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A B S T R A C T   

Surfaces with nano-pores have significant effect in enhancing heat transfer during phase change 
process. In this study, Molecular dynamics simulations have been performed to investigate thin 
film evaporation over different nano-porous substrate. The molecular system consists of argon as 
the working fluid and Platinum as the solid substrate. To study the effect of the nano-pores in 
phase change process, the nano-porous substrates had been structured with four different hex-
agonal porosity with three different heights. The structures of the hexagonal nano-pore were 
characterized through variation of void fraction as well as height to arm thickness ratio. Quali-
tative heat transfer performance has been characterized by closely monitoring the temporal 
variation of temperature and pressure, net evaporation number, wall heat flux of the system for 
all cases under consideration. The quantitative characterization of heat and mass transfer per-
formance has been done by calculating the average heat flux and evaporative mass flux. Diffusion 
coefficient of argon is also evaluated to illustrate the effect of these nano-porous substrate in 
enhancing the movement of argon atoms thus heat transfer. It has been found that the presence of 
hexagonal nano-porous substrates significantly increases heat transfer performance. Structures 
with lower void fraction offers better enhancement of heat flux and other transport character-
istics. Increment in nano-pores height also significantly enhances heat transfer. Present study 
clearly points out the noteworthy role associated with nano-porous substrate in modulating heat 
transfer characteristics during liquid-vapor phase change phenomena both from qualitative and 
quantitative perspectives.   

1. Introduction 

Phase change phenomena has long been an area of interest for researchers of various field. Specifically, nanoscale thin-film 
evaporative phase change is studied extensively in the recent times. The conventional single-phase heat transfer is falling behind to 
full-fill the ever-increasing energy transport performance demand, whereas evaporative phase change system has the potential to 
transfer a huge amount of energy with a relatively small temperature variation at a smaller space. Thus, this concept is used in many 
engineering applications in recent times such as, thermal management of undersized components used in various technologies [1], for 
the cooling of sensitive micro and nano-electric devices, ultra-thin pipes, etc [2–5]. As devices get smaller, increasing heat transfer 
capability is necessary for optimized performance. Refrigeration, cryogenics, colloidal deposition on a solid [6], jet impingement 
quenching [7], microfluidic device cooling [8], and so on are some of the few cases where phase change is implied. 
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Nanoscale surface modification such as nanostructured and nano porous surfaces can enhance boiling heat transfer [9]. Among all 
of such modification, porous surfaces are of particular importance in micro/nano engineered surfaces because they can significantly 
improve evaporative or boiling heat transfer [10–12]. In recent times, several experimental studies have proven the effectiveness of 
heat transfer through porous medium [13,14]. The study of phase transition through porous surfaces will enable us to understand 
various natural phenomenon as these types of surfaces are quite common in nature. Mori et al. [13] revealed that the capillary action 
through a honeycomb porous plate can contribute to enhance the critical heat flux (CHF) and the height of the porous medium can 
change the outcome. They showed that attachment of Honeycomb shaped porous plate enhanced critical heat flux (CHF) approxi-
mately 2.5 times compared to flat surface in case of saturated pool boiling. Khan et al. [14] also showed the effectiveness of a 2D 
modulated micro-porous surface to enhance system performance. Nanoparticle coating on some selected locations can enhance the 
performance significantly. Mesh-covered surfaces have similar structure to porous surfaces, and Li et al. [15] showed that, both mesh 
size and porosity are the parameters that effects heat transfer coefficient, but evaporation or boiling inception is strongly dependent on 

Fig. 1. (a) Initial Configuration of the simulation domain (11 nm (x) x 10 nm (y) x 100 nm (z)) (b) Base Substrate (Pt wall) (c) Top View of different 
nano-porous substrate configuration. 
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mesh size and weakly dependent on porosity. Zhang et al. [16] investigated the effect of bubble sizes on heat transmission through 
gradient microporous meshes and discovered that the bubbles with small diameters depart the mesh quickly. Meshes having micro or 
nano structures, according to Wen et al. [17], have low flow resistance and provide better film boiling supply. Dai et al. [18] studied 
evaporating mesh surfaces attached to the microchannels and discovered improved heat transfer owing to increased capillary pressure 
and lower flow resistance. 

