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R  Ideal gas constant (kJ/kg K)
Si  Per-atom stress tensor (eV)
T  Absolute temperature (K)
vi  Velocity (Å/ps)
Vi  Volume (Å3)
xi  Distance (Å)
ε  Lennard-Jones potential well depth (eV)
ηd  Damping coefficient
ρg  Saturated vapor density (kg/m3)
σ  Lennard-Jones characteristic length (Å)

1 Introduction

Heat transfer on the micro- and nano-scales has quickly 
become an important area of research and development 
due to its implications for use in MEMS/NEMS devices 
and electronics cooling [1–4] in the past decade. As these 
devices become more powerful with reduced volume/sur-
face they will in turn generate more heat in a small area 
within a short time period, which needs to be removed 
as efficiently as possible. Boiling heat transfer on micro/
nanocale substrates has the capacity for rapid large heat 
flux removal, and as such has previously been imple-
mented in small-scale devices [5], although the mecha-
nisms driving this type of nanoscale heat transfer are not 
well understood.

Pool boiling heat transfer has long been looked at exper-
imentally and numerically as a means of meeting the high 
heat flux removal requirements. The effect of contact angle 
on critical heat flux (CHF) was investigated [6, 7], show-
ing that CHF is adversely affected by large contact angles 
(hydrophobicity), while smaller (hydrophilic) contact 
angles increase the heat transfer coefficient and improve 
CHF.

Abstract Molecular dynamics (MD) simulations were 
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a liquid argon thin film on a flat, horizontal copper wall 
structured with vertical nanoscale pillars. The efficacy of 
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that the typical 2.5σ cutoff in MD simulations could under-
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here in order to maintain high accuracy. A new coordina-
tion number criterion was also introduced to better quantify 
evaporation characteristics. Results indicate that the argon-
phobic/philic patterning tends to either have no effect, or 
decrease overall boiling heat flux, while the argon-philic 
nano-pillar/argon-philic wall shows the best heat transfer 
performance.
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Advances in micro- and nanoscale manufacturing have 
made it possible to further enhance heat transfer at small 
scales via use of structured surfaces. Micro and nano-struc-
tured surfaces offer a good means of passively improv-
ing boiling heat transfer due to increased boiling surface 
area and nucleation sites formed by nano/microscale sur-
face roughness [8–10]. Cooke and Kandlikar [11] also 
showed that adding microchannels to the substrate surface 
improves the heat transfer coefficient by promoting wetting 
of the surface and preventing dry out. Use of nanofluids 
[12] and nano-porous coatings [13] has also been experi-
mentally shown to improve CHF and heat transfer coef-
ficients via enlarged heat transfer area, fluid conductivity, 
and nanoparticle deposition on the substrate [12]. Another 
interest that has recently been studied experimentally is the 
effect of hydrophobic and hydrophilic patterned surfaces 
on heat transfer. This patterning can affect bubble nuclea-
tion and increase CHF values [14]. With enhancement, pool 
boiling heat flux in these studies has reached values capa-
ble of removing ~1 MW/m2 required for certain electronics 
cooling applications.

The parameters involved in employing such passive 
techniques could be hard to control experimentally, thus 
in this study Molecular Dynamics (MD) simulations have 
been utilized to investigate the effect of phobic/philic pat-
terning of a nano-structured substrate during both nucle-
ate and explosive boiling. MD simulation is a powerful 
tool that can be used to investigate nanoscale phenomena 
with more flexible control than experimental setups [15]. 
In this study, the substrate topology (roughness), temper-
ature, and initial pressure were all controlled in order to 
more clearly view the effect of only the phobic/philic pat-
terning. Previously many MD studies have been conducted 
on both homogeneous and heterogeneous systems in order 
to investigate heat transfer, phase change, flow properties, 
etc. Argon in liquid–vapor equilibrium has previously been 
studied [16] to aid in the prediction of density and sur-
face tension. Interactions between liquid argon and chan-
nel walls in nanoscale flows have also been investigated 
[17, 18] in order to determine flow properties with varying 
shear rates and surface roughness. Additionally, several 
studies have used flat substrates to investigate evaporation, 
effect of wettability, etc. [19–21] and there have recently 
been some studies focused on boiling/evaporation on 
nano-structured substrates using differently shaped nano-
structures [22–24], though to the authors’ knowledge no 
MD study has been conducted using a phobic/philic pat-
terned surface.

