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We study the role of surface topology, surface chemistry, and wall superheat temperature on the onset of boiling,
bubble nucleation and growth, and the possible formation of an insulating vapour film by means of a novel setup
for large-scale MD simulations. To minimise the effects of the system size on the bubble growth and the formation
of the vapour film, we perform simulations in a box larger than those previously considered. The effect of the
system pressure on bubble nucleation and growth is isolated by imposing a constant force on a moving piston and
mechanically controlling the pressure. The simulations reveal that the presence of a nanostructure determines
the nucleation site and facilitates the energy transfer from the hot substrate to the water. The surface chemistry,
on the other hand, governs the shape of the formed bubble. A hydrophilic surface accelerates the bubble
nucleation, however, decelerates the bubble expansion, thus postponing the formation of the film of vapour.
Hence, a hydrophilic surface provides better energy transfer from the hot wall to the water. By analysing the
system energy, we show that irrespective of wall topology and chemistry, there is a wall temperature for which
the amount of transferred energy from the wall is maximum.

1. Introduction

Bubble nucleation and pool boiling heat transfer proved to be of
great importance in many industries demanding fast and efficient heat
transfer from a hot surface (solar energy, thermal power, microfluidic
devices, microelectronics and nanoelectronics, to name a few [1,2]).
Therefore, during the last decades, several experiments and numerical
simulations based on continuum formulations were performed to un-
derstand the physics behind bubble nucleation, evapo-
ration/condensation and boiling [3-8].

Among others, Li et al. [9] performed experiments to study the ef-
fects of nanostructure surface treatments on boiling performance at low
superheat temperatures. They observed enhanced boiling performance
due to the formation of nanobubbles induced by stable nucleation sites
at microscale cavities. Zupancic et al. [10] studied nucleate boiling on
stainless steel foils by visualising nucleating bubbles and temperature
fields using high-speed video recording. They showed that bubble
nucleation on a flat surface requires higher activation temperature than
on a nano-structured surface. Shen et al. [8] employed a diffuse interface
model to study bubble growth on a biphilic surface and noticed that, at
low gravity, the contact line propagation closely follows the bubble
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growth everywhere but at the borders between hydrophilic and hydro-
phobic sections. However, at high gravity, the bubble expansion be-
comes weaker and the contact line becomes almost stationary at the
borders of hydrophilic and hydrophobic sections.

More recently, molecular dynamics (MD) simulations have emerged
as a powerful tool to gain detailed information about the physics at the
nanoscale also for the case of pool boiling heat transfer. Among the
available MD studies, Mao and Zhang [11] studied rapid boiling of a film
of water on a hot surface. These authors observed a rapid phase tran-
sition of water molecules close to the surface due to the overheating and
reported the formation of a constant density non-vaporisation molecular
layer attached to the surface of the plate. The effect of the thickness of
the liquid film on the phase transition mechanism (evaporation or
explosive boiling) was examined by Rabbi et al. [12] by means of MD
simulations of liquid argon over a hot wall. According to these results,
phase change occurs by evaporation for the two thinner films, whereas
the two thicker films undergo explosive boiling. Wang et al. [13]
confirmed that the initial thickness of the liquid film strongly affects the
onset of explosive boiling. According to their results, the thicker the
liquid film, the lower the temperature of onset of boiling. The same
authors suggested in another study [14] the existence of a critical film
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thickness below which the classical nucleation theory fails, when a hy-
drophilic surface is more suitable for explosive boiling. Gupta et al. [15]
studied the onset of bubble nucleation on a partially heated surface by
MD simulations and experiments. The effects of the width and the
temperature of the heated part of the surface on the bubble growth were
explored and a critical radius of nucleation reported.

In order to increase the efficiency of the heat transfer, numerous
studies were conducted to design the optimal surface properties when
changing the surface chemistry. Hens et al. [16] investigated bubble
nucleation and film boiling for different superheat temperatures on
surfaces with different chemistry (wettability conditions). These authors
reported that hydrophilic surfaces facilitate bubble nucleation or film
formation. Zhou et al. [17] studied bubble nucleation over a biphilic
surface and observed that the nucleation site moves from the hydro-
phobic to the hydrophilic part as the superheat temperature increases.
Rapid boiling on surfaces with uniform and patterned wettability was
investigated by Wu et al. [18]. Their results show that by increasing the
hydrophilic degree of the surface, the water temperature increases and
the evaporation rate decreases.

As an alternative strategy, changing the topology of the surface can
also affect the heat transfer. Fu et al. [19] employed cone-shape
nano-structured surfaces to investigate the effects of the size of these
patterns on the rapid boiling of a thin water film by means of MD sim-
ulations. These authors showed that the nanostructures not only in-
crease the heat transfer from the solid substrate but also affect the
temperature history and density distribution. Mukherjee et al. [20] also
performed MD simulations to study bubble nucleation of liquid water
over a silicon solid substrate, focusing on the effect of the nanostructure
height, width and type on the bubble growth rate. Zhang et al. [21]
compared the incipient nucleation time and the temperature corre-
sponding to the onset of boiling of liquid argon over three different
nano-structured surfaces, namely flat, concave, and convex. Their MD
simulations indicate that nano-structured surfaces intensify the bubble
nucleation. Moreover the same authors reported that bubble nucleation
occurs sooner on a concave nano-structured surface. Zhang et al. [22]
show by means of MD simulations that the presence of nanochannels
improves the heat transfer from the solid substrate to the liquid argon
and intensifies explosive boiling.