Nanofabrication techniques [19] has made it possible to fabricate nanostructured and nano porous surfaces. However, techno-
logical and resource limitation makes it difficult to experimentally understand the underlying mechanism for heat transfer 
enhancement in nanoengineered surfaces. In such cases Molecular Dynamics (MD) simulation is a fascinating and effective tool that 
considers all the physical phenomenon down to the atomic level which can contribute to find some crucial underlying mechanism. 
Using this MD simulation tool, some excellent studies have been done on the effect of heat transfer increment for evaporative phase 
change process [20–22] and especially on nanostructured surfaces [23–25]. Wang et al. [24] developed a molecular dynamics 
simulation with an aluminum substrate decorated with nanostructures of different heights. The simulation results indicated higher 
heat transfer efficiency and increment of evaporation rate with the nanostructures’ height in a certain range. Cao et al. [26] studied the 
evaporation characteristics on sinusoidal nanostructures substrate and showed that as the nanostructure height and number increases 
heat transfer across the solid-liquid interface increases. Liu et al. [27] investigated the boiling heat transfer mechanism on nano-
structured grooves at the nanoscale. There he concluded that, nanogroove with a maximum surface area (square shaped) can minimize 
the nanoscale boiling time and as the contact area increases, the interaction energy between the solid and liquid increases which 
enhances the heat transfer to the liquid and decreases interfacial resistance. Shavik et al. [28] simulated explosive boiling on nano-
structured surfaces under different wetting conditions and showed that nanostructure height had a lesser effect on the heat transfer 
rate under hydrophobic surface conditions. Hu and Sun [29] investigated thin film evaporation and nucleate boiling on nanostructured 
surfaces, finding a peak heat transfer coefficient of 31MW/m2K. Bai et al. [30,31] analyzed explosive boiling on simple copper surfaces 
and discovered that raising the surface roughness ratio resulted in a larger surface area and lower Kapitza resistance, which improves 
boiling heat transmission. Ahmed et al. [32] investigated nanoscale boiling on mesh-covered surfaces and found that porous and 
simple mesh-covered surfaces increased evaporation rate by 23.89% and 19.16%, respectively compared to flat surface. Most of the 
simulations showed a huge heat flux transfer to fluid, such as 480 MW/m2 by Liu et al. [23], 600–1000 MW/m2 by Diaz and Guo [33] 
and 1100 MW/m2 by Shavik et al. [28]. 

MD simulations of phase change process over different innovative nanostructured surfaces are being carried out till today, but most 
of the studies are concerned with nanostructures such as nanopillars, nanochannels. Literature observations shows very little concern 
about hexagonal honeycomb nano-porous substrates for thin-film liquid evaporation. To the best of author’s knowledge, no MD study 
has been conducted yet, to analyze evaporation and diffusion characteristics over nano porous substrate with hexagonal nano pores. 
So, using nonequilibrium molecular dynamics simulations, we explored the evaporative heat transfer mechanism and diffusion of 
liquid Argon across a platinum hexagonal nano porous substrate throughout this literature. Nano porous substrate of twelve different 
configuration altering their void fraction and height is investigated in this study to understand how nano porous substrate influence 
evaporative heat transfer process. 

2. Methodology 

The modeling of Molecular Dynamics (MD) simulation of our phase change process started by defining void fraction (ɸ) and height 
to arm thickness (λ) ratio to distinguish between our nanostructures. Using a computational molecular dynamics simulation tool, we 
modeled and simulated our system which is described elaborately in the following subsections. 

