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thickness on TET across solid-liquid (S-L) interfaces. Two liquid film thicknesses (Lz) of
30 A and 60 A have been evaluated, and two shear directions (x- and y-directions) have
been tested in the simulation system. It has been found that there is no significant
difference in the density distribution of liquid regardless of the shear directions for the
same Lz. However, there are differences in the density distribution of liquid between
Lz of 30 A and 60 A. Based on the results its suggests that, the cut-off of the
temperature and velocity at the contact interfaces of solid and liquid is substantially
influences by the shear applied to the liquid and the liquid film thickness of the
simulation system. It is found that, there are a significant different in the thermal
boundary resistance (TBR) for Lz of 30 A and 60 A for cases liquid sheared in the x-
direction. Whereas TBR for Lz of 30 A and 60 A sheared in the y-direction have no
Keywords: significant difference. In conclusion, the TET is affected by the velocity cut-off at the
Thermal energy transfer; ultra-thin liquid  contact interfaces of solid and liquid where larger velocity discontinuity exhibits higher
film; solid—liquid interface TBR.

1. Introduction

The lubrication system is a system related to the contact interface between solid and liquid. The
system has been utilised in vast engineering applications such as in lubrications and coatings [1-5],
adsorption behaviour of liquid in contact with solid [6-7], In nano-fluid at the contact interfaces
between nano-particle and base fluid [8-9], phase change material [10], Two phase flow gas and
liguid [11] which is in relation to solid-liquid interfaces, surface treatment [12], water desalination
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process [13], thermal interface materials [14-16] and electronic cooling [17-18]. The contact
interface between solid and liquid is represented as the interfaces of solid—liquid (S-L).

Based on past studies, the system of interfaces of S-L had failed without proper and well-designed
thermal management system. It is crucial to identify the source of heat to rectify, optimise and
control the performance of the overall system. Since these problems began at the molecular scale, it
isimportant to understand the system at a molecular level. However, such problems are anomalous
and cannot be predicted and tested based on conventional experiments and simulations. In recent
years, such issues can now be solved with the use of available tools, such as the molecular
dynamics simulation, which can reproduce the molecular scale phenomenon for more
comprehensive analyses.

Several previous studies using the molecular dynamics simulation associated to thermal
energy transfer (TET) across the interfaces of S-L have been conducted [17-19-24]. They
examined the molecular interaction forces between solid and liquid [25], shearing applied to the
liguid [26], influences of molecular length on TET [19-27] as well as the hydrophilic and
hydrophobic behaviours of liquid [28-29]. However, research associated with TET with the
influence of shear at ultra-thin liquid film have not been conducted. In the previous study the
Xiao Liu et al., [30] (2020) have look into the influence of liquid film thickness but not at both the
influences liquid film thickness and effect of shear liquid film. Thus, this paper investigates the
influence of different liquid film thicknesses towards TET at the contact interfaces of S—L by the
method known as non-equilibrium molecular dynamics (NEMD) simulation. In addition, two
different liquid film thicknesses as well as two shear directions have been applied to the
simulation system. And since, the surface structure of the solid has different surface roughness
at different shear direction [27].

2. Methodology
2.1 Model

As shown in Figure 1 model is consisted enclosed two parallel solid walls, where liquid film is
trapped in it. Gold (Au) was used for the solid walls and liquid methane was used for the liquid.
The solid walls have the surface structure of (110) surfaces from the face centred cubic (FCC)
lattice, contacting liquid methane. Both sides of the solid walls, consisted of 10 layers of (110)
surface. Whereas the liquid region, liquid methane was randomly distributed. Two liquid film
thicknesses (L;) of 30 A and 60 A were used for the simulation model. The contact of the solid and
liguid on both sides of the model is referred as the interfaces of the S-L. The model has a size of
approximately 40 A in both x- and y-axis, no matter what of L,. For the z-axis, the size was
approximately 120 A for L, of 60 A and 90 A for L, of 30 A. To ensure that the simulation model
does not fluctuate during simulation, the z-direction was fixed in the simulation system. Whereas
in x- and y-directions a periodic boundary condition (PBC) was applied.
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Fig. 1. Twov parallel solid walls in contact with liquid film in between them

2.2 Potential Function

The interaction force between the solid wall molecules of Au was modelled using the Morse
potential [3132]. United atom (UA) model has been utilized to model the liquid methane. In the UA
model, the four atoms of Hydrogen and a single atom of Carbon is group as one single pseudo-atom.
The interaction forces of each pseudo-atom of UA were displayed using the Lennard Jones (12-6)
potential [24-27-33]. Next, Lorentz-Bertholet combining rules were utilized to model the interaction
forces between pseudo-atom of liquid and atom of solid. A cut-off radius of 12.0 A were applied to
all interaction forces in the simulation. The same molecule model and potential functions have been
utilised in previous studies [24-27-30-33].

