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ABSTRACT

The non-equilibrium molecular dynamics (NEMD) simulation of ultra-thin liquid film of solid in
contact with liquid film has been examined. A high temperature and low temperature has been
applied respectively on the left and right sides of the solids, creates a constant heat flux
throughout the simulation system. The effect of different liquid film thicknesses on the interfacial
thermal resistance (ITR) at the contact interfaces of solid and liquid or interfaces of solid-liquid
(S-L) has also been investigated. Different structural quantities have been observed for varied
liquid film thicknesses. The oscillation of the density profile for liquid near solid surfaces
decreases with the decrease in liquid film thickness. The ITR is calculated from the temperature
discontinuity and heat flux near the contact interfaces of S-L. It has been discovered that
although the temperature discontinuity near the interfaces of S-L is approximately the same, the
ITR is significantly influenced by the thickness of the liquid film. According to the results, it has
been understood that the smaller the thickness of the liquid film, the higher the thermal energy
transfer across the interfaces of S-L.
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1.0 INTRODCUTION

Solid-liquid (S-L) interfaces refer to contact interfaces between solid surfaces and
liquid. This has been established in a number of engineering applications such as in
lubrications and coatings for automotive applications (Abdullah, Abdollah, Amiruddin,
Nuri, et al., 2014; Abdullah, Abdollah, Amiruddin, Tamaldin, et al., 2014; Nazri et al.,
2013), thermal interface materials (Prasher, 2006), and electronic cooling (Choi et al.,
2002; Wang et al., 2012). In most of the mentioned examples, the systems will fail
without an adequate thermal management system. As such, it is crucial to understand
the nature of heat and momentum transport to optimize and control the performance of
the system. In recent years, due to the development of nanotechnologies (Apdstolo et
al., 2019; Dandan et al., 2018; Hamdan et al., 2018), researcher are now keen to
examine the problem at a molecular level. However, the system would be anomalous
and cannot be determined or predicted by the normal macroscopic concept. For such a
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problem, molecular dynamics simulation is a promising tool that can be used to mimic
the phenomenon of molecular for an extensive analysis.

In the past several years, numerous investigations have been accomplished on heat and
momentum transport (Liu et al., 2020; A. R. Saleman et al., 2018; A. R. bin Saleman et
al., 2017). Some had looked into the molecular interaction between solid and liquid by
using simple liquid (T. Ohara & D.Suzuki, 2000; Torii et al., 2010) or liquid with
straight chain molecules (A. R. bin Saleman et al., 2017). Understanding this
phenomenon may help in designing proper thermal management systems at contact
interfaces of automotive applications or even optimize the design of electronic systems.

Several previous studies had examined thermal energy transfer (Kikugawa et al., 2009;
Matsubara et al., 2015; Ohara & Torii, 2005), however, the influences of liquid film
thickness in regard to thermal energy transfer still requires further assessment.
Therefore, this study analyses the impact of liquid film thickness on thermal energy
transfer at the interfaces of S-L. The effect of different liquid film thicknesses is
assessed based on the structural quantities and ITR at the interfaces of S-L. To verify
the result, three different liquid film thicknesses (10 A, 30 A, and 60 A) have been
tested in this study.

2.0 METHODOLOGY PREPARATION

2.1  Model Development

Interfaces of [Interfaces of

(a) Simulation model (b) Surface structure of FCC 110

Figure 1.(a) Simulation model and (b) surface structure FCC110.

The model of this simulation contains an extremely thin liquid film enclosed between
two identical solid walls, as shown in Figure 1 (a). The solid consists of gold (Au) with
face-centered cubic (FCC) crystal plane of 110 and in contact with liquid methane, as
shown in Figure 1 (b). An identical surfaces of crystal plane was employed on the left
and right sides of the solid walls in contact with the liquid film. This study analyzes the
thicknesses of 10 A, 30 A, and 60 A of liquid film, d. The sizes of the simulation system
in the x- and y-directions are 46 A and 48 A, respectively, regardless of the liquid film
thickness. For the z-direction, the sizes are 68 A, 88 A, and 118 A for 10 A, 30 A, and
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60 A liquid film thicknesses, respectively. A periodic boundary condition is put on to
the simulation system in the x- and y-directions. The simulation was set to be fixed in
the z-direction as to make sure that the simulation model did not drifted during
simulation. Such a model represents the solid wall as part of an extremely large solid.