In this study, four different scenarios were considered: 
(1) a flat argon-philic copper wall without nano-pillars, 
(2) an argon-philic copper wall with argon-philic pillar 
arrangement, (3) an argon-philic copper wall with argon-
phobic pillar arrangement, and (4) an argon-phobic copper 

wall with an argon-philic pillar arrangement. A completely 
argon-phobic wall and pillar arrangement was not consid-
ered, as many previous experiments with this setup have 
shown reduced heat flux. Simulation of these four arrange-
ments has allowed us to compare the heat flux and evapora-
tion characteristics of a “standard” surface (homogeneous 
interaction potential) to surfaces with altered interaction 
potentials, and investigate mechanisms by which the heat 
transfer enhancements take place.

1.1  Simulation method

The system used in the present simulations was comprised 
of a horizontal solid copper wall with or without four 
vertically oriented nano-pillars, a layer of liquid argon, 
and argon vapor molecules in a simulation box measur-
ing 72.3 × 72.3 × 400 Angstroms (Å). Figure 1a–c detail 
the overall configuration of the simulation box and the 
enlarged views of the copper wall and nano-pillars, respec-
tively. The wall at the bottom of the simulation box con-
sisted of a base of five monolayers of solid copper totaling 
4000 atoms. As in previous works, this was deemed enough 
to accurately act as a conduction layer for liquid heating 
[22, 25, 26]. For the cases that employed nano-pillars, four 
were arranged on the base wall in a symmetrical fashion. 
The nano-pillars were nine monolayers high and each 
measured 14.46 × 14.46 × 14.46 Å. The base wall and 
nano-pillars totaled 5296 atoms, and were arranged in an 
FCC lattice structure corresponding to the (100) plane. For 
these copper atoms a lattice constant of 3.615 Å was used, 
corresponding to a density of 8.9 g/cm3. Eleven monolay-
ers of argon molecules were placed just above the copper 
base wall, covering both the wall and pillars. For the argon 
liquid atoms a lattice constant of 5.256 Å was used, cor-
responding to an initial density of 1.4 g/cm3. Finally, 160 
argon atoms (corresponding to a density of 5.77 × 10−3 
g/cm3) were placed above the liquid, filling the rest of the 
simulation box.

Interactions between all atoms were modeled with the 
standard 12-6 Lennard-Jones potential [27], given by:

where ε is the potential well depth, σ is the characteristic 
length at which the potential becomes zero, r is the intera-
tomic length, and rc is the cut-off distance. The r−12 term 
governs short-range repulsion, while the r−6 term describes 
long-range attraction. To reduce the computational cost an 
rc equal to 6σAr–Ar was employed. For interactions between 
two atoms i and j, it follows that
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√
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In order to study the effect of surface patterning, different 
Cu-Ar potential well depths and characteristic lengths were 
used in order to simulate ‘argon-phobic,’ and ‘argon-philic’ 
conditions. The phobic and philic cases are meant to simu-
late copper substrates with altered wetting characteristics (via 
surface modification, coatings, etc.), while the flat (pillar-less) 
case is used as a benchmark of normal Cu-Ar interaction.

Table 1 details the potential parameters for each type of 
interaction. The σ and ε Cu–Ar interaction values for the 
philic condition were calculated via Lorentz-Berthelot mix-
ing rules of Eq. (2). These values, based on previous work, 
are considered to produce a philic interaction between cop-
per and argon (i.e. εCu–Ar philic = 0.0653 eV). To simulate 
argon-phobic Cu atoms, the εCu–Ar philic value was artifi-
cially halved in order to weaken the Cu–Ar interaction.