2.3 Simulation Details

The reversible references propagator algorithm (r-RESPA) was employed as the time integration
method [34]. Initially, the temperature of the simulation system was raised to the 0.7 T. of the
targeted temperature for 1 to 2 million time steps. Then, the temperature of 0.7 T, was controlled to
acquire a uniform temperature throughout the simulation system for 2 to 3 million time steps. Next,
the shear setup was applied to the simulation system where a constant and opposite speed of 100
m/s was imposed to the two parallel solid walls. Figure 1 shows the simulation setup. The same speed
was applied in a previous study Saleman et al., [19] (2017). Since the surface structure of the FCC
lattice (110) is unsymmetrical (Figure 2), two shear directions were applied to the simulation system
in the x- and y-directions. The shear setup was conducted and run for another 5 million time steps.
Finally, the data acquisition was run for 10 million time steps.

Fig. 2. Surface structure of FCC 110
surfaces
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3. Results
3.1 Density Profiles

Density profiles play an important role in determining the liquid characteristics of liquid
adsorption behaviour on a solid and the orientation of liquid molecules. In this study, the density
distribution was calculated by splitting the simulation system into 6000 number of blocks in the
z-direction. The density distribution for each one of the blocks was calculated according to the
number of molecules present in each block. Saleman et al., [19] (2017) had also employed the
same method for determining the definition and calculation of the blocks to acquire the density
profile. Figure 3 presents the density profile for L, of 60 A and 30 A sheared in the x- and y-
directions.

As to make sure that the density profile for all cases is comparable, the peak height of the
nearest adsorption layer to the interfaces of S—L was controlled in such that the peak heights for
all cases are approximately the same. Since the density profiles for the liquid sheared in the x- and
y-directions exhibited similar profiles, only the density profiles of L, of 60 A and 30 A sheared in
the x-direction are displayed in Figure 3.
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Fig. 3. Density distributions for (a) 60 A and (b) 30 A sheared in x-
and y-directions

. Based on the figure, the density profiles for the system with liquid L, of 60 A oscillated near the
interfaces of S—L for both shear directions, and a flat line was observed at the centre of the system.
The same density profile was also noticed in several previous studies [19-33]. The same oscillation
near the interfaces of S—L was also recorded for the system with liquid L, of 30 A in both shear
directions, but no flat line was observed at the centre of the density distribution. The non-existence
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of the flat line at the centre of the density distribution for L, of 30 A indicates that there exists an
interaction force in the liquid by the solid walls. As such, the interaction force may influence the TET
across the simulation system.

3.2 Temperature Profiles

Figure 4 shows that the simulation system was divided based on the density profiles for
calculating the temperature profiles. The temperature profiles were calculated from the velocity of
each molecule in each block. Both microscopic velocity and macroscopic velocity were present in this
simulation. To calculate the temperature profiles, only the microscopic velocity in the x-, y- and z-
directions were considered.

Solid Interfaces of S-L Liquid
1 |

| N

Density solid (m3/kg)

2 4
z-position (nm)

Fig. 4. Definition of slab for temperature distributions

Figure 5 presents the temperature distributions for the simulation system with liquid film
thicknesses of 60 A and 30 A sheared in both directions. Temperature discontinuity (TD) was
observed at the interfaces of S—L for all cases of the simulation system. The TD is calculated by
extrapolating the temperature of solid and liquid in the z-direction to the point where the interfaces
of S-L is located. In this study the location of the interfaces of S-L is assume exactly at the centre
between solid and liquid layers. The temperature difference between the solid and liquid is then
calculated. Table 1 displays the TD for L, of 30 A and 60 A sheared in both directions. The TD was
higher for cases sheared in the y-direction regardless of the liquid film thickness. Based on Table 1,
the TD for 30 A sheared in the y-direction was the highest, followed by TD for 60 A sheared in the y-
direction and 30 A and 60 A sheared in the x-direction. The results of the temperature profiles
suggest that the liquid film thickness does have a significant influence on the TD at the interfaces of
S—L.

Table 1

Heat flux (HF) and Thermal boundary resistance (TBR) for 30 A and 60 A shear in x and y-directions
Shear direction x- direction y- direction

L. 30 60 30 60

TJ (K) 14.35 10.65 3491 19.34

VJ (K) 62.4 47.3 11.9 7.7

HF (WM) 102.8 94.6 334.8 183.8

TBRx107 1.395 1.132 1.043 1.052
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Fig. 5. Temperature distributions for (a) 60 A and (b) 30 A sheared in x- (blue) and y-
directions (red)