2.2 Potential Functions

The solid walls were modelled by Morse potentials. The same potentials were employed
in previous studies (Liu et al., 2020; Rafeq et al., 2018; A. R. B. Saleman et al., 2019).
The potential function is given in eqn (1)

O(r,) = Dle " 2] (1)
Based on Equation (1), D = 7.6148 x 102, r, =3.0242 A, and o = 1.580 A"' (Rafeq et
al., 2018).

The liquid methane was modelled by the united atom. In this model, carbon atom and
hydrogen atoms were combined as a single interaction site at the centre of carbon atom
which being called as pseudo atom. The interaction force between each pseudo atom,
which is the potential function, was modelled by the Transferable Potential for Phase
Equilibria (TraPPE) force field (Martin & Siepmann, 1998). The parameters for the
interaction force were developed using Lennard Jones 12-6 (LJ) potentials. The
potential function is given as in eqn (2)

U (1) = 4s, [[%J _[%J ] )

The distance of pseudo atoms i and j is 7. & and o is 2.0433 x 102! and 3.73 A,
respectively, which are the energy parameter of the interaction force between i and j
(Martin & Siepmann, 1998; Miiller & Mejia, 2011).

The interaction between Au solid and methane liquid was displayed by Lorentz-
Berthelot combining rules, the energy parameters of the & and o were calculated as:in

eqn (3)
o.+0
£,=+é.6 and O, :”T” 3)
The s and [ refer to Au solid and methane liquid, respectively. The £, and oy for the
solid atom is 2.7109 x 102! and 3.70 A, respectively (Martin & Siepmann, 1998; Miiller

& Mejia, 2011). In this simulation, the potential function is truncated at the cuff-off
radius of 12.0 A (A.R. bin Saleman et al., 2017).

2.3 Simulation methods

The time integration method for this simulation system were the reversible Reference
Propagator Algorithm (r-RESPA) with manifold timesteps. One femto second have
been applied to the molecular motion between two molecules. And 0.2 femto second of
time integration have been applied for molecular motion within each atom/pseudo atom
in a molecule.

Initially a targeted temperature at 0.7 of the liquid’s critical temperature was set in the
simulation system. Then the system’s temperature was raised up slowly until a uniform
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and constant temperature was acquired throughout the simulation system (0.7 of the
liquid’s critical temperature). The uniform temperature was equilibrated for 1 to 4
million timesteps. Next, a constant heat flux was applied across the simulation system.
The heat flux setup was established by using the velocity scaling method where a high
temperature was set on the solid wall of the left side and a low temperature was set on
the solid wall of the right side of the simulation system. The temperature different
developed a constant heat flux across the simulation system. The constant heat flux
setup was applied to the simulation system for another 1 to 4 million timesteps for
equilibrium. Finally, the data collection step for 10 to 20 million timesteps was applied
to the simulation system where the density, temperature, and heat flux data have been
successfully recorded.

3.0 RESULTS AND DISCUSSIONS
3.1  Density Distributions

As known in the past studies density distributions play a significant role in giving the
insight of the molecular behaviour (Chilukoti et al., 2016; A. R. bin Saleman et al.,
2017). In this study, to calculate the density distribution, the simulation system was first
evenly cut into 6000 number of rectangular slabs in the z-direction. The number of
molecules/atom present in each evenly cut slab was then determined. The number of
molecules/atoms in each evenly cut slab was then converted into the unit of kg/m® by
using Avogadro number and molar mass of the molecules/atoms. Figure 2 presents the
density distribution for the simulation model with liquid film thicknesses of 10 A (red),
30 A (green), and 60 A (blue).