For simplicity, the different interaction cases will be 
referred to as follows: Flat Philic Case—philic Cu base 
wall, no nano-pillars; Philic Wall/Phobic Post Case—philic 

base wall, phobic pillars; Phobic Wall/Philic Post Case—
phobic base wall, philic pillars; All Philic Case—philic 
base wall and nano-pillars.

The heat flux into the argon liquid was calculated using 
the following equation:

where ei is the per-atom energy (potential + kinetic), and Si 
is the per-atom stress tensor. The heat flux fluctuates a great 
deal during the course of the simulations, thus for clarity 
running average values of the heat flux are presented in the 
Results and Discussion section.

For each case the simulation is carried out in two phases. 
Phase I consists of initialization and system equilibration 
at 90 K, at liquid–vapor equilibrium conditions. All atoms 
are initialized as an ensemble of velocities (with Gaussian 
distribution) corresponding to 90 K. The system equilibra-
tion itself is split into two stages. The first stage uses a Lan-
gevin thermostat to maintain the temperature of all atoms, 
which are in the microcanonical (NVE) ensemble, while 
during the second stage the thermostat is removed and the 
entire system continues in the NVE ensemble. The NVE 
ensemble is obtained by solving the Newtonian equations 
for each particle:

(3)q =
1

V

∑

i

(ei − Si)vi

(4)Fi(x) = −∇E(x) = miv̇i(t)

Fig. 1  Sketch of the simula-
tion model: a overall simulation 
configuration b, c enlarged 
views of the copper substrate 
and nano-pillars. Units: Å
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Table 1  Lennard-Jones potential parameters

a [23]

Atom interaction σ (Å) ε (eV)

Cu–Cu 2.33a 0.4096a

Ar–Ar 3.405a 0.010423a

Cu–Ar (philic) 2.8675 0.0653

Cu–Ar (phobic) 2.8675 0.0327
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where F is the force on each particle, E is the potential 
energy (based on the Lennard-Jones interaction potential), 
v is the velocity, and m and x are the particle mass and spa-
tial location, respectively. The Langevin thermostat models 
an interaction between the relevant particles and an implicit 
heat bath [28]. Interaction with this heat bath adds two cor-
responding forces to each particle, a friction force and a 
random force:

where ηd is a user-specified damping coefficient (typi-
cally ~100× the time step value), T is the temperature of 
the heat bath, dt is the time step, and kb is the Boltzmann 
constant. The friction force in Eq. (6) is a viscous damp-
ing term, and inversely proportional to ηd, while the ran-
dom force in Eq. (7) is due to the heat bath particles. The 
direction and magnitude of this force are altered via a uni-
form random number [29]. Once the system temperature 
and energy are stable Phase II commences, again using a 
Langevin thermostat to raise the temperature of the system 
to either 105 K (low temperature case, representing nucle-
ate boiling) or 300 K (high temperature case, representing 
explosive boiling). The thermostat is applied only to the 
second monolayer of the copper base wall, while the first 
layer is fixed to prohibit movement through the bottom of 
the simulation domain. The rest of the atoms are allowed to 
interact as they normally would, corresponding to the NVE 
ensemble. Both phases last a total of 9 ns (4 ns for Phase I, 
5 ns for Phase II) and use the velocity Verlet algorithm for 
integration, with a time step of 5 fs. The standard velocity 
Verlet algorithm is implemented as follows:

The simulation domain is periodic in the four side-
walls of both the x and y directions, which helps to pre-
vent finite size effects of the small simulation domain. As 
an additional check some simulations with a larger domain 
size (and more than twice the number of atoms) were run, 
and no significant differences in pressure, temperature, 
or density profiles were found. The top of the simulation 
domain is a fixed, adiabatic boundary. This means that an 
atom which moves outside the boundary by any distance 
is placed back inside the boundary at that same distance, 
while having the sign of its z velocity reversed (x and y 

(5)vi(t) = ẋ(t)
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velocities remain unchanged). All simulations were run 
using LAMMPS software (version 30 Oct 2014), a clas-
sical molecular dynamics code based on Plimpton’s work 
[30], while system visualization was performed with VMD 
v1.9.1 [31].