2.1. Simulation domain and interatomic potential 

In this present study, Molecular dynamics simulation have been conducted on a system consisting of a vapor argon layer over a 
liquid argon layer which sits in top of a nano porous platinum substrate as shown in Fig. 1(a) and Fig. 1(b). Dimension of the simulation 
box is 11 nm (x) × 10 nm (y) × 100 nm (z) where the z-dimension has been kept large enough to eliminate the influence of top 
boundary on evaporation characteristics. Periodic boundary condition is applied along both lateral (x and y) direction and fixed 
boundary condition in the z direction which is normal to the solid-liquid interface. A fictious reflective wall boundary condition is also 
applied at the top wall of the simulation domain to prevent the loss of vapor atom and hence energy. The flat base is composed of solid 
platinum atoms which is 1.5 nm thick and are arranged in a face centered cubic (FCC) lattice structure with a lattice constant of 3.92 Å. 
Total 8 layers of platinum atoms is placed at the base above which the nano porous substrate is placed where each layer consists of 
1428 platinum atoms. The bottom two layers of the platinum atoms is kept fixed to prevent the loss of platinum atoms and distortion of 
the base. The temperature of the adjacent two layers is maintained using a thermostat, as they act as a heat source in the simulation 
system. The remaining four layers work as conduction layers transferring heat from the heat source to the liquid argon atoms. Initial 
thickness of the liquid layer put on top of the solid substrate was 5 nm in all cases. As liquid layer thickness was kept constant for all 
cases, so the number of liquid argon atoms were different for different nano porous substrates. The Nano-porous substrate is kept 
submerged in the liquid argon layer. The rest of the domain is occupied by vapor argon atoms. 

Nano porous substrate with four different configuration and each having three different height is considered in this study which is 
shown in Fig. 1(c). The substrates having hexagonal shaped nano pores are differentiated using void fraction (ɸ) which is defined as 
(1): 
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ɸ=
Pore Volume

Total Volume of the nano porous substrate
× 100 % (1) 

The four nano-porous substrates had one, two, three and four hexagonal nano pores respectively. The value of ɸ for the four 
substrates are 41%, 34%, 27% and 20% respectively. Two parameters are used to define the nano porous substrate which are arm 
thickness (t) and substrate height (h) as shown in Fig. 1(a). Substrate height (h) is the thickness of the nano porous substrate in the z- 
direction. Also, several other parameters are used to define the nano pore size which are presented in Table 1. The height of the nano 
porous substrate was varied keeping the arm thickness (t) constant at 1.801 nm. Thus, nano porous substrate of three different height to 
arm thickness (λ) ratio (0.98, 1.5 and 2.1) was developed. The different nano porous substrate configurations are also shown in Fig. 1 
(c). 

Although EAM [34] and MEAM [35] potentials can be used to accurately calculate the interactions between platinum (Pt) atoms, it 
is computationally expensive. In this study heat transfer between platinum and liquid argon was the primary focus, rather than heat 
transfer within the platinum wall. Lennard-Jones (LJ) potential [36] is appropriate in this respect, as demonstrated in several liter-
atures [28,37]. So, the interaction between all the atoms in this study is described by LJ potential and a truncated form of the LJ 
potential is used in this study to save computational cost further which is as follows (2): 

Uij =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

4εij

[(
σij

rij

)12

−

(
σij

rij

)6
]

rij ≤ rc

0 rij > rc
(2)  

where rij is the distance between atom i and atom j, Ɛ is the potential well depth, σ is the characteristic length at which the interatomic 
potential is zero and rc is the cutoff distance beyond which interatomic interactions are not considered. The values of interatomic 
potential parameters are listed in Table 2, which are based on the work of Yu et al. [38]. Hasan et al. [39] showed that cut-off radius 
beyond 4 σAr− Ar (1.36 nm) has no significant impact on the simulations result, so, it was chosen as the cut-off radius in our study. 
Analytical tail correction was also not considered in our study to improve computational efficiency. 

2.2. Simulation procedure 

In case of each simulation prior to the thin-film phase transition, equilibration of the system is done using NVE ensemble to 
minimize the system energy. Duration of the total equilibration period was 2 ns and to equilibrate the system at 90 K temperature, 
Langevin thermostat is set at 90 K for the first 1 ns and then the entire system is allowed to equilibrate for the next 1 ns without 
Langevin thermostat. After the equilibration period some Pt atoms are quickly heated up to 160 K temperature using the Langevin 
thermostat which acts as a heating source and initiate the phase change of liquid argon layer over the nano porous substrate. The entire 
system is then monitored for the next 4 ns with the NVE ensemble. Throughout this study time integration is carried out by Velocity- 
Verlet algorithm to calculate atom propagation. Fig. 2 shows simulation results for timestep of 1, 3 and 5 fs. From the figure it is seen 
that the results don’t vary significantly for these timesteps. So, to save computational cost timestep of 5 fs is chosen for this study. 
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [40] was used to carry out the simulations and OVITO [41] was 
used for visualization. 