As known in previous research (A. R. b. Saleman et al., 2017; A. R. bin Saleman et al.,
2017), the density distribution of liquid oscillates near the solid wall, and the oscillation
here refers to the adsorption layer of the liquid. A straight or flat line was observed at
the center of the simulation system, also known as the bulk-like region (A. R. bin
Saleman et al., 2017). The same profile of density distributions is observed in Figure 3
(c). Since the same simulation model and number of molecules have been utilized in
previous study in ref (A. R. b. Saleman et al., 2017; A. R. bin Saleman et al., 2017), the
simulation model for L. of 60 A is considered validated.
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Figure 2. First adsorption layer for simulation model with liquid film thicknesses of 10 A (red line), 30 A
(green line), and 60 A (blue line).
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Figure 3. Density distributions for simulation model with liquid thicknesses of (a) 10 A, (b) 30 A, and (c)
60 A.

In order to compare the results between the simulation systems, the adsorption layer of
the liquid which was the closest to the left side of the simulation system was controlled
in a way that the peak height was approximately equal at the same temperature, as
shown in Figure 2 (for the peak height) and Figure 5 (for the temperature of the liquid
nearest to the interfaces of S-L on the left side of the simulation system). The same
method was utilized to identify the number of molecules for each simulation system
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with the comparison also shows that the simulation system for L. of 10 A and 30 A were
validated. This is the only method to effectively compare between the simulation
systems.

Figure 3 displays the density distributions of the current simulation system for the liquid
film thicknesses of 10 A, 30 A, and 60 A. As observed in Figure 3, different density
distributions have been observed for different liquid film thicknesses. For the case of 60
A, a bulk-like region exists at the center of the simulation system. This existence
indicates that there was no interaction force by the two identical solid walls at the center
of the simulation system (or at the center of the liquid film). However, for the cases of
30 A and 10 A, no bulk-like region was present at the center of both simulation systems.
Based on these results, it is understood that the liquid film thickness significantly
influences the structure of the density distributions. In addition, a decrease in liquid film
thickness further decreases the number of adsorption layers. Based on Figure 3, the peak
height of the first adsorption layer on the right side is not at the same height. This is due
to the influences of temperature which have been imposed on the left and right side of
the simulation system (temperature left and right tak sama?) as well as the constant
amount of heat flux applied across all simulation cases.

3.2 Temperature Distributions

A well-defined slab was established as shown in Figure 4 to calculate the temperature of
the simulation system. The slab definition is based on the position of the valley of the
density distributions. The same definition of slabs was utilized in a previous study (A.
R. b. Saleman et al., 2017). The green vertical line represents the border of each slab.
Since the simulation system is symmetrical, only the slab definition on the left side is
shown in Figure 4. The temperature for each slab was calculated based on the
summation of the microscopic velocity of each molecule/atom present in each slab.
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Figure 4. Slab definition for temperature distributions
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Figure 5. Temperature distribution for liquid film thicknesses for(a) 10 A, (b) 30 A, and (c) 60 A.

Figure 5 presents the temperature distributions for liquid film thicknesses of 10 A, 30 A,
and 60 A. In this study, only the left side of the simulation system was compared among
all cases since only the left sides have been controlled at the same reduced temperature.
As observed, a temperature discontinuity does exist at the interfaces of S-L regardless of
the liquid film thickness (10 A, 30 A, and 60 A). The same behaviour was observed in
previous studies (Liu et al., 2020; Rafeq et al., 2018; A. R. Saleman et al., 2018). This is
due to the phonon mismatch at the contact interface of the solid and liquid (Barrat &
Chiaruttini, 2002; Torii et al., 2008). The temperature discontinuity is referred to as
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temperature jump (TJ) after this. The TJ is evaluated as the temperature of the
outermost layer of the liquid and inner most layer of the solid extrapolated to the
position of the interfaces of S-L. The interfaces of S-L is assumed to be exactly at the
center between the Au solid and methane liquid. The temperature difference between
the Au solid and methane liquid is then determined. The same method was employed in
previous studies (A. R. Saleman et al., 2018; A. R. bin Saleman et al., 2017).