Finally, several studies also considered the combined effects of sur-
face chemistry and topology aiming to better control the onset of
boiling, bubble nucleation site, boiling heat flux, and the formation of
the insulating film of vapour. In particular, phase change of an argon
liquid over a nano-structured biphilic substrate was studied by Chen
et al. [23] whereas Diaz and Guo [24] conducted boiling simulation of
liquid argon placed on a horizontal substrate attached to vertical pillars.
Measuring the critical heat flux when varying the pillar arrangement
(particularly distance) and surface wettability it was concluded that the
critical heat flux increases when increasing the distance between the
pillars or increasing the degree of hydrophilic chemistry of the surface (i.
e. decreasing the contact angle). Chen et al. [25] studied the bubble
nucleation on grooved substrates with different wettability conditions.
They reported that the presence of a nanostructure facilitates the boiling
heat transfer by both improving the thermal energy transfer and
providing an initial bubble nucleus.

It is well known that the bubble nucleation, the temperature of
boiling onset, and boiling heat transfer are affected by the pressure of
the system as well as by the superheat temperature. While the depen-
dence on different superheat temperatures and surface properties has
been studied extensively also at the nanoscale, most of the previous
studies do not consider a mechanism to control the pressure. In partic-
ular, all the cited works employ MD simulations with fixed volume. This
means that the change of the fluid temperature induced by the heat
transfer results in a change of the pressure. On the other hand, Marchio
et al. [26] showed that standard approaches to perform MD simulations
at constant pressure (the so-called NPT runs) provide results which
depend on the size of the system when applied to vapour nucleation. It is
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therefore important to employ a new strategy to control the pressure in
MD simulations of boiling systems. As also shown here, see appendix B,
the results of the simulations with and without controlling the pressure
differ significantly (at least quantitatively).

The goal of this paper is to study bubble nucleation, the formation of
the vapour film, and the energy transfer in a pool boiling simulation
under controlled pressure when varying the superheat temperature,
surface topology and surface chemistry. To properly control the pressure
of the system, we choose to mechanically control the pressure by placing
a piston above the slab of water as introduced in Ref. [26]. Furthermore,
due to the periodicity of the system, the forming bubble usually grows
and merges with its periodic image and generates a vapour film at the
wall. In order to minimise the effect of the system size on the results, our
system is chosen as large as possible given the current computational
constraints and the need to explore different superheat and wetting
conditions; it consists of more than one million atoms with a substrate
area of about 641 nm?. We will present MD simulations of boiling water
for different superheat temperatures and over four different solid sub-
strates: two different kinds of surface chemistry (corresponding to a
hydrophilic and a hydrophobic wall) and two different topologies of the
solid substrate (a flat wall and a wall with a nano-cavity).

2. System setup and simulation method

The simulated system consists of three main parts: a solid substrate, a
water slab, and a solid piston, see Fig. 1. We consider both flat and nano-
structured substrates. In both cases, the substrate consists of atoms ar-
ranged in an FCC lattice with a lattice parameter equal to 0.33 nm. Fig. 1
displays the computational setup for the case of the nano-structured
substrate, where a single cavity is present. The solid substrate has di-
mensions of 25.33 nm x 25.33 nm x 4.33 nm and is composed of
three layers: a bottom fixed layer (black), a thermostated layer (grey)
and a free layer (purple). In the case of the nano-structured wall, the
width and height of the cavity is 0.08 times those of the solid wall. The
interactions among the solid atoms are described by the Lennard-Jones
(LJ) potential:

s [)-])

1.667 nm

10 nm

4.332 nm

25.333 nm

Fig. 1. Simulation set-up. a) The simulation system is composed of three
components: a solid substrate, a water slab, and a solid piston. The solid sub-
strate consists of three layers, namely the frozen layer (black), the thermostat
layer (grey), and the free layer (purple). The components and the layering are
the same for the flat substrate for which the cavity is also filled with solid
atoms. For nano-structured walls, the stationary state reached at the end of the
equilibration phase can be either the Wenzel or Cassie-Baxter state. For a hy-
drophilic cavity, we obtain Wenzel state (cavity completely filled by the liquid,
panel b) whereas for a hydrophobic cavity, the Cassie-Baxter state (liquid does
not fill the cavity, panel c). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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where o = 0.216 nm is the distance at which the intermolecular po-
tential between the two atoms is zero and &;; = 40 kJ/mol is the depth of
the potential well. The LJ parameters are selected such that the
maximum temperature of the simulations (700 K) is below the melting
temperature of the solid substrate. All the LJ interactions are cut beyond
a distance r, = 0.9 nm. The positions of the first layer of the substrate
(black in the figure) atoms are frozen. During the non-equilibrium
simulations, atoms in the thermostated (purple) region are restrained
to their initial lattice positions through a harmonic potential:

1
Vi (ri) :Ekpr(ri - Ri)27 (2)

where r; is the position of atom i at time ¢, R; is the initial position of
atom i, and ky = 10% kJ/(molnm?) is the spring constant. Moreover,
atoms in the thermostated region are connected to a velocity rescale
thermostat [27].

To properly control the pressure, a piston (brown atoms in Fig. 1) is
placed on top of the water slab. This is free to move up and down thus
providing a mechanical control of the pressure as introduced in
Ref. [26]. The piston is also modelled as an FCC solid with same lattice
parameter as the substrate. The height of the piston is 3.66 nm. A
constant downward acceleration is imposed on all the atoms of the
piston, with magnitude computed to provide the force on the piston
which corresponds to the prescribed pressure. In particular, being F the
total downward force acting on the piston, f the downward force on each
atom, A the area of the piston and n, the number of atoms of the piston,
we have:
pP— F _ S

A A ®

Although the proposed pressure control algorithm proved to be
reliable in atomistic simulations of vapour nucleation (see Ref. [26]), we
examined it by performing a test where we measure the displacement of
a solid wall connected to a spring when subjected to a constant down-
ward pressure force (see appendix A).

