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Abstract

In this paper, the liquid-vapour-solid system near triple-phase contact line in a
microchannel heat sink is studied numerically. Molecular dynamics (MD) method is employed
aiming to get a microscopic insight into the complex liquid-vapour-solid system. In the present
model, the Lennard-Jones potential is applied to mono-atomic molecules of argon as liquid and
vapour, and platinum as solid substrates, to perform a simulation of non-equilibrium molecular
dynamics. The results of numerical simulation suggest that for a complete wetting system, such
as argon on a platinum substrate, there is a non-evaporating liquid film with thickness in
nanometres existing on the heating solid surface. The minimum film thickness near the triple-
phase contact line under different conditions of the substrate temperature is predicted. The
thickness of such an ultra-thin liquid film varies only slightly with the number of argon
molecules but decreases with the increase of heating substrate temperature. The decrease in
potential energy toward the region near the heating wall is considerably large indicating that the

interactions of solid and liquid molecules are very strong.
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Nomenclature

K

N

curvature

argon number

pressure

distance between molecules
temperature

dimensionless temperature
volume of molecules

velocity

liquid film thickness

energy parameter of L-J potential

density

dimensionless density

length parameter of L-J potential or surface tension

potential energy

dimensionless potential energy

Sub/Superscripts

Ar

D

argon
disjoining
liquid
solid
vapour

wall



1. Introduction

With recent development of the modern electronic and computer industry, the miniaturisation of
chips and the increase of processing speed have resulted in a large reduction in heat transfer
surface area, thus a very high heat flux is normally generated from a small surface area resulting
in a very high temperature. Indeed, this has significantly increased the demand for the power of
cooling chips. Such increased demand for intensive cooling of compact and micro electronic
devices, such as the CPUs of high performance computers, has forced engineers to develop a new
generation of heat sinks at micro scales.

Phase change heat transfer, such as evaporation or boiling, allows accommodation of very
high heat flux at relatively low wall superheats. Therefore, it can be used as a highly effective
means to remove the extra heat flux generated in an electronic system. The study of phenomena
of heat and mass transfer near a triple-phase contact line in evaporation or boiling has attracted a
great deal of attention from many researchers in recent decades [1-7]. Such phenomena often
occur in a number of circumstances such as capillary flow in grooves of heat pipes or evaporators,
flow in inclined partially submerged plates, movement of liquid layers underneath vapour
bubbles and columns. In fact, microchannel heat sinks with phase change heat transfer have
increasingly become commonly-used highly efficient devices for electronic cooling [8].

In recent years, the studies on computational modelling of flow and heat transfer of flow
boiling in a microchannel have become very active in academic societies. From the macroscopic
standpoint, all variables and parameters are treated as continuous while being mathematically
calculated in meshes no matter how small in length scale. The region around the contact line can

usually be divided into micro-layer region and macro-layer region. In the previous study, these



two regions have to be analyzed or computed separately [2, 3, 5]. The heat transfer in micro-layer
region is normally analyzed theoretically, and the heat transfer in macro-