the phase
change regime and the solid surface roughness, solid substrate temperature, and liquid
film thickness. For simulation systems with a liquid film thickness value of 1 nm, neither
changing the substrate temperature nor surface roughness can change the phase transition
regime, and only normal evaporation can be observed. For simulation systems with a liquid
film thickness value of 2 nm, increasing the substrate temperature shifts the phase transition
regime from normal evaporation to cluster boiling. Moreover, for simulation systems with
a liquid film thickness value of 3 nm, increasing the substrate temperature turns the phase
transition regime from normal evaporation to cluster boiling and finally into film boiling.
In addition, for simulation systems with a liquid film thickness of 4-9 nm, increasing the
substrate temperature changes the phase transition regime from normal evaporation to film
boiling. Even though the dependency of the mode of phase transition on the liquid film
thickness has been reported in very few previous studies [47-49], the presented data show
that the introduction of the random rough surface could also change the phase transition
regime (for a particular simulation system: Case B2-800; highlighted with a black box in
Figure 6), which will be thoroughly discussed in the subsequent subsection.
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Solid Substrate Temperature (K)

Normal Evaporation
Cluster Boiling
Film Boiling

1000 [N | N N N N e e
ooo [ I A A A N I N
soo ] 1 I N I I S ce A

700 [ [N [ [ e ] e
600 [ [N T [ e e

1000 [N [N (N NN N U N

900
800

— T
I I Y O S fnce B

700 [ 11 @m @mm oo m
00 AR [ [ [ m omo o s
1 2 3 4 7 8 9

5 6
Liquid film thickness (nm)

Figure 6. Liquid—vapor phase transition diagrams for: the surface A (the ideally smooth surface)
and the surface B (the random rough surface). The roman numerals inside the green cells show the
different normal evaporation modes. The black box represents a specific simulation system where the
introduction of the random rough surface changes the phase transition regime.

3.2. Transition from Normal Evaporation to Cluster/Film Boiling

In this subsection, the comparison between normal evaporation and boiling is first
conducted in detail. Then, the reason why changing the surface roughness from Case
A2-800 to Case B2-800 resulted in different phase transition regime is explained.

Figure 7a—c show the temperature (Temp), kinetic energy (KE), potential energy (PE),
total energy (TE, which is the sum of KE and PE), and Dens distributions for Cases B3-
700, B3-900, and B3-800 at the start of the non-equilibrium liquid—vapor phase transition
simulation (at 5 ps). As presented in Figure 7d, Na liquid film atoms are defined into two
zones, which include the near-wall zone and the adjacent zone, and two layers, namely the
liquid—vapor interface and the solid-liquid interface.

As can be seen in Figure 7a—c, Dens distributions in the liquid film for all cases at
the start of the non-equilibrium phase transition (at 5 ps) are nearly uniform and similar,
with the exception of some slight and random localized variations, which are impossible to
avoid in MD studies and real liquids. However, it should be emphasized that the density of
liquid at solid-liquid interfaces is significantly low. This can be attributed to the presence
of a few fluid atoms on the solid surface due to the random rough structure. Moreover,
due to the robust intermolecular forces between solid substrate and liquid film atoms, the
solid-liquid interface atoms experience large attractive forces, which results in lower PE
than their upper atoms. Furthermore, applying high solid substrate temperatures causes a
rapid and immediate sharp increase in Temp and KE in their adjacent zone. In addition, it is
worth stressing that all cases show a higher PE and TE (close to 0 eV) and lower Dens at the
liquid—vapor interfaces. The reason for that is that the Na liquid atoms at the liquid-vapor
interface do not experience any attractive forces from the vacuum above.