2  Error analysis

In order to gauge the impact of the cutoff radius, multiple 
runs of the All Philic case at high temperature were car-
ried out using different cutoff radii. The results are shown 
in Fig. 2, which shows the difference in total energy over 
time, and Fig. 3, which details the difference in the average 
heat flux. The cutoff radii chosen were 2σ, 4σ, 6σ, and 8σ, 
respectively. Additionally, 2.5σ was included as it was often 
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recommended as the minimum cutoff radius for MD simula-
tions. From Fig. 2 we can see that as cutoff radius increases 
the calculated energy values begin to converge toward the 
true value. There is a ~3.1 % difference between the 2σ and 
8σ energy values, a ~ 1.5 % difference between the 2.5σ and 
8σ values, a ~ 0.27 % difference between the 4σ and 8σ val-
ues, and only a < 0.05 % difference between the 6σ and 8σ 
values. However, there exists greater disparity in the heat 
flux seen in Fig. 3, where the 8σ heat flux value at the end 
of the simulation is ~20.7 % greater than the 2σ value, and 
~8.7 % greater than the 2.5σ value. There is a ~ 4.9 % dif-
ference between the 4σ and 8σ values, and a ~ 2.4 % differ-
ence between the 6σ and 8σ values. These differences were 
similar for the peak overall heat flux values barring the 2.5σ 
peak, which was ~20 % lower than the 8σ peak value.

Running on a workstation cluster of 80 2.6 GHz Intel 
Sandy Bridge 2670 CPUs each with 8 GB of RAM, the 
2.5σ-cutoff simulation ran for a total of 4.6 h while the 
4σ-cutoff simulation took a total of 11.4 h. The simula-
tion using a 6σ cutoff ran for 30.3 h, while the 8σ-cutoff 
simulation ran for 62.3 h. All cutoff test simulations were 
performed using the high temperature, All Philic configura-
tion, and used 6–7 MB of memory per processor. The 6σ 
cutoff was chosen in order to maintain high accuracy and 
save computation time thereafter.

3  Results and discussion

During the minimization of Phase I for both the nucle-
ate and explosive boiling studies, pressure was monitored 
to ensure a reasonable system setup. Figure 4 shows the 
average argon vapor pressure history for the four arrange-
ments under both the low and high temperature condi-
tions. The initial vapor pressure for all cases oscillated 
around 1.15 bar, which is slightly below the experimen-
tally determined saturation vapor pressure for argon at 
90 K (~1.35 bar, from [32]). This deviation is reasonable 
given the small computational domain and relatively small 
number of atoms. From this initial state, the pressure was 
allowed to evolve during Phase II as it naturally would in a 
closed system.

3.1  Nucleate boiling

For Phase II of the low temperature boiling simulation, the 
copper monolayer Langevin thermostat was set to jump 
from 90 to 105 K, resulting in the onset of nucleate boiling. 
Figure 5a, b show the temperature history for Cu and Ar, 
respectively. For all four of the considered nano-pattering 
structures, it is seen that the copper temperature reached 
equilibrium in roughly 30 ps. The argon molecules reached 
the target temperature quickly (~250 ps) and it can be seen 

in Fig. 5b that the three cases with nano-pillars reached the 
target temperature more quickly than the Flat case, due to 
the extra surface area available for interaction.

Figure 6 shows the density development for the liquid 
region near the copper substrate (z < 36 Å) for the low tem-
perature case (105 K), encompassing all four nano-struc-
tures. The liquid region was divided into several layers in 
the z-direction, and the density of each layer was recorded. 
The layer height used was ~1.5lC, where lC is the initial lat-
tice constant for the argon liquid. Layer heights of 0.75lC 
and 3.0lC were also tested, and gave no change in density 
results. As can be seen, the Philic Wall/Phobic Post case 
has the lowest density in this region while the Flat Philic 
case has the highest. This is due to the greater number of 
argon atoms in the Flat Philic case, which resulted in a 
larger liquid region (it should be noted that the liquid sur-
face was not dynamically tracked, thus for measurement 
purposes the liquid level was assumed to be equal in all 
cases). The average density for the Philic Wall/Phobic Post 
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case was 1.075 g/cm3, while for the Flat Philic, All Philic, 
and Phobic Wall/Philic Post cases the average densities 
were 1.122, 1.098, and 1.090 g/cm3, respectively. This 

could possibly be due to the argon-phobic nano-structures, 
which have a somewhat larger total surface area in con-
tact with argon than the argon-philic base wall (~4600 vs. 
~4400 Å3, respectively). All cases follow nearly identical 
trends, the main difference being the initial density.