Finally, the SPC/E model [28] is used for water. The height of the
water slab is ~ 10 nm, with periodicity assumed in all the three di-
rections. It is worth to mention that the simulation box is considered
high enough (200 nm) to avoid any short range interaction between the
piston at the top and the periodic image of the solid substrate as well as
any significant long range interaction.

For the single cavity reported in Fig. 1, the system contains around
1.2 million atoms including (approximately) 190k atoms in the frozen
layer, 54k atoms connected to the thermostat, 62k atoms in the free
layer of the solid wall, 630k atoms in water slab (to be precise 209876
water molecules), and 250k atoms forming the piston.

2.1. Wettability of the substrate
The wettability of the substrate is controlled by the water-substrate

interaction potential. The oxygen atoms of water molecules interact
with the solid atoms via a Lennard-Jones potential
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a2~ 2]

where oy, is equal to the arithmetic average of 6;; = 0.216 nm and 6,, =
0.317 nm, according to the Lorentz-Berthelot rule [29]. The value of &,
controls the wettability. Several wetting simulations were performed on
a cylindrical droplet [30] for different values of s, to obtain the values
corresponding to a hydrophobic and a hydrophilic surface. In particular,
we have selected &5, = 0.55 kJ/mol for an hydrophobic substrate (con-
tact angle 0 ~ 135°) and &5, = 1.4 kJ/mol for the hydrophilic substrate
(contact angle 0 =~ 45°). Fig. 2 presents the equilibrium configuration
from the wetting simulations over the hydrophilic and hydrophobic flat
walls. Note that the contact angles are measured graphically and the
reported angles are approximated values which are accurate enough for
our purpose (i.e. providing a hydrophilic and a hydrophobic surface).

2.2. Simulation protocol

All the simulations are performed using the open-source software
GROMACS [31]. The simulation protocol is as follows. First, each of the
three components of the system (solid substrate, water slab, and piston)
are separately equilibrated for 1 ns. The solid substrate is equilibrated at
T = 300 K using an NVT simulation. To this aim, all the three layers are
connected to a velocity rescaling thermostat for 1 ns. The piston is also
equilibrated at T = 300 K using the same thermostat. Finally, the water
slab is equilibrated using an NPT semi-isotropic simulation where a
Parrinello-Rahman barostat [32] is used together with a velocity
rescaling thermostat to equilibrate the water boxat T = 300 Kand P = 1
bar.

Secondly, the equilibrated components are combined as shown in
Fig. 1. An additional NVT equilibration is then performed on the inte-
grated system for 1 ns. During this run, the piston is active, i.e. a constant
acceleration (or equivalently a constant force) is applied on each atom
forming the piston. Depending on the magnitude of the mechanically
applied pressure and on the chemistry of the surface, the stationary state
reached by the system after this equilibration phase can be either a
Cassie-Baxter or a Wenzel state [33-36]. The system spontaneously
moves to a Wenzel state (the cavity is completely filled by the liquid) for
the hydrophilic cavity, whereas the stationary state for a hydrophobic
nano-structured wall is a Cassie-Baxter state (the liquid does not fill the
cavity). Finally, the thermostat is disconnected from all the atoms except
those in thermostat group of the solid substrate (see Fig. 1) and the
non-equilibrium molecular dynamics simulations are started.

As introduced above, we shall study two substrates, namely, a flat
wall and a nano-structured wall. For each substrate, two different wet-
tabilities are studied, hydrophobic and hydrophilic (indicated as 8 > 90°
and 6 < 90" in the figures). Seven thermostat temperatures are consid-
ered, Ty = 400 K, 450 K, 500 K, 550 K, 600 K, 650 K, and 700 K. For all
the simulations we use a time step of 0.1 fs except for those at temper-
ature larger than 550 K when the time step is reduced to 0.05 fs. For the
sake of computational cost, the simulations are limited by two criteria. i)
Simulations are performed up to maximum 8 ns, or ii) they are stopped
when the vapour film completely covers the wall, because we are only

Fig. 2. Wettability simulations. Droplet equilibrium over a hydrophobic and hydrophilic wall. The results show that the contact angles for the hyrdophobic and

hydrophilic walls are about 135° and 45°.
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interested in the physics prior to the formation of the vapour film, i.e.
when the solid substrate is not fully insulated by the vapour film.

3. Results

The results of the simulations of boiling on surfaces with different
topologies and wettabilities will be analysed in terms of bubble forma-
tion, location of the nucleation site, bubble growth, film formation, and
energy transfer from the hot wall to the water slab and the piston.

3.1. Bubble nucleation and bubble growth

The formation, the shape, and the growth of the bubble or the for-
mation of the vapour film strongly depend on the topology and the
chemical properties of the wall. Fig. 3 displays the evolution of the
nucleated bubble for the case with the thermostat temperature of 700 K
(hereafter this will be referred to as wall temperature and denoted by
Tw) for the 4 different wall chemistries and topologies under
consideration.

We detect the bubble nucleation and the onset of boiling by calcu-
lating the average density fields. To this end, the simulation domain is
divided into a finite number of numerical cells (1nm x1nm x25.33nm)
and the position of each water molecule defined by the position of the
oxygen atom. We count the number of molecules in each numerical cell
and average first in the groove direction (perpendicular to the plane in
Fig. 1). The averaged density as a function of time is then computed with
the averaged number of water molecules in each cell, the molecular
mass of a water molecule, and the volume of each numerical cell. The
instant when the density decreases below a selected threshold, and
remain below it, is taken as the nucleation time. The threshold value is
selected close to the water vapour density at 1bar and corresponding
temperature.