Figure 8 shows the Temp, KE, Dens, PE, and TE distributions for Case B3-700 (normal
evaporation) and three representative time instants, namely O ps (initial time), 80 ps, and
160 ps. As time goes on, the liquid film absorbs more and more thermal energy from the
heated solid substrate through the solid-liquid interface. The absorbed thermal energy
is transformed into atomic kinetic energy, resulting in a considerable enhancement in the
KE, which promotes the high excitation of Na atoms; hence, thermal expansion occurs in
the liquid film, which makes the local mass density constantly and gradually decrease.
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Hence, decreasing the local mass density can effectively increase the distance between
the Na atoms, resulting in a continuous increase in PE, according to Equation (2). Note
that the same behavior was also observed for Cases B3-900 (film boiling) and B3-800
(cluster boiling).

Temp KE Dens PE TE Temp (K)
150
300 800
100f+ . KE (eV)
0 . 0.2 2.0
The adjacent Zone < Seis Dens (g/cm®)
0
(a) Normal Evaporation g, 1.0
Case B3-700 PE (eV)

-0.02

TE (eV)

(b) Film Boiling
Case B3-900

.Y (c) Cluster Boiling
Case B3-800

150

100

| The liquid—vapor interface

50

The near-wall zone (2 nm)I tThe adjacent zone (1 nm)

0

(d) The solid-liquid interface

Figure 7. Two-dimensional contour plots of Temp, KE, Dens, PE, and TE distributions for: (a) normal
evaporation, (b) film boiling, and (c) cluster boiling at 5 ps. (d) A schematic of the Na atomic
arrangement inside the liquid film, describing defined zones and layers. Purple and gray—colored
areas represent the Na and Au atoms, respectively.

In Figure 9, the heat flux exchanged between the solid substrate and the fluid at the
solid-liquid interface is shown as a function of time for three meaningful cases, namely,
Case B3-900, Case B3-800, and Case B3-700. Specifically, the heat flux is here defined as
the total energy increment of Na atoms over the surface area reflected on the X-Y plane
per unit time [18]. During the first instants of the simulation, the heat flux plots present a
peak for all the considered cases, probably due to higher temperature difference between
the solid substrate and the adjacent zone. To note, higher substrate temperature results in
higher exchanged heat fluxes. The heat flux therefore decreases as soon as the simulation
proceeds, i.e., the fluid layers progressively approach the substrate temperature. It has to be
pointed out that such a decreasing trend is more pronounced for Case B3-900 (film boiling).
This is probably due to the fact that, for this phase transition regime, the formation of a
thick vapor layer (with low thermal conductivity) at the near-wall zone strongly hampers
heat transfer between the substrate and the fluid.
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Figure 8. Time evolution of two-dimensional contour plots of Temp, KE, Dens, PE, and TE distribu-
tions for normal evaporation (Case B3-700).
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Figure 9. Time evolution of the heat fluxes for film boiling, cluster boiling, and normal evaporation.

A higher heat flux can help the liquid film absorb more thermal energy from the solid
substrate and exhibit a higher KE and PE. Consequently, as can be seen by the comparison
of TE distributions for normal evaporation (shown in Figure 8) and film and cluster boiling
(shown in Figure 10), a higher heat flux for film and cluster boiling can increase the TE of
the liquid film to much higher values than those for normal evaporation. It is interesting
that the collision thermal resistance of the liquid film slows the dissipation of absorbed
thermal energy from the near-wall zones to the upper atoms, which could lead to the
accumulation of TE, especially in the near-wall zone in cases with a high solid substrate
temperature (Cases B3-800 and B3-900).

As shown in Figure 10, it is evident from the TE distribution that for Cases B3-900 and
B3-800, a distinct group of Na liquid atoms inside the near-wall zones acquire a TE greater
than —0.06 eV (green parts on the plots) in a short time (at 40 ps and 60 ps, respectively).
As time evolves, the TE reaches higher values and exceeds —0.03 eV (yellow parts on
the plots) at 45 ps and 70 ps for Cases B3-900 and B3-800, respectively. From a nanoscale
point of view, it is well known that the liquid—vapor phase transition occurs when the KE
(which is always positive) overcomes the PE barrier (which is always negative). In other
words, when the TE of Na atoms exceeds 0 eV, Na atoms will experience a liquid—-vapor
phase change. As shown in Figure 10, it is evident from the TE distributions for Cases
B3-900 and B3-800 that small vapor cavities (white parts on the plots at 55 ps and 80 ps,
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respectively) begin to appear, resulting in the development of a layer of vapor. The vapor
layer developed during boiling pushes away a liquid slug or cluster from the solid surface.