Due to the small scale of this study it is very difficult 
to visually and dynamically track any possible bubble for-
mation, thus each argon atom was differentiated between 
liquid and vapor states. In order to determine the number 
of argon vapor atoms present in both the liquid and vapor 
regions of the simulation domain, a criterion was con-
structed based on atom coordination numbers. The thresh-
old coordination number would serve as the demarcation 
point between an argon atom being either liquid or vapor. 
In order to determine this coordination number a separate 
simulation was run of 5324 argon atoms in a 63.56 Å cubic 
simulation box (all dimensions were periodic). The simu-
lation was run in an isothermal-isobaric (NPT) ensemble 
at liquid–vapor equilibrium conditions for argon at 90 K, 
and an average coordination number of 12 atoms (within 
a cutoff distance of 5.3 Å) was determined in this study. 
This is considerably higher than the coordination number 
of 6 determined in [33]. However during the simulation 
in our study equilibrium values for density (~1.37 g/cm3) 
and pressure (~1.35 bar) at 90 K were confirmed, giving 
confidence in the accuracy of our result. Thus, in the main 
boiling simulations if an argon atom has less than 12 neigh-
bors within a radius of 5.3 Å it is considered a vapor atom, 
otherwise it considered a liquid atom. This number can be 
used in subsequent studies to monitor vapor formation in 
argon boiling, and improve simulation/detection of early 
bubble formation.

Based on this new criterion, Fig. 7 shows the number 
of vapor atoms within the liquid region for each case. This 
shows that the Flat Philic case actually has the most vapor 
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atoms within the liquid region, however this is largely due 
to the greater area available for liquid as well as a greater 
initial number of argon atoms. The other cases that include 
nanostructures confirm the density data of Fig. 6, i.e. the All 
Philic case has a slightly lower evaporation number than 
the other cases and thus a slightly higher density. Figure 8 
shows the total evaporation number, and here we again see 
that the Flat Philic case has the highest value, however the 
difference between the Flat Philic and other cases is less 
than the initial difference in their number of argon atoms. 
This suggests improved heat transfer in the configurations 
including nanostructures, as would be expected. The nano-
structured configurations are grouped together as in Fig. 7, 
thus it can be determined that each has a similar number 
of atoms in the vapor region, and it is only the number of 
atoms in the liquid region that differ. The All Philic case 
having the least number of vapor atoms within the liquid 
region suggests a greater heat flux due to the higher capac-
ity for kinetic energy transfer between the more densely 
packed liquid atoms.

A higher initial peak and average heat transfer rate for 
the All Philic case are shown in Fig. 9 (which shows a 
cumulative running average). As can be seen, after ~500 ps 
the initial average heat flux oscillation begins to flat-
ten out and reach a quasi-steady state, with the All Philic 
case maintaining the highest value throughout the entire 
simulation. The increased surface area combined with the 
favorable interaction potential allows for better wetting and 
transfer of kinetic energy from wall to liquid. At the end 
of the simulation the heat flux in the All Philic was over 
20 % higher than that of the other cases. The initial peak 
for the Philic Wall/Phobic Post case rises more quickly than 
the Flat Philic case, while the Phobic Wall/Philic Post case 
shows the slowest rise.