2.3. Equilibrium characteristics and model validation 

To check whether the system is in equilibrium state or not after the initial equilibration period of 2 ns, spatial density of argon along 
the normal direction of solid surface is monitored at different instants. Fig. 3 shows the density variation of argon along z direction for 
the case of single nano pore substrate (ɸ = 41%) at four instants during the equilibration period. It is visible from the figure that the 

Table 1 
Characteristic dimension for nano porous substrates as illustrated in Fig. 1  

Nano Porous 
Substrate 

Void Fraction, ɸ 
(%) 

Pore Length l 
(nm) 

Pore Width hp 

(nm) 
Arm Thickness, t 
(nm) 

Arm Angle, Ө 
(◦) 

Height to arm thickness 
ratio, λ 

Single Pore 41 4.312 4.312 1.801 45 0.98 
1.5 
2 

Two Pore 34 2.744 2.744 1.801 45 0.98 
1.5 
2 

Three Pore 27 2.352 2.352 1.801 45 0.98 
1.5 
2.1 

Four Pore 20 1.568 1.568 1.801 45 0.98 
1.5 
2  
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density profile of argon is almost unchanged for all instants, indicating equilibrium state of the argon system. From the temporal 
variation of the total system energy for nano porous substrate of 41% void ratio (ɸ) in Fig. 4, we can further verify our system 
equilibration. It is apparent that the total system energy remains constant up to 2ns which indicates the system is in thermal equi-
librium. The rapid increase in system energy indicates the start of evaporation period and the system energy again becomes constant as 
evaporation ceases. 

At the end of the equilibration state, the average density of liquid argon at 90 K in this MD simulation is 1366 kg/m3 which is close 
to the argon density of 1379 kg/m3 reported experimentally at 90 K [42]. The similarity between the values validates the present 
simulation model. 

3. Results and discussion 

Findings from the simulations are presented and discussed in this section. The results are analyzed qualitatively using the atomic 
distribution of argon atoms over the porous substrate and by the evaporation characteristics of argon atoms. Quantitative analysis is 

Table 2 
L-J interaction potential parameters.  

Particles i, j εij , eV σij, Å 

Ar–Ar 0.0104 3.400 
Pt–Pt 0.5200 2.475 
Ar–Pt 0.0204 2.870  

Fig. 2. Temporal variation of Argon temperature for different values of simulation timestep at ɸ = 41% and λ = 0.98.  

Fig. 3. Spatial Variation of Argon density along z-direction at different instants for single nano pore substrate (ɸ = 41%).  
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performed by calculating Diffusion Coefficient, Wall heat flux and Evaporative mass flux of argon. Absorption characteristics are also 
studied to investigate and explain the effect of porous substrate on heat transfer. 

3.1. Atomic distribution 

To study the effect of nano porous substrate on thin film phase change process of liquid argon, nano porous substrate with four 
different void ratios has been considered along with a flat surface (FS) as reference. Snapshots of the simulation domain at specific time 
intervals for different void ratio (ɸ) substrate at λ = 0.98 is presented in Fig. 5. The figure shows the comparative difference in the 
evolution of evaporation for different nano porous substrates with varying ɸ at a constant height. For all cases, at the start of the 
evaporation period, there is no significant visible transition of argon from liquid to vapor phase. In flat surface, there is a significant 
reduction of liquid argon atoms between 3.5 and 4 ns, for nano porous substrate with ɸ = 41%, it is between 3 and 3.5 ns and for ɸ =
20% the change is between 2.75 and 3 ns. The difference in atomic distribution between the nano porous substrates is more prominent 
for t = 3ns. The amount of remaining non-evaporated argon atoms is maximum for ɸ = 41% and minimum for ɸ = 20%. This indicates 
lower ɸ leads to faster evaporation. 

Figs. 6 and 7 illustrate the effect of height to arm thickness ratio (λ) of the nano porous substrate on atomic distribution during the 
evaporation process. Fig. 6 displays the snapshot of the simulation domain for ɸ = 41% at three different λ whereas Fig. 7 represents 
the snapshots for ɸ = 20%. As for ɸ = 34% and ɸ = 27% the trend of the snapshots at different λ is similar, we have compared the 
snapshots for only two values of ɸ. 