For the nucleation to happen, water molecules should absorb enough
thermal energy to overcome an energy barrier. According to Fig. 3, the
presence of a nano-cavity provides a preferable nucleation site. For a
hydrophilic nanostructured wall, when the initial state after equilibra-
tion is the Wenzel state [34] (i.e. the water completely occupies the
cavity as shown in Fig. 3a;), the water molecules inside the cavity are
adjacent to a larger solid surface area and interact with more atoms of
the solid wall. Therefore, more thermal energy is absorbed by the water
molecules inside the cavity than by those adjacent to the flat part of the
wall; hence, the bubble always nucleates inside the cavity (see Fig. 3ay).
On the contrary, for a hydrophobic structured wall, the initial state is the
Cassie-Baxter state [33] (see Fig. 3b,) i.e. an initial residual gas phase is
trapped inside the cavity. As a result, the nucleation occurs around the
nanostructure as illustrated in Fig. 3b,, see also the results in Ref. [25].

Bubble nucleation occurs in random locations over the flat walls. For
the hydrophilic case, the nucleation is observed randomly in the bulk
liquid (Fig. 3cz), as documented in Fig. 4 where we depict the nucleation
site over a flat hydrophilic wall from simulations with wall temperature
Tw = 600 K and Ty = 650 K.

Similarly, bubble nucleation appears at random locations but at the
wall for the case of a hydrophobic flat wall. We magnify frames 3dy— ds
in Fig. 5 to elaborate on the mechanism behind the formation of an
insulating film in this case. As shown in panel a of the figure, there is no
unique nucleation site (see the black dashed circles), and the boiling
starts with several nucleation sites. The bubbles soon merge and form
larger bubbles, see Fig. 5b. The large bubbles, in turn, grow (Fig. 5¢) and
merge to form the insulating film of vapour (Fig. 5d).

As concerns the nucleation time, our results suggest that regardless of
the surface topology, bubble nucleates sooner on the hydrophilic walls.
As shown in Fig. 3a, and Fig. 3b, , the nucleation occurs at t ~ 1.325 ns
over a hydrophilic nano-structured wall whereas it is observed at t ~
4.85 ns over a hydrophobic nano-structured wall. This observation
suggests that a hydrophilic surface facilitates the heat transfer, as dis-
cussed later in section 3.2 by analysing the mechanisms for energy
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transfer at work. Depending on the surface chemistry, the presence of a
cavity either accelerates or decelerates the bubble nucleation. For a
hydrophilic nano-structured wall, the water molecules inside the cavity
absorb more thermal energy so that the bubble nucleation is accelerated
(compare Fig. 3ay and Fig. 3cy). Conversely, the water molecules around
the hydrophobic cavity interact with fewer atoms of the hot solid as the
preferable nucleation site is filled with gas. Therefore, a hydrophobic
nanostructure postpones the bubble nucleation (compare Fig. 3by and
Fig. 3dy). Note that the effects of the surface topology on the nucleation
time are more evident for the hydrophilic walls.

The nucleated bubble requires additional thermal energy to grow
and form the insulating vapour film [25]. Since for a nano-structured
wall the initial bubble forms in the cavity (see Fig. 3ap and Fig. 3by),
some parts of the solid wall inside or around the nanostructure are
insulated. Hence, the interactions (or energy transfer) between the
atoms of the hot solid wall and the water molecules surrounding the
bubble decrease. As the bubble grows in size, the portion of the wall
which is insulated by the film of gas increases (see Fig. 3as — as and
Fig. 3bs — bs). Note, however, that, in the case of a flat hydrophilic wall,
the nucleus is forming in the bulk liquid, surrounded by water mole-
cules. Therefore, there is no insulation of the solid wall and the water
molecules around the nucleus absorb more thermal energy than in the
case of a bubble around the cavity. In addition, for a hydrophobic flat
wall, see Fig. 3by and Fig. 3da, a greater portion of the solid wall is
insulated in the presence of the cavity. Hence, the bubble grows slower
on a nano-structured wall and the insulating film forms later than over a
flat wall.

Note that, as also discussed above, although the rate of the absorbed
energy from a flat wall after nucleation is greater than that absorbed
from the nano-structured wall, the time needed for the film to form is
shorter. In particular, it takes about 0.625 ns for the nucleated bubble
over a hydrophilic nano-structured wall (see Fig. 3ay) to grow and form
the film (see Fig. 3a;) whereas the same process takes 0.15 ns on a hy-
drophilic flat wall (see Fig. 3¢, and Fig. 3cs). Therefore, the total amount
of the energy transferred after the nucleation is greater for a nano-
structured wall due to the delay in the film formation.

Finally, comparing Fig. 3a; — as and Fig. 3by — b4, we see that the
surface chemistry dictates the shape of the nucleated bubble. Over a
hydrophilic wall, the contact angle is always acute (8 < 90) while the
bubble is growing, whereas it is always obtuse (6 > 90) for a hydro-
phobic wall (compare Fig. 3a4 and Fig. 3bs).