Time (ps)

(a) Cluster Boiling
Case B3-800

Time (ps)

150

Na
Au

TE (eV)

(b) Film Boiling
Case B3-900

Figure 10. Time evolution of atom trajectories and contour plots of TE distributions for: (a) cluster
boiling and (b) film boiling.

On the other hand, as seen in Figure 8, for Case B3-700, even though the TE distribution
inside its near-wall zone is not perfectly uniform and unchanged with time, its value is
always negative (less than 0 eV). It can be inferred that, with the low value of absorbed
thermal energy, the Na liquid atoms cannot get enough thermal energy to increase their
KE to break their PE barrier. And this is why a low substrate temperature inhibits the
occurrence of cluster and film boiling and causes normal evaporation. According to the
obtained results, it can be summarized that if the Na atoms inside the near-wall zone could
obtain enough thermal energy from the heated solid substrates such that their TE exceeds
0 eV, they would convert into a vapor layer that would insulate either a liquid slug or liquid
cluster from the solid surface after a particular period of time.

In the previous results, the impact of the substrate temperature on the phase transition
regime was demonstrated. However, to clearly and fully understand the liquid-vapor
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phase transition diagrams, in the following text, the impact of the random rough surface
on the liquid phase transition regime is explained briefly. As previously stated, the results
confirm that for a liquid film with the same thickness of 2 nm and the same solid substrate
temperature of 800 K, by changing the ideally smooth surface (Case A2-800) to a random
rough surface (Case B2-800), the phase transition regime switched from normal evaporation
to cluster boiling. Based on the magnified picture of the contour plot and the calculated
atomic distribution of PE, clarified in Figure 11a, using the random rough surface can
remarkably improve the solid-liquid interactions. The stronger solid-liquid interaction
results in greater energy transfer ability through the solid-liquid interface, thereby leading
to a higher heat flux (demonstrated in Figure 11b). Therefore, the absorbed thermal energy
coming from the solid substrate on the random rough surface is greater than that on the
smooth surface at the same time. The fact that the random rough surface has the ability
to absorb more thermal energy means that for Case B2-800, it would be easier to induce a
higher TE (close to 0 eV) inside the liquid film compared to Case A2-800. Figure 11c denotes
the comparison of the TE distributions for Cases A2-800 and B2-800. As indicated in the
figure, the TE for Case B2-800 reaches a value of —0.06 eV inside the film liquid at 40 ps (red
ellipse in figure). Therefore, Case B2-800, with a higher value of absorbed thermal energy,
could finally induce cluster boiling. This agrees with the aforementioned conclusions in
the prior subsection, which showed that a higher absorbed thermal energy is beneficial
to the liquid film for boiling instead of normal evaporation. It should be noticed that the
heat flux enhancement caused by the random rough surface is not significant (as shown in
Figure 11b), mainly because of its low roughness ratio (=1.03). Therefore, the effect of the
random rough surface on the liquid—vapor phase transition regime was limited in a very
critical case (a liquid film thickness of 2 nm and a solid substrate temperature of 800 K).

Solomon et al. [3] demonstrated that WHPs with coated wicks exhibited lower evapo-
rator thermal resistance compared to those without coating. However, because of the scale
limitation, they were not able to clearly explain the valid reason behind this. They assumed
that the enhanced surface areas of the wick were the cause of the nanoparticle coating’s
reduction in thermal resistance. On the other hand, the nanoparticle coating might have
reduced the evaporator’s resistance because it increased the capillary force due to the rough
surface [50]. In other words, it is possible that the nanoparticle coating reduces heat transfer
but improves wick capillarity, which are contradictory to each other. However, findings
from the present MD study indicated that using a rough surface can remarkably improve
solid-liquid interactions, consequently leading to higher heat fluxes.