In both cases when λ = 2, the change of liquid thickness is very subtle. As increase in height leads to higher heat transfer area, in 
both figures, the liquid argon layer decreases more rapidly as the height of the nano porous substrate increases. 

With the progress of time, thickness of the liquid argon layer decreases as sufficient heat transfer takes place between the solid 
substrate and the liquid argon layer in all the cases. This indicates enhancement of heat transfer by the presence of nano porous 
substrate. 

Phase change phenomenon like boiling in such nano porous substrate and the increment of heat transfer can easily be explained 
with more details using both diffusion, evaporation characteristics which led us to an extensive study of these two properties. 

3.2. Evaporation characteristics 

Evaporation characteristic of the system is assessed by calculating the net evaporation number (Nevap). To evaluate the net 
evaporation number, vapor atoms must be properly identified first. Vapor atom has been distinguished by analyzing the number of 
neighboring atoms around an atom. An argon atom has been counted as vapor if it has less than seven neighboring atoms within a 
cutoff distance [43,44]. Initial vapor atoms refer to the number of vapor atoms calculated just after the equilibration time. The number 
of vapor atoms is then computed at discrete times during heating period. Subtracting the number of initial vapor atoms from the 
number of vapor atoms at various stages during the heating period yields the number of atoms that changed its phase from liquid to 
vapor. Fig. 8 shows the variation of net evaporation number (Nevap) with time for nano porous substrates with different void ratio ɸ and 
constant height to arm thickness λ = 0.98. The slope of each curve indicates the evaporation rate for each nano porous substrate. It is 
apparent from the figure that ɸ significantly enhance evaporation rate. For flat surface as transfer of energy from heated source to 
argon molecules is only from one direction, evaporation takes place for a longer time and evaporation rate is slow. Introduction of nano 
porous substrate leads to higher heat transfer area and solid liquid interaction [43] which enhance heat transfer. Also due to the same 
reason we have higher evaporation rate as the height of the nano porous substrate is increased but the final net evaporation number is 
significantly reduced as seen in Fig. 9(a) and Fig. 9(b). With increased height a smaller number of liquid argons remain in the 

Fig. 4. Temporal Variation of Total system energy for single nano pore substrate (ɸ = 41%).  
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nano-pore thus reducing the final evaporation number. With increase in height, void volume and surface area inside the pore increases 
resulting in more argon atoms remaining inside of the pores. This retention of liquid atoms also significantly reduces evaporation 
number. So, increase of nano porous substrate height increases the binding ability of liquid atoms to the surface which is consistent 
with the work of Cao et al. [26]. The effect of ɸ is also apparent from Fig. 9. For four nano pore substrates (ɸ = 20%) the evaporation 
rate is slightly better and final net evaporation number (Nevap) is lower. Although ɸ is low but due to the existence of smaller pores and 
less retention of liquid argon atoms the evaporation rate was higher. Also for four nano pore substrates evaporation duration was short 
compared to single nano pore substrates. 

For getting an overall view of the effect of both ɸ and λ on evaporation characteristics, temporal variation of net evaporation 
number for all cases of ɸ and λ is presented in Fig. 10. In this figure we can observe that by controlling both ɸ and λ for the nano porous 

Fig. 5. Snapshot of the simulation domain at different time instants during the evaporation process at different void ratios (ɸ) of the nano pore 
substrate for λ = 0.98. 
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substrate we can get the desired evaporation characteristic i.e., evaporation rate and number of argon atom absorbed in the substrate. 
By controlling evaporation rate, we can also control the period of evaporation. This is a novel approach in modulating evaporation 
characteristic by changing the parameters of nano porous substrate. 