3.3 Velocity Profiles

The same definition of blocks in Figure 4 was also utilised to calculate the velocity profiles for the
system with liquid L, of 30 A and 60 A sheared in both directions. In the calculation of velocity profiles,
only macroscopic velocity was considered. As shown in Figure 6, velocity discontinuity (VD) was
observed at the interfaces of S—L for all cases of the simulation system. The behaviour of VD was also
detected in a previous study by Saleman et al., [19] (2017). In this section, the same method for
calculating TD was utilised to calculate VD. Table 1 presents the value of VD for the simulation model
with liquid L, of 30 A and 60 A for both shear directions. Based on the results, the VD with liquid film
thickness of 30 A sheared in the x-direction had the highest value in the system, followed by the liquid
film thickness of 60 A sheared in the x-direction and then the system with liquid film thickness of 30
A sheared in the y-direction. The lowest VD was for L, of 60 A sheared in the y-direction. It has been
generally observed that the VD for the system with liquid L, of 30 A and 60 A sheared in the y-direction
have a small difference between them, approximately 4.2 K. While the VD of the system with liquid
film thicknesses of 30 A and 60 A sheared in the x-direction have a larger value in comparison, with
approximately 15.1 K difference between them. This behaviour is due to the surface structure of the
FCC (110) surface, as observed in previous studies [19-24-27]. Past research had mentioned that
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there exists peaks and valleys on the surface of (110). Some liquid molecules can get trapped in the
valley of the solid surface and as a result, the VD decreases. However, the shear direction can
influence the VD in the parallel direction to the peak and valley of the FCC (110) surface. If the shear
applied to the system is in the parallel direction, the liquid molecules can easily get pulled, creating
a larger VD compared to shear applied in the perpendicular direction to the peak and valley of the
surface. Based on the observation of the temperature profiles and velocity profile, it has been
suggested that the thin liquid influences the VD characteristics at the interfaces of S—L where the
smaller liquid film thickness has higher values of VD.
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Table 1 displays the heat flux (HF) value all over the simulation system and thermal boundary
resistance (TBR) at the interfaces of S—L for the simulation system of 30 A and 60 A sheared in both
directions. The HF was different for each case of the simulation system. This is expected since the VD
is different for each case of the simulation system. However, the order of HF varied from VD where
the increasing order of heat flux is: 60 A sheared in the x-direction, followed by 30 A sheared in the
x-direction, 60 A sheared in the y-direction and the highest, 30 A sheared in the y-direction. To justify
the factor that influences VD, TD and HF, the TBR was calculated. TBR is the ratio of TD and HF at the
interfaces of S-L.

Figure 7 presents the TBR versus L; for the simulation system sheared in both directions. The TBR
for the cases of the simulation system sheared in the x-direction decreased as the L; increased. This
is due to the high TD, elevated VD and low HF value near the interfaces of S—L. Although the TD, VD,
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and HF values are different between the two cases, the TBR for the cases of 30 A and 60 A sheared
in the y-direction presented an approximately similar value, as shown in Figure 7. This is due to the
factor of adsorption of the liquid molecules on the solid surfaces, which was also observed in previous
studies by A. R. b. Saleman et al., [19] (2017), A. R. bin Saleman et al., [27] (2017) and Saleman et al.,
[33] (2018). The liquid molecules are adsorbed in the valley of the FCC (110) surface which help in
the TET. In short, the result suggests that the shear liquid and liquid film thickness does not influence
the TBR regardless for the cases liquid sheared in y-direction. However as reported by Xiao Liu et al.,
[30] (2020) the TBR increase with the increase in liquid film thickness. Such differences suggests that
the shear liquid influences the characteristics of TBR at the contact interfaces in relation to VD.

According to the results however, if the effect of the surface structure is neglected, this would
also suggest that the TBR is significantly influenced by VD at the interfaces of S-L where large VD
creates higher TBR.
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Fig. 7. Thermal boundary resistance versus Lz for simulation system
shear in x- and y-direction

4. Conclusions

In this study, the influences of liquid film thickness (Lz) and shear on the qualities of thermal
energy transfer (TET) at the interfaces of S—L were investigated. The influence of liquid film
thickness was investigated based on the liquid L, of 30 A and 60 A where both simulations
modelled were sheared in both the x- and y-directions. The results suggests that the decrease in
liquid L, increases the temperature discontinuity (TD) and velocity discontinuity (VD) at the
interfaces of S-L regardless of the shear direction. Although the liquid film thickness significantly
influences the TD and VD, the thermal boundary resistance (TBR) for the case of liquid sheared in
the y-direction is approximately equal for L, of both 30 A and 60 A. Based on previous study [30]
and present simulation results, suggests that the TBR is influence by the sheared liquid. As for the
simulation system sheared in the x-direction, it was found that there is a large increment in TBR
for L, of 30 A compared to 60 A. This behaviour was due to the surface structure of the FCC (110)
surface and the shear directions. The results concluded that the liquid film thickness significantly
influences the TD and VD. However, for TBR, the liquid film thickness influences the system
sheared in the x-direction but not in the y-direction. Such behaviour is due to the arrangement of
the surface structure of (110) which can either be in the parallel direction or in the perpendicular
direction with the direction of shear.
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