Attractively, another interesting finding is that nucleate boiling is not observed in
all simulation systems. According to the aforementioned explanations, as time grew, the
density of the near-wall zones became lower and lower. Some parts change into a bubble
nucleus and finally convert into a vapor layer, and either cluster or film boiling happens.
Some MD simulation research conjectured that easily heating up an ultra-thin liquid film,
which results in the violent movement of liquid atoms, cannot represent the classical
nucleation theory [51], in which the initiation of nucleate boiling is defined based on the
formation of localized regions of low density inside the liquid [52], and despite several
attempts, whether nanofilm boiling agrees with the classical nucleation theory is a currently
unresolved open issue. Moreover, some researchers (see Ref. [53], for example) speculated
that when one distinct bubble nucleus forms within the liquid film, the enormous vapor
pressure within the bubble nucleus will compress the surrounding liquid atoms, and due
to the application of periodic boundary conditions (in the X and Y directions) in MD
studies, the formation of a perfect distinct bubble nucleus and consequently nucleate
boiling would be challenging. However, as observed in Figure 10, the generated bubble
nucleus did not compress the surrounding atoms; hence, the mentioned speculation is
not convincing enough, at least for the configuration used in this study. Nevertheless,
according to the explanations given in the previous subsections, for an adsorbed liquid film
on a superhydrophilic solid substrate, nucleate boiling at the reduced pressure is impossible
because the pressure difference between the formed bubble nucleus and upper vapor space
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could push the liquid slug upward easily, creating a piston-like effect and finally leading to
either cluster or film boiling. The configuration and characteristics of the MD simulations
in this paper could be considered similar, to some extent, to the experimental investigation
conducted by Hong et al. [54]. They experimentally studied evaporation and boiling
on a copper particle sintered porous wick at reduced pressure inside a planar heat pipe
(vapor chamber). The authors pointed out that, for a thin liquid film, bubble nucleation is
not experimentally visible. Despite this, they mentioned that it may be attributed to the
opaqueness of the wick material.
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Figure 11. Cases A2-800 and B2-800: (a) two-dimensional contour plots and atomic distributions of

PE at 5 ps, (b) time evolution of the heat fluxes, and (c) time evolution of two-dimensional contour
plots of TE distributions.

3.3. Transition from Cluster Boiling to Film Boiling

Further discussion is worthwhile to provide atomistic insights into the different mecha-
nisms behind cluster boiling and film boiling, as well as the effect of liquid film thickness on
the phase transition regime. As discussed in Section 3.2, TE at the liquid—vapor interfaces
for all cases is always close to 0 eV due to a very low PE, manifesting that the Na liquid
atoms at the liquid—vapor interfaces are easy to evaporate. Thus, it can be concluded that
evaporation always occurs, even during cluster and film boiling. This phenomenon can
help explain why the liquid phase transition regime was converted from cluster boiling
into film boiling by increasing the solid substrate temperature from 800 K (for Case B3-800)
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to 900 K (for Case B3-900). Since both cases have the same liquid film thickness (3 nm)
and the same substrate surface (surface B), the required thermal energy for the formation
of vapor film is almost the same. Nevertheless, the heated solid substrate temperature
for Case B3-800 is lower than that for Case B3-900. As a consequence, the waiting time
to reach the required thermal energy to induce boiling would be longer, as shown before
in Figure 10. Figure 12 displays the number of Na atoms in the liquid film for both cases
before and after the onset time of boiling. Note that the onset of film/cluster boiling was
defined as the first appearance of a divided liquid region into two different liquid films,
which were identified based on the “Oxford” method [55].

-@-Film Boiling- Case B3-900
=@-Cluster Boiling- Case B3-800

2000

1500 -

1000 -

500 -

Number of Na atoms
in Liquid Film

0 20 40 60 80 100 120 140 160 180 200 220
Time (ps)

Figure 12. Time evolution of the number of Na atoms inside the liquid film for cluster and film boiling.