A somewhat surprising result is that the average heat 
flux in the Flat Philic case was similar to or greater than 
those of the Philic Wall/Phobic Post and Phobic Wall/Philic 
Post cases. This is most likely due to the greater initial 
number of argon atoms in the Flat Philic case which can 
kinetically transfer more energy. At the end of the simula-
tion the Flat Philic and Philic Wall/Phobic Post cases had 
nearly identical heat flux values (~7 × 107 W/m2) while 
that of the Phobic Wall/Philic Post case was slightly lower 
(~6.5 × 107 W/m2). This is contrary to previous experi-
ments [14, 34], which found that hydrophobic islands 
(structures) situated on top of hydrophilic base walls give 
the best heat flux performance. However, it should be noted 
that these experiments considered ‘flat’ surfaces with maxi-
mum roughness heights on the order of tens of nanometers 
and microscale structures, which are much larger than the 
scale considered in these simulations. It is possible that 
on the nanoscale bubble formation plays a less important 
role than kinetic energy transfer due to the extremely small 

size of vapor nuclei and reduced opportunity for bubble 
coalescence.

In all cases, the maximum instantaneous heat flux values 
seen were on the order of 108 W/m2, which is consistent 
with the simulation results of [33], which showed a max-
imum instantaneous flux on the order of ~6 × 108 when 
heating argon liquid on a flat platinum substrate to 130 K, 
as well as the work in [35] for low substrate temperatures. 
It is also in line with the predictions of evaporative kinetic 
theory [36]. Based on this theory the approximate limit of 
attainable heat flux is given by

where ρg is the saturated vapor density, hfg is the latent 
heat of vaporization, R is the ideal gas constant (per unit 
mass), and T is the absolute temperature. For argon at 
105 K, Eq. (9) predicts a value of ~2 × 108 W/m2, while 

(9)qmax = ρghg
√
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the simulations presented here give maximum instantane-
ous fluxes between ~3–5 × 108 W/m2.

3.2  Explosive boiling

For Phase II of the high temperature boiling simulation the 
thermostat was set to jump from 90 to 300 K, well above 
the boiling point of argon, to induce explosive boiling. 
Figure 10 shows the temperature profile for each case. The 
equilibration time for the copper wall was ~100–200 ps, 
while the argon did not reach equilibrium within 5 ns. This 
is because during explosive boiling, a high pressure vapor 
layer forms close to the copper wall, which acts to force 
the bulk argon liquid away from the substrate heat source 
(in the z-direction). This vapor is also insulating due to its 
low density, and restricts heat transfer. This can be seen 
as the temperature drop at around 200 ps (for all cases), 
before the steady climb toward the thermostat temperature. 
The rate of temperature change is similar for all cases, 
excluding the Flat Philic case, which has a much slower 

rate of temperature increase. This most likely indicates a 
slower rate of heat transfer, while the All Philic case (hav-
ing the highest temperature), shows the highest heat trans-
fer rate.

Figure 11 shows the coverage of argon atoms on the cop-
per wall at the end of the simulation. As expected, the Flat 
Philic and All Philic cases exhibit the best coverage, while 
larger gaps in coverage can be seen in the Phobic Wall/
Philic Post and Philic Wall/Phobic post cases. Since in the 
explosive boiling case the vapor layer forms quickly, hav-
ing an argon-philic substrate would help maintain a num-
ber of argon atoms near the copper to increase the amount 
of kinetic energy transfer. This would especially hold true 
for the Phobic Wall/Philic Post and All Philic cases, as their 
argon-philic nanostructures extend higher into the simula-
tion box and have a larger surface area than the base wall. 
Figure 12 shows the argon density profile at different times 
for the (a) Flat Philic and (b) All Philic cases. The move-
ment of the peak density value in the positive z-direction 
confirms the upward movement of the bulk liquid due to 
the high-pressure vapor layer formation at the wall surface. 
In the Flat Philic case the density peak at 4610 ps is lower 
in the simulation box than at 4410 ps due to the bulk liquid 
rebounding off of the top of the simulation box and sub-
sequently traveling in the negative z-direction. Comparing 
the two cases, one can see that in the All Philic case the 
liquid slug travels a greater distance from 4010 to 4210 ps 
and has a much smaller and less sharp density peak. This 
occurs due to improved heat transfer, which produces a 
higher-pressure vapor layer and acts to dissipate the liquid 
slug more quickly. In both cases the density peak decreases 
with increasing time, though this effect is much more pro-
nounced in the All Philic case.