Temporal variation of argon temperature is presented in Fig. 11. Similar to the net evaporation curves there is a sharp rise in the 
temperature of argon after 2 ns as the thermostat is switched to 160 K. Liquid argon atoms adjacent to the surface gets heated up 
quickly and evaporates which contribute to this sudden rise. After the initial rise the temperature drops between the time interval of 
3–4 ns due to evaporation being complete and vapor argon having less density. The time for the drop in temperature is different for 
each case. At the final stage convective heat transfer takes place and the temperature of argon rises steadily and stabilizes at the end. It 
is observed from Fig. 11 that the rate of change of temperature is higher for nano porous substrates compared to flat surface. As the 
height of the nanopores increases, the time it takes to reach the initial maximum value decreases. It is due to greater heat transfer area 
as stated earlier. Effect of ɸ is also obvious on Fig. 11, Four nano pore substrates (ɸ = 20%) have higher rate of temperature increase 
and reached peak value earlier than single nano pore substrates (ɸ = 41%). The final equilibrium temperature was less for the nano 
porous substrates compared to the flat surface. There were fewer liquid argon atoms in the simulation domain during the initial stage of 
simulation for nano porous substrates. As a result, fewer argon atoms transitioned from liquid to vapor phase at the end of the 
evaporation period. So, fewer vapor argon atoms were present at the end of evaporation period for nano porous substrates compared to 
flat substrate, resulting in a lower final temperature. 

3.3. Diffusion characteristics 

Diffusion is related to the movement of atoms. Higher diffusion of atoms indicates free and rapid movement of atoms which is 
useful for higher convective heat transfer. Diffusion for atoms can be quantitatively characterized by diffusion coefficient. In the 
present study diffusion characteristics of liquid argon is observed. For analysis Mean Square Displacement (MSD) of argon particles 
were evaluated using the following formula (3) according to Ref. [45]: 

MSD(t) =
1
N

∑N

i=1
〈|ri(t) − ri(0)|2〉 (3) 

Fig. 6. Snapshot of the simulation domain at different time instants during the evaporation process at different heights (λ) of the nano pore 
substrate for ɸ = 41%. 
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here, ri(t) and ri(0) are the positional coordinates of ith atom at the current time and initial time respectively. And to get an under-
standing of how the atoms are diffused with time, MSD vs time curve for different nano porous substrates is plotted in Figs. 12 and 13. 
Fig. 12(a)–(d) shows the MSD plots for nano porous substrates with different ɸ at λ = 0.98 on the other hand Fig. 13(a)–(c) shows the 
MSD plots for different λ at ɸ = 41%. 

All the curves are found to have similar trend, with an initial linear portion then the curve oscillates around a final value. The linear 
portion indicates the time up to which evaporation takes place and there is rapid movement of argon atoms during this interval. With 
decrease in ɸ and increase in height the linear portion of the MSD curves became steeper indicating rapid increase in movement of 
argon atoms thus faster evaporation. Faster evaporation was also evident from the fact that curves became flat earlier. Self-diffusion 
coefficient (D) is related to limiting slope of MSD(t) by the following formula (4) referencing to Ref. [45]: 

Fig. 7. Snapshot of the simulation domain at different time instants during the evaporation process at different heights (λ) of the nano pore 
substrate for ɸ = 20%. 

Fig. 8. Temporal variation of net evaporated Argon atom for different ɸ at λ = 0.98.  
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D=
1
6

lim
t→∞

d(MSD(t))
dt

(4) 

The initial portion of MSD(t) curve is linear in this study, 1/6th of the slope of the linear portion is taken to calculate self-diffusion 
coefficient. 

Self-diffusion coefficient of argon is also significantly influenced by nano pores as seen from Fig. 14. Rapid heat transfer causes 
faster evaporation thus rapid movement of argon atoms. Therefore, diffusion coefficient increases as ɸ of the nano porous substrate is 
decreased. Retention of liquids inside of the pores restricted movement of atoms inside the pore which may be one of the reasons for 
lower diffusion coefficient of argon for single nano pore substrate. With the height of substrate, diffusion coefficient is also observed to 
be increased. The increase in diffusion coefficient with height showed a linear trend. It is due to the enhancement of heat transfer area 
overcoming the effect of retention. The trend of self-diffusion coefficient of argon is consistent with that found from temperature, and 
heat flux curves. 

3.4. Wall heat flux 

Transport parameters such as wall heat flux (qw) and evaporative mass flux can be used to further quantify the thermal performance 
of the nano porous substrate. Throughout this investigation, from per atom potential energy, per atom kinetic energy, and per atom 
stress tensor, we computed heat flux vector, J using the following formula (5): 

Fig. 9. Temporal variation of net evaporated Argon atom for different λ at (a) ɸ = 41% (b) ɸ = 20%.  