The significant fall in the number of atoms in the liquid film, illustrated in Figure 12, is
caused by the formation of the vapor layer, which is crucial during the transition to cluster
or film boiling. It is clearly seen that the declining trend of the number of atoms in both
cases is very similar, but the waiting time for Case B3-800 to form a vapor film is longer
than for Case B3-900. As the required time for the onset of boiling increases, the liquid film
spends more time near the heated solid substrate. More obviously, it can be concluded that
the longer the liquid film resides on the heated solid substrate, the thinner its thickness
(the number of Na atoms in the liquid film) becomes. Accordingly, at the onset of boiling,
the liquid film is not thick enough to leave the liquid film as a liquid slug. That implies
that even though the occurrence of film boiling is mainly related to higher heat fluxes, a
minimum liquid film thickness is vital. When the liquid film thickness is very low, film
boiling does not happen, regardless of the value of absorbed thermal energy.

In a word, in order to classify the phase transition regimes, two points should
be noticed:

e  Whenever TE in the near-wall zone goes to a zero value, a vapor layer starts forming,
and it can ultimately yield either cluster or film boiling. Otherwise, normal evaporation
will be observed.

e  Following the formation of the vapor layer, if the number of liquid atoms that are
about to evaporate is higher than a particular threshold, film boiling will appear;
otherwise, cluster boiling will take place. From the results described above, it can be
inferred that the minimum initial liquid film thickness of 3 nm is the threshold for the
occurrence of film boiling.

In summary, the aforementioned explanations in Sections 3.2 and 3.3 declare that the
solid substrate temperature, liquid film thickness, and surface roughness play significant
roles in the phase transition regime. These factors could influence the value and rate of the
absorbed thermal energy and consequently the possibility and onset time of generating the
vapor layer, thereby defining the phase transition regime.
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3.4. Transition from Cluster Boiling to Film Boiling

This part gains further insight into the normal evaporation regime. The time trends of
heat fluxes for the random rough surface during normal evaporation with two different
substrate temperatures (600 and 700 K) are shown in Figure 13.
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Figure 13. Trends of normal evaporation heat fluxes for the random rough surfaces.

It is important to mention that the original data curves were smoothed by applying
the Fast Fourier Transform filter [56], which is a common signal processing technique. This
post-processing was needed to reduce heat flux fluctuation due to random, instantaneous
interactions, i.e., to achieve a better outline of the heat flux trends over time.

Clearly, based on the variation in trend of the heat fluxes, two different modes of
normal evaporation can be identified. For Cases B1-600, B2-600, B3-600, B1-700, B2-700,
B3-700, and B4-700, heat fluxes continuously decrease to a zero value (Mode I). However,
for the other simulation systems, as the time changes, heat fluxes first decrease to reach a
minimum value, then increase to reach a maximum value, and finally decrease again to a
zero value (Mode II).

To clearly analyze such heat transfer behavior, Case B6-900 was chosen as meaningful
case, and its heat flux trend along with the time evolution of two-dimensional contour plots
of Temp distributions are presented in Figure 14. It is evident from the figure that, once
normal evaporation starts, as the temperature of liquid atoms rises, the temperature differ-
ence between them and the solid substrate decreases, which contributes to a decreasing
heat flux. After a specific time (580 ps), the near-wall zone atoms can transfer their thermal
energy to the upper atoms; thus, the heat flux starts to gradually increase again. Based
on the discussion of Section 3.2, the main reason for this waiting time may be because of
the collision thermal resistance. As time proceeds, because of the coupled effect of heat
transfer to the upper layer (above the near-wall zone) and thickness reduction of the upper
layer due to evaporation, the liquid film temperature gradually rises and becomes more
uniform. Finally, at 2500 ps, most of the liquid atoms reach the same temperature as the
solid substrate, thus leading to a heat flux drop. It is remarkable that the maximum heat
flux can be observed at a certain liquid film thickness for all simulation systems, such as
3 nm and 4 nm for the 600 and 700 K solid substrates, respectively. Increasing the substrate
temperature from 600 K to 700 K increases the heat flux and delays the occurrence of a
maximum peak, confirming that the threshold thickness for 700 K (4 nm) is higher than
that for 600 K (3 nm). More importantly, as expected, simulation systems with an initial
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liquid film thickness less than the threshold (4 nm for cases with a substrate temperature of
700 K and 3 nm for cases with a substrate temperature of 600 K) cannot experience Mode IL
Comprehensively, it is concluded that substrate temperature and liquid film thickness can
be considered the dominant factors in the definition of normal evaporation modes.
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Figure 14. Trend of heat flux and two-dimensional contour plots of Temp distributions for Case
B9-600.