3.2. Energy analysis

In the following, we will consider the system consisting of the water
slab and the piston and examine the total amount and the rate of energy
transfer from the bottom wall to the system, denoted as AE and E. The
total energy of the system is computed as the sum of five different
contributions:

E=U, +K,+U, +K, +U, (5)

where U, (water potential energy) is the summation of the Lennard-
Jones and the Coulomb interaction energy among the water mole-
cules, Ky, is the kinetic energy of the water atoms, U, is the Lennard-
Jones interaction energy among the piston atoms, K, represents the ki-
netic energy of the piston atoms, and finally, Us is the sum of all the
surface energies, i.e. the Lennard-Jones interaction of the water atoms
with the wall and the piston atoms.

There are two mechanisms contributing to the energy transfer to the
system. The first and dominant one is the short range molecular in-
teractions which strongly depend on the surface wettability; for a hy-
drophilic surface, the interactions between the molecules of the hot solid
wall and the liquid film are much stronger than those of a hydrophobic
wall. The second mechanism is the translational motion of the molecules
within the liquid film. This mechanism requires high temperature gra-
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6 < 90°

6 < 90°

6 > 90°

a1,t= 0 ns

as,t=1.325 ns bo,t=4.85 ns co,t= 1.625 ns do,t= 4.525 ns

ba,t=4.95 ns

cs,t= 1.775 ns ds.,t= 4.675 ns

ag,t= 1.825 ns

be,t= 5.05 ns cg,t=1.825 ns dg,t= 4.7 ns

a7,t= 1.95 ns

bz,t= 5.1 ns

cr,t=1.875 ns dy,t= 4.75 ns
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Fig. 3. Evolution of the nucleated bubble for
different wall chemistries and topologies. The
thermostat temperature is set to Ty = 700 K. The
first and the second columns correspond to nano-
structured walls while the third and the fourth
columns show the evolution of the bubble (or the
film) on a flat wall. The walls in the first and the
third columns are hydrophilic whereas the walls
in the second and the fourth columns are hydro-
phobic. The presence of a nanostructure mostly
controls the nucleation site, whereas the bubble
shape depends on the surface chemistry.
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a) Tw = 600 K,t= 3.025 ns
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b) Tw = 650 K,t= 2.025 ns

Fig. 4. Random nucleation over a heated hydrophilic flat wall. The two panels report the first stage of the nucleation for (a) Ty = 600K, b) Tyy = 650K.

a) t= 4.525 ns

b) t= 4.55 ns

d) t= 4.675 s

Fig. 5. Bubble nucleation over a hydrophobic flat wall. In this case, there is no unique nucleation site. Bubble nuclei form in several random locations at the wall and

merge quickly to form a vapour film.

dients within the film. Wang et al. [14] referred to these two mecha-
nisms as molecular collisions and heat convection, and showed that their
relative importance depends on the initial thickness of the liquid film.
According to the results in Ref. [14], given a surface chemistry, there is a
critical thickness of the liquid film below which the temperature is
relatively uniform within the film; hence, the translational motion of the
molecules is negligible and the classical nucleation theory fails, i.e. a

Cavity; 0 < 90°

0.4 0.8 1.2 1.6
t (ns)
Flat, 6 < 90°

0.4

o
©

. 1.2 1.6
t (ns)

hydrophilic surface yields a favourable heat transfer. We will therefore
discuss our results in the light of these findings, recalling that the initial
thickness of the water slab in our simulations (after the equilibration) is
~ 9.7 nm.

To analyse the energy transfer in the system, we first investigate the
translational molecular motion. To this end, we borrow the idea of Wang
et al. [14] and examine the distribution of the averaged temperature

a Cavity, 6 > 90° C

t (ns)

Fig. 6. Evolution of the averaged water temperature in four different layers above the solid wall. For the hydrophobic walls, the negligible difference between the
temperature of the first and the fourth layer indicates that the translational motion of the molecules is negligible and the molecular interaction is the main heat

transfer mechanism.
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Fig. 7. Time evolution of the system energy and of its
rate of change. Panels a-d depict AE = E(t) — E, with
Ey the initial energy while panel e-g the rate of
change E = dE/dt for the four combination of wall
wettability and topologies under consideration. The
onset of boiling, when observed, is indicated with a
filled circle in the energy plot, see e.g. the red circle in
panel a), which corresponds to the visualisation in
panel a) of Fig. 3. For some cases, boiling does not
start during the 8ns of the simulation. (For interpre-
tation of the references to colour in this figure legend,
the reader is referred to the Web version of this
article.)
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along the water slab thickness for the case with wall temperature of
700K (see Fig. 6). We consider four layers of water, corresponding to
Az =0—1 nm, Az =2—3 nm, Az =5—6 nm, Az = 8— 9 nm,
where Az = 2z — zg, and 24, = 4.332 nm is the height of the substrate.

The data in Fig. 6a and b, reveal that the difference between the
temperature of the first and the last layer (0 — 1nm and 8 — 9nm) is
greater for the hydrophilic walls than for the hydrophobic walls.
Therefore, besides the molecular interactions, heat transfer is also due to
the translation of the water molecules in the case of the hydrophilic
walls. On the other hand, the difference between the temperature of the
first and the last layer is negligible for the hydrophobic walls (see 6¢ and
6d). Hence, the main mechanism for heat transfer is the molecular
interaction. Therefore, considering stronger molecular interactions be-
tween the hydrophilic solid wall (comparing to the hydrophobic solid
wall) and the water molecules, the hydrophilic surface provides better
heat transfer.

In Fig. 7, we report the time evolution of the system total energy,
AE = E(t) — Eo (where E, stands for the initial energy of the system), and
its rate of change, E = dE/dt, for the different wall surface chemistry and
topologies under consideration. To reduce the noise, E is obtained as an
average over time intervals of 200 ps.