Fig. 10. Temporal variation of net evaporated Argon atom for all cases of ɸ and λ  
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J =
1
V

(
∑

i
eivi −

∑

i
Sivi

)

(5) 

Fig. 11. Temporal variation of Argon temperature for different values of ɸ with λ = 0.98.  

Fig. 12. Temporal variation of Mean Square Displacement (MSD) of Argon atoms for (a) ɸ = 41%, (b) ɸ = 34%, (c) ɸ = 27%, (d) ɸ = 20% for λ 
= 0.98. 
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Fig. 13. Temporal variation of Mean Square Displacement (MSD) of Argon with Time for (a) λ = 0.98, (b) λ = 1.5, (c) λ = 2 for ɸ = 41%.  
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Component of the heat flux vector, J in the direction normal to the solid substrate (xy plane) is considered as wall heat flux 
throughout this study. 

The fluctuation in wall heat flow over time for various nano porous substrates is shown in Fig. 15. As the thermostat temperature is 
changed from 90 K to 160 K, the value of heat flux reaches its maximum value. This substantial heat flux is caused by the large 
difference in temperature between the metal surface and the argon atoms. As evaporation progresses, the difference in temperature 
between the metal substrate surface and the argon diminishes, lowering the heat flux until it oscillates around zero when evaporation is 
complete. Fig. 15(a) shows the variation of wall heat flux for different values of ɸ at λ = 0.98. It can be seen from the figure that the 
magnitude of maximum heat flux is highest for nano porous substrate with ɸ = 20% and lowest for the flat surface. Higher heat flux 
indicates presence of more pores i.e., lower void ratio enhances heat transfer due to the increment of heat transfer area as the number 
of pores is increased although ɸ is less. Higher contact area increases the solid liquid interaction which resulted in higher maximum 
heat flux at the start of heating period. Another effect that might have influenced the heat transfer characteristics is the retention of 
argon inside of the pores. The nano porous substrates with ɸ = 41% have greater void volume which results in higher retention of 
argon, which led to less argon atom available for evaporation. Less argon taking part in evaporation led to lower heat transfer from the 
solid to liquid thus lowering maximum heat flux. 

Height of the substrates also influences heat flux characteristics. From Fig. 15(b) it can be observed that increase in λ ratio, results in 

Fig. 14. Variation of Diffusion Coefficient with height void ratio ɸ of the nano porous substrate.  

Fig. 15. Temporal variation of Wall heat flux (a) For different values of ɸ at λ = 2 (b) For different values of λ at ɸ = 41%.  
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higher maximum heat flux. The enhancement is due to higher heat transfer area. Unlike nano structures, there are closed void in the 
nano porous substrate which can trap liquid argon atoms and thus hinder the phase change phenomena. So, if the height of the nano 
porous substrate is increased too much it can overshadow the effect created due to higher heat transfer area. Quantitative analysis of 
the wall heat flux can illustrate this effect clearly. 

The following equation is used to compute the time-averaged wall heat flux (qw,avg) (6): 

qw,avg =
1

tf − to

∫ tf

to
qwdt (6) 

Evaporation period started at 2 ns (to) for all nano porous substrates, and the end time (tf) was different for each nanostructure. The 
values of time-averaged heat flux are tabulated in Table 3. For nano porous substrates average heat flux is significantly higher than the 
flat substrate. Introduction of single pore (ɸ = 41%) and four pore (ɸ = 20%) nano porous substrate increased the average heat flux by 
47.1% and 68.8% respectively. Average heat flux also increased when the height of the nano porous substrate was increased. If we take 
the case of nano porous substrate of void ratio ɸ = 41% as an example, it is observed that when λ was increased from 0.98 to 1.5 
average heat flux increased by 26.6%. But when λ was increased from 1.5 to 2 the increment was only 13%. So, even though the 
increase in surface area was similar the increase in average heat flux was quite different. This can be explained by the retention of 
argon atoms inside the pores when height of the nano porous substrate is increased too much. Increase in height of the nano porous 
substrate means increase in void volume and more argon atom being trapped inside of the pores contributing to less evaporation 
number. So, the absorption of argon atoms offset the effect of higher heat transfer area. As a result, the value of average heat flux was 
slightly less. 