4. Conclusions

In the present study, the effects of random roughness and substrate temperature
(ranging from 600 K to 1000 K) on the liquid—vapor phase transition regime of adsorbed
sodium liquid films in various thicknesses (ranging from 1 nm to 9 nm) were studied via a
molecular dynamics simulation method. At first, to generate a realistic representation of
a random rough gold surface, a new method was developed. Afterward, the constructed
random rough surface was used as the solid substrate in non-equilibrium liquid-vapor
phase transition simulations. The newly proposed surface was compared with an ideally
smooth surface. The results were given in terms of temperature, density, kinetic, and
potential, and total energy distributions, as well as analyses of the heat fluxes.

As a general result, it was found that for the ideally smooth and random rough
surfaces, by changing the liquid film thickness and substrate temperature, three different
phase transition regimes can be identified: normal evaporation, cluster boiling, and film
boiling. The details of the main findings are summarized and listed as follows:

(1) The results illustrated that the value of the solid substrate temperature as well as the
liquid film thickness are critical in determining the phase transition regime. Enhancing
the solid substrate temperature and consequently the value of the absorbed thermal
energy could result in changing the phase transition from a normal evaporation
regime to cluster /film boiling and cluster boiling to film boiling if the liquid film had
the minimum required thicknesses. Specifically, the minimum thickness for normal
evaporation to cluster/film boiling transition was 2 nm, while it was 3 nm for cluster
to film boiling transition.

(2) Even though using the random rough surface can enhance the absorbed thermal
energy, besides a specific film thickness (2 nm) and substrate temperature (800 K), it
cannot change the phase transition regime. Mainly because its heat flux enhancement
is not significant because of its low roughness ratio.

(38) For the normal evaporation regime, two different modes (in terms of the heat fluxes)
were identified. The influence of roughness on the mode of normal evaporation was
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negligible. For the normal evaporation transition mode, the liquid film thickness
plays a significant role, even more than the solid substrate temperature.

A prospective direction for subsequent studies could be focused on the influence
of the roughness ratio on the phase transition regime. Increasing the roughness ratio
could increase the heat flux significantly; therefore, it could have a more obvious effect
on the phase transition regime. Additionally, since nucleate boiling was not observed in
our simulations, this study might also be extended to investigate surface wettability and
pressure control configuration in relation to the possibility of nucleate boiling.
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Nomenclature

Abbreviations

12-6 L-] 12-6 Lennard-Jones potential

A Angstrom

Dens Density [g/cm?]

EAM Embedded Atom Model potential
eV Electronvolt

FCC Face-centered cubic

F Embedding energy [eV]

fs Femtosecond

g Gram

GW Gigawatt

K Kelvin

KE Kinetic energy [eV]

m Meter

MD Molecular dynamics

nm Nanometer

ns Nanosecond

NVE Microcanonical ensemble

NVT Canonical ensemble

OVITO Open Visualization Tool software
PE Potential energy [eV]

ps Picosecond

Tjj Distance between the atoms i and j [A]
S Second

TE Total energy [eV]

Temp Temperature [K]

U; Potential energy in the Embedded Atom Model potential [eV]
Uy Potential energy in the Lennard-Jones 12-6 potential [eV]
WHP Wicked heat pipe

o« Potential energy factor

a

Lennard-Jones potential distance constant [A]
u Micro
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€ Lennard-Jones potential energy constant [eV]
¢ Interatomic pair repulsion energy [eV]
Subscripts
Ag Silver
Au Gold
i Atom i
j Atom j
Na Sodium
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