Some general conclusions can be drawn from the data in Fig. 7. First,
both the energy of the system, E, and its rate of change, E, are more
affected by the change in the chemistry of the surface rather than by the
topology of the wall.

For a hydrophilic wall, the water molecules absorb a large amount of
energy from the hot wall through strong molecular interactions (see
Fig. 7a—c). Then, due to the large temperature gradient between the
different layers (see Fig. 6a and b), the absorbed energy is transferred to
the upper layers of water atoms through both molecular interactions and
the migration of hot water molecules to the colder part of the system.
Due to this energy transport within the system, the layer of water atoms
close to the wall can absorb more energy before breaking the energy
barrier of nucleation. Note that the presence of the piston (or controlled
pressure of the system) prevents evaporation to occur before the system
absorbs enough energy to overcome the energy barrier. According to
Fig. 6a and b, the difference between the temperature of the different
layers of the water slab decreases over the time resulting in a reduction
of the translational molecular motion. Thus, approaching the nucleation
time, most of the energy absorbed from the wall remains close to the
wall.

For a hydrophobic wall, on the other hand, the temperature gradient
within the water slab is negligible (see Fig. 6¢c and d); hence, energy is
transferred from the hot wall to the system mainly through the molec-
ular interactions. Because of the weaker molecular interactions between

Cavity, 0 = 45°

Cavity; 6 = 135°
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the solid wall and water molecules, the increase of the system energy is
slower and less intense as seen in Fig. 7. Therefore, the energy required
to overcome the energy barrier and nucleate the bubble (or form the
vapour film) is provided over a longer time for a hydrophobic wall. This
observation is consistent with the results in section 3.1 where it was
shown that the bubble (or the film) inception time is mainly affected by
the surface chemistry; as an example, in the case of the nano-structured
topology, nucleation occurs after 1.325 ns over a hydrophilic wall
(Fig. 3ay) whereas it requires 4.85 ns in the case of a hydrophobic wall

Moreover, we see that AE and E increase with the wall temperature
before the onset of boiling for all the cases (the time corresponding to the
onset of boiling is marked with symbols in the plots in the first row of
Fig. 7). Note, however, that boiling does not start during the 8ns of
simulations for some of the cases due to low rate of energy transfer in
those systems.

Finally, after the onset of boiling, the hot wall is partially insulated
by the vapour phase. Therefore, the interactions between the atoms of
the hot solid wall and the water molecules decrease dramatically and the
total energy of the system approaches a plateau.

Next, we report in Fig. 8 the effect of different wall temperatures, Ty,
on the maximum amount of energy extracted from the hot wall by the
water slab, AEpqy, and the maximum rate of energy transfer between the
hot wall and the system, Eyq (Fig. 8a and b). The maximum amount of
transferred energy, AE, first increases with the wall temperature and
then decreases. This behaviour is attributed to the combined effects of
bubble formation and growth and to the increase of the rate of energy
transfer at high temperature.

Consistently with the discussion above, E decreases with time, see
Fig. 7e-h. This is in agreement with the standard continuum intuition
that suggests that E is roughly proportional to the temperature differ-
ence between the solid wall and the temperature of the portion of the
water slab in contact to the wall. This difference is maximum at the
beginning of the process when the water slab is at 300 K and it decreases
as the water temperature increases over the time. Moreover, the higher
the wall temperature, the more the rate of the energy transfer. On the
other hand, for the highest wall temperatures, the vapour bubble forms
sooner and grows faster. Thus, an insulating vapour layer partially or
fully covers the wall relatively quickly, which results in a reduction of
the energy transfer. Therefore, for a given wall toplogy and chemistry,
the maximum amount of the energy transfer is a trade off between the
rate of the energy transfer (which increases with wall temperature) and
the formation of the insulating film (which occurs earlier for higher wall
temperatures). These two mechanisms explains the presence of a
maximum in Fig. 8a.
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Fig. 8. Effect of wall temperature on the energy transfer. a) Maximum amount of energy extracted by the water slab from the hot wall and b) maximum rate of
change of the energy of the system. Although the maximum rate of energy transfer (Enq,) increases with the wall temperature, the maximum amount of transferred

energy, AEyqy, first increases with the wall temperature and then decreases.
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Fig. 9. Evolution of the average water temperature. Due to the formation of the insulating vapour film, the averaged water temperature never reaches the thermostat

temperature.

As mentioned earlier, the chemistry of the wall has a dominant role
for the amount of energy transfer to the system. However, according to
Fig. 8a, given the surface chemistry, the wall temperature at which the
amount of transferred energy is maximum differs for the different sur-
face topologies. In particular, the temperature corresponding to the
maximum transferred energy is higher for the cases with nano-
structured surfaces than for the flat walls. Considering the discussion
above about the origin of the maximum in the energy transfer curve in
Fig. 8a, the data confirm that the surface topology also affects the bubble
growth and the formation of the film (although less than the surface
chemistry). For nano-structured surfaces, the bubble forms and grows

around the cavity and its growth rate is therefore limited as it was dis-
cussed in section 3.1. Thus, a nanostructure delays the formation of the
vapour film and improves the energy transfer which is in agreement
with the results of the experiments performed by Das et al. [37]. Their
results illustrate that nano-structured surfaces increase the pool boiling
heat transfer by increasing the effective heating surface.

3.3. Temperature fields

The evolution of the averaged temperature of the water (Tw) is dis-
played in Fig. 9 for the different wall topologies, types of surface

T
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Fig. 10. Time evolution of the instantaneous water temperature field for the hydrophilic cases. Ty = 700 K. Although the averaged wall temperature is below that of

thermostat, the water temperature reaches the thermostat temperature locally.
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chemistry, and different thermostat temperatures examined. Note that
the values of temperature in Fig. 9 are the average over the whole water
slab; the filled circles represent the averaged temperature of the water at
the onset of boiling and should not be considered as the onset of boiling
temperature.