33 Interfacial Thermal Resistance (ITR)

Irvng-Kirkwood was the one derived the equation to determine the heat flux (HF)
throughout the simulation in this study. The details of the equation can be found in the
literature (A. R. B. Saleman et al., 2019; A. R. bin Saleman et al., 2017; Torii et al.,
2008). In order to validate the simulation results, the thermal conductivity of the
liquid in the simulation were compared to the experimental value. The thermal
conductivity for the experimental value tabulated in Table 1 were obtained from the
correlation formula proposed by Assael et. al. (Assael et al., 1992). As for the current
simulation, the value of thermal conductivity is determined from the temperature
difference of the liquid and the constant heat flux applied across the simulation
system. It is found that the deviation in percentage between the current simulation and
experiment value of thermal conductivity for d of 10 A is 13%, for d of 30 A is 9%
and for d of 60 A is 11%. Considering the deviation, the molecular dynamics
simulation successfully reproduces the thermal conductivity of the liquid alkanes. The
differences in the value of thermal conductivity between each of the simulation
system is due to size of the simulation system and the value of the density. As
observed in Figure 2, there are slight differences in the peak height between the d of
10 A, 30 A, and 60 A. As such, the number of molecules is not exactly accurate,
however such inaccuracy is still within the acceptable limit.

Table 1 Thermal conductivity from present simulation system

W/m.K .
: Deviation in
d (A) Experimental value Current simulation ercentage
(Assael et al., 1992) p g
10 1.28 x10"! 13%
30 1.47 x10™! 1.61 x10°! 9%
60 1.63 x10°! 11%

Table 2 displays the values of the TJ, heat flux (HF), and Interfacial Thermal
Resistance (ITR). Based on Table 2, the TJ is approximately the same regardless of
the liquid film thickness: 50.91 K, 52.17 K, and 50.73 K for 10 A, 30 A, and 60 A,
respectively. The TJ is found to have approximately the same value which is due to
the surface structure of (110) crystal plane as shown in Figure 1 (b). On the surface of
(110) crystal plane there exists surface corrugation, which absorbed methane
molecules (liquid) inside it. The adsorbed methane molecules (liquid) did not fluctuate
much and as a result, approximately similar TJ is observed regardless the liquid film
thickness. Although the TJ is approximately similar, the HF for each case of liquid
film thickness across the simulation system is completely different. The HF was in the
order of 10 A, 30 A, and 60 A, starting from the highest to the lowest value. Based on
the TJ and HF data, the interfacial thermal resistance (ITR) was calculated, which is a
ratio of TJ to HF. Although the peak height of the outermost layer of liquid and the
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reduced temperature for each case of the simulation system are approximately equal,
the ITR at the S-L interfaces was different. Based on the figure, the ITR decreased
with the decrease in liquid film thickness. The same pattern have been observed in
previous study (Liu et al., 2020). The ITR is correlated to the number of adsorption
layers appearing on the density profile of the liquid. The lesser the number of
adsorption layers, the lower the value of ITR at the interfaces of S-L.

Table 2 TJ, heat flux (HF), and interfacial thermal resistance (ITR) for 10 A, 30 A, and 60 A

d(A) TJ (K) HF x 106 (MW) ITR x 10°* (K/W)
10 50.91 733.7 6.9387
30 52.17 688.4 7.5795
60 50.73 605.7 8.3751

4.0 CONCLUSION

This study investigated the influence of liquid film thickness of two identical solid walls
in contact with liquid. It was found that the density profile behaves differently whenever
the liquid film thickness decreases. The existence of a bulk-like region, as found in
previous studies, did not appear in these results for the extremely thin liquid films with
thicknesses of 10 A and 30 A. Based on the results, can be assumed that the liquid film
thickness and density profile influence the characteristics of ITR at the S-L interfaces
where the thinner the liquid film thickness, the lower the ITR at the interfaces of S-L.
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