Figures 13 and 14 show the evaporation number and 
average overall heat flux versus time, respectively. As in 
the low temperature cases the nanostructured configura-
tions are grouped together, with the All Philic case having 
the lowest value. This makes sense, as there is more philic 
substrate available to which the argon can adsorb. The Flat 
Philic case has the largest evaporation number due to the 
greater number of argon particles as well as the reduced 
substrate surface area for adsorption. Although it would 
seem that a larger evaporation number is indicative of 
greater heat flux, the adsorbed argon layer on the substrate 
aids in kinetic energy/heat transfer and thus favors the All 
Philic case. In Fig. 14 we see is a local maximum (and 
minimum) in the first 10 to 40 ps in which the All Philic 
case shows slightly higher heat flux, shortly after which 
the maximum heat flux is reached after ~200 ps. Here once 
again the All Philic case exhibits the highest heat flux, 
which it maintains for the entire simulation. At the end of 
the simulation the average heat flux for the All Philic case 
was ~1.5 × 108 W/m2, with the next highest heat flux of 
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~1.3 × 108 W/m2 coming from the Phobic Wall/Philic Post 
case. Again, this could be due to the enlarged surface area 
of the philic nano-posts as compared to the base wall. The 
peak instantaneous heat flux attained in these scenarios, 
which ranged from ~6–10 × 108 W/m2, was again of the 
same order as those attained in simulations by [33] and 
one order of magnitude less than reports by refs. [21, 35], 
which both used argon as the heat transfer fluid (although 
in Ref. [21] a thicker Pt substrate and smaller number of 
argon atoms were used).

4  Conclusions

Nucleate and explosive pool boiling heat transfer of a liq-
uid Ar thin film on Cu wall with different nano-patterns and 
surface conditions has been investigated via MD simula-
tion. After monitoring the temperature, density, evapora-
tion, and energy histories for each case the following obser-
vations have been made:

•	 In the nucleate boiling regime, heat flux and evapora-
tion are most improved with the use of both a philic 
base wall and philic pillars (i.e. the All Philic case), 
with a maximum instantaneous flux of ~5.1 × 108 W/
m2. Also, in the Philic Wall/Phobic Post and Phobic 
Wall/Philic Post cases, for a given film thickness the use 
of phobic substrate seems to decrease some of the heat 
flux increase due to surface area increase (as compared 
to the Flat Philic case). However it must be noted that 
heat flux in the Flat Philic case benefits from having a 
greater number of argon atoms in this study.

•	 During explosive boiling, once again the All Philic case 
showed better performance than all other cases in terms 
of evaporation number and heat flux, with maximum 
instantaneous fluxes nearing 1 × 109 W/m2.

•	 In all explosive boiling cases a non-evaporating layer is 
present, with a thickness dependent on the philic/phobic 
nature of the substrate.

•	 A new, accurate coordination number was established in 
this study to differentiate between Ar liquid and vapor 

Fig. 11  Nano-structure cover-
age: a flat Philic; b philic wall/
phobic post; c phobic wall/
philic post; and d all philic 
(high temperature case)
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atoms. This criterion can be used in future studies to 
monitor evaporation, as well as aid in the determination 
of early, nanoscale bubble nucleation.

•	 A typical 2.5σ cutoff in MD simulations could under-
predict heat flux by about 8.7 % in comparison with 8σ 
cutoff. A 4σ cutoff improves the heat flux prediction to 
within 4.9 % with a CPU time increase of roughly 2.5×. 
A 6σ cutoff could improve the heat flux prediction to 
within 2.4 %, but increases the CPU time by ~6.6×.

Future work should look to numerically and visually 
pinpoint the bubble nucleation process and character-
ize the influence of surface tension/contact angle (i.e. 
hydrophilicity/hydrophobicity) on nanoscale boiling heat 
transfer.
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