First we note that for all cases, irrespective of the wall chemistry and
topology, the averaged water temperature does not reach that of the
wall during the 8 ns of simulation. Let us consider the hydrophilic
structured wall (Fig. 9a) for which the bubble nucleation, bubble
growth, and film formation occur during the simulation time if the wall
temperature is greater than 500 K. For these wall temperatures, the
vapour phase insulates the hot wall partially (or fully) before the aver-
aged water temperature reaches that of the wall. Therefore, the aver-
aged water temperature is always below the wall temperature.

As discussed earlier, higher wall temperatures accelerate the onset of
boiling and the formation of the insulating layer. As a consequence, in
the case where the wall temperature is 700 K, the difference between the
equilibrium water temperature (around 550 K) and the wall temperature
is higher than that at the lower temperatures. Note also that for the cases
with thermostat temperatures equal and below 500 K, the average water
temperature is still slightly increasing with time, which indicates that
longer simulation times would be necessary to reach the equilibrium
temperature and observing bubble nulceation. Although the averaged
water temperature is always below the wall temperature, locally the
water temperature does reach that of the wall. This is documented in
Fig. 10 by iso-contours of instantaneous local temperature of the water
molecules for the boiling over hydrophilic walls and thermostat tem-
perature 700 K, where the time frames are selected at the same instances
as those in Fig. 3. Indeed, as suggested by the visualisations in Fig. 3, the
local temperature is higher inside the cavity at the onset of the boiling,
where it is close to the wall temperature (see Fig. 10 a) and where
nucleation is therefore seen. As time evolves, the region of high local
temperature expands on the upper surface (cf. Fig. 10b-f), leading to
bubble growth and the formation of the film, as also discussed earlier.
Similarly, at the onset of boiling over the flat hydrophilic wall, the local
temperature is highest at the nucleation site, close to the wall temper-
ature (see above the left part of the wall in Fig. 10 m).

Finally, let us consider Fig. 9a and c (or Fig. 9b and d). The results
reveal that for a given surface chemistry and wall temperature, the
averaged temperature of the system corresponding to the onset of
boiling (filled circles on the plots) is greater if the wall is not nano-
structured. This observation is in agreement with the experimental
study by Zupanci¢ et al. [10]. Their results show that the bubble
nucleation on a flat surface requires higher activation temperature than
on a nano-structured surface.

4. Conclusion

The onset of boiling, bubble nucleation and growth, and the possible
formation of an insulating vapour film are investigated by means of
large-scale MD simulations and analysing the system energy evolution.
In particular, we consider a hydrophilic and a hydrophobic wall and two
wall topologies, a flat wall and a wall with a periodic array of nano-
cavities, and vary the temperature of the solid substrate from 400 K to
700 K. Specific and novel to this set of simulations is the control of the
system pressure by means of a piston on the top boundary. A downward
constant force is imposed on the piston atoms providing a mechanical
control of the averaged pressure of the system at the desired value (P =1
bar).

The results of the simulations with different wall topologies reveal
that the presence of a nanostructure triggers the bubble formation for a
hydrophilic wall and postpones it for a hydrophobic wall. Irrespective of
the surface chemistry, the nanostructure also provides a preferable
nucleation site due to a larger solid surface in contact with the liquid in
the nanostructure (for a hydrophilic wall) and a residual gas phase
trapped in the cavity (for a hydrophobic wall). Our results suggests that
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the presence of a nanostructure delays the formation of the insulating
film; the formed bubble expands around the nanostructure, thus
partially insulates the wall. As the bubble grows, the portion of the wall
insulated by the gas phase increases gradually resulting in a decrease of
the energy transfer from the wall. Hence, the insulating vapour film
forms over a longer period of time on a nano-structured wall when
comparing to the film formation on a flat wall. Therefore, the presence
of a nanostructure facilitates the energy transfer from the hot substrate
to the water by controlling the nucleation site, detaining the bubble
growth, and postponing the formation of the vapour film.

Concerning the wall chemistry, we show that a hydrophilic wall fa-
cilitates the energy transfer. This is explained by examining two possible
mechanisms for energy transfer within the system; namely, the molec-
ular interactions and the translational motion of the water molecules
within the system. For the cases with hydrophilic walls, due to high
temperature gradient within the different water layers, the migration of
the hot water molecules towards the piston distributes the energy in the
system, in addition to molecular interactions. Hence, more energy can
be absorbed from the hot wall before nucleation. Moreover, the mo-
lecular interactions between the water molecules and the atoms of a
hydrophilic solid wall are more intense than those with a hydrophobic
wall. In addition, on a hydrophobic wall, the negligible temperature
gradient within the water slab prevents any observable molecular
migration. Thus, the absorbed energy is mostly accumulated in vicinity
of the wall, so that a hydrophilic surface accelerates the bubble nucle-
ation. This surface chemistry however decelerates the bubble expansion,
thus postponing the formation of the film of vapour. Therefore, a hy-
drophilic surface provides a better energy transfer from the hot wall to
the water.