3.5. Absorption characteristics 

From the snapshot of the simulation domain at different time intervals during the evaporation process (Figs. 5–7), we can observe 
that the pores do not dry out during the simulation time span which is consistent with previous studies [32,46]. Although evaporation 
is complete, there are always some liquid argon atoms which remains inside the pores. Fig. 16(a)-(d) shows snapshots of the pores of 
different nano porous substrate at the termination of simulation. Upon examining Fig. 16 and Table 4 it is observed that single nano 
pore substrates having higher void fraction (ɸ = 41%), retain around 10% more argon atoms compared to four pore substrates (ɸ =
20%). 

Thus, more retention for single nano pore substrates (ɸ = 41%) hinders heat transfer as seen earlier in evaporation and diffusion 
characteristics. With the increment of nano porous substrate height, void volume increases causing higher retention of argon atom 
inside the pores. It is also apparent from that for all cases a non-evaporating argon layer is present above the nano porous substrate. 
Between single and four nano-pore substrates, difference in absorption becomes the key characteristic for influencing heat transfer. It 
can also be observed from Table 4 that increase in height significantly increase retention of argon atoms inside of the pores. From 
quantitative perspective, about 43.7% and 97.0% more argon atoms are found to be adsorbed on the porous substrate at the end of 
evaporation compared to the flat substrate for void fraction (ɸ) 41% and 20% respectively at λ = 0.98. For increase in the height of 
nano-pores, for example, for single and four pore nano substrates at λ = 2.1, about 97% and 90% more argon atoms have been adsorbed 
with respect to flat surface that is almost double and triple of their respective cases with λ = 0.98. Argon retention inside the pores 
create a barrier in transferring heat from the walls of porous substrate to the liquid argon, thus it offsets the effect of higher heat 
transfer area as evident in the present analysis. However, retention might become dominant if the height of the porous substrate is 
increased too much. 

4. Conclusion 

Molecular Dynamics simulation of thin film evaporation of liquid argon over hexagonal nano-porous substrate has been performed 

Table 3 
Average wall heat flux for different nano porous substrates.  

Void Fraction, ɸ(%) Height to arm thickness ratio, λ Average wall heat flux ,qw,avg , MW/m2 

Flat Substrate  488 
41% 0.98 718 

1.5 909 
2 1027 

34% 0.98 767 
1.5 997 
2 1073 

27% 0.98 771 
1.5 1031 
2 1108 

20% 0.98 824 
1.5 1075 
2 1177  
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in the present study. Twelve different nano-porous substrates have been modeled considering the variation of void fraction, no. of 
nano-pores as well as height of the nano-pores. Following necessary equilibration of the atomic system, non-equilibrium heating of thin 
film liquid argon is done by placing the liquid layer over the porous-substrate and the consequent liquid-vapor phase change char-
acteristics has been observed to reveal out the effect of void fraction and height of the nano-porous substrate. Heat transfer perfor-
mance of the system has been qualitatively analyzed by observing temperature history of argon and net evaporation number while that 
has been quantitatively evaluated in terms of time average wall heat flux, average evaporative mass flux and diffusion coefficient of 
argon. Significant increase in heat transfer is observed for nano porous substrate with lower ɸ and with increasing height of nano- 
pores. Wall heat flux increases by 47.1% and 68.8% compared to flat surface due to the introduction of single and four-pore sub-
strate with a characteristic height to arm thickness ratio (λ) of 0.98 of the porous substrates. Retention tendency of argon atoms inside 
the nano-pores significantly increases with the presence of nano-pores as well as the increasing height of the nano-pores. In comparison 
to flat surface, there was an increase of 43.7% and 30% in the number of argon atoms adsorbed on the porous substrate following the 
evaporation for the characteristic height to arm thickness ratio of 0.98 of the porous substrates having a void fraction of 41% and 20% 
respectively. Evaporation has been found to take place faster over nano-porous substrate with lower void fraction which is observed 
quantitatively with four nano-pore substrates having higher average heat and evaporative mass flux, as well as diffusion coefficient. 
Insights from this study indicates lower void fraction and more nanopores is better for heat transfer enhancement which will help 
engineer create better and optimized nano porous substrates used in various applications. However, experimental validation of these 
insights remains a limitation of this study. Also, other shapes and orientation of nano pores and the optimized height of the nano pores 
can be investigated in future studies. 
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