Regardless of the surface topology and chemistry, we have shown
that the maximum amount of energy transfer between the hot wall and
the water increases with the wall temperature at the lowest temperature
values considered (from 400 K to approximately 550 K depending on the
wall topology). We explain this increase by quantifying the maximum
rate of energy transfer, which is also increasing with the wall tempera-
ture. Further increasing the wall temperature, the maximum amount of
energy transfer undergoes a reduction. This reduction is a consequence
of the formation of the vapour film which insulates the wall. Higher wall
temperature accelerates bubble nucleation, bubble growth, and the
formation of the film of vapour. Therefore, irrespective of the wall to-
pology and chemistry, we find a wall temperature for which the amount
of transferred energy is maximum. Finally, our simulations show that
although the averaged temperature of the system is always below the
wall temperature, the temperature locally reaches that of the thermostat
in the nucleation site and this hotter region grows in size as the bubble
expands.

In summary, despite the known limitations of the MD approach (e.g.
short time scale, small systems, need for large superheat), we show that
large-scale simulations provide a viable tool to shed light on the com-
bined effect of chemistry and nanostructure on the first stages of pool
boiling. The possibility to accurately control pressure, wall chemistry
and nanostructure shape, combined with the increasing computational
performance of GPU systems, paves the way to the use of this approach
to explore more complex scenarios such as biphilic surfaces and reen-
trant textures.
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Appendix A. Validation of pressure control algorithm

Fig. A.11a illustrates the simulation setup for validating the pressure control algorithm. This small system contains three components, namely, a
piston (brown), a water slab, and a substrate (grey), similar to the setup of [26]. The idea is to impose a constant force (corresponding to a desirable
pressure) on the piston and obtain the prescribed pressure at the substrate. Therefore, all the atoms of the piston are subjected to a constant downward
force. The atoms in the substrate are connected to a spring with constant of k,,, = 1 kJ/(molnm?).
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Fig. A.11. a) System setup for examining the pressure control algorithm. The system consists of three parts. A piston (brown atoms) on which a constant force is
imposed, water molecules, and the substrate atoms (grey) which are connected to a spring with constant of ky,, = 1 kJ/(molnm?). b) Evolution of the substrate
height when subject to downward forces of two different magnitudes. Purple and orange solid lines represent the results for f,, = 9.26 x 107'* Nandf,, = 9.26 x
10-'3 N. The black dashed lines show the averaged height of the substrate.

Given the number of atoms in the piston, n,, =1452, and the area of the piston A,, =3.66 nm x 3.66 nm, we can calculate the force f,, =9.26x
1071 Nand f,, = 9.26 x 10713 N needed to obtain the desired pressure P; = 100bar and P, = 1000bar as

FPhn (A1)

nI’A

Next, we impose the calculated downward forces on each atom of the piston and perform a NVT simulation at 300K. Fig. A.11b shows the evolution
of the substrate height (height of the center of mass of the substrate, z.,) corresponding to an average displacement (AZ.,) —0.056 nm and —
0.56 nm for f, and f,,. We calculate the pressure at the substrate as

p Ty kpry AZ e

—a A A2
AsubA ’ ( )

where ng;, = 1452 is the number of atoms of the substrate, and Ay, = 3.66 nm x 3.66 nm is the substrate area. The averaged pressure at the
substrate is found to be 100.69bar and 1000.004bar which validates the proposed pressure control algorithm.

Appendix B. Effects of controlling the pressure

As discussed above, besides the superheat temperature, surface topology and surface wettability, we believe that an imposed constant pressure is of
great importance and will, at least, quantitatively affect the results of the simulation.

To support our claim, we re-examine the case with a hydrophilic nano-structured wall connected to a thermostat at 700K. The simulation setup is
the same as the setup of the system in the manuscript but the piston is removed to avoid any control over the pressure.

Fig. B.12 displays the bubble nucleation, bubble growth, and the formation of the insulating film over the nano-structured hydrophilic wall with
(first row) and without (second row) controlling the pressure.
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a,t= 1.325 ns bt=1.45ns c¢,t=1.575 ns d,t= 1.7 ns e,t= 1.825 ns f,t=1.95 ns

g,t= 1.1 ns h,t=1.2 ns i,t= 1.3 ns j,t=1.4 ns k,t= 1.5 ns l,t=1.6 ns

Fig. B.12. Evolution of the nucleated bubble over a hydrophilic nano-structured wall with (first row) and without (second row) controlling the pressure of the
system. The thermostat temperature is set to Ty = 700 K. Controlling the pressure of the system affects the bubble nucleation, growth, and the film formation.

According to Fig. B.12, controlling the pressure of the system affects the results of the simulation. First, comparing Fig. B.12a and Fig. B.12g, the
bubble nucleates sooner in the absence of the pressure control. This is consistent with the fundamental thermodynamical intuition: a bubble nucleates
later at higher pressure. Second, without controlling the pressure, the bubble spreads faster and the insulating film of vapour forms sooner. The
insulated film forms after 0.625 ns for the system under an imposed pressure (1bar), however, as at is illustrated in Fig. B.12g-Fig. B.12l, it takes about
0.5 ns for the nucleated bubble to grow and form the film if there is no control over the pressure. Finally, comparing B.12f and B.12l, we see that the
film is much thicker in the absence of the pressure control algorithm.

Fig. B.13 shows the evolution of the averaged water temperature for the two systems. The filled circles indicate the nucleation instants. Without
controlling the pressure of the system, the averaged temperature of the water slab is greater. This observations suggests that the pressure of the system
also affects the rate of energy transfer to the system.
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Fig. B.13. Effects of the system pressure on the evolution of the averaged temperature of the water slab. The filled circles correspond to the nucleation instant.

Based on the these results, we believe that a reliable pressure control mechanism is crucial when studying boiling heat transfer at nano-scales and
our algorithm will therefore be useful also for future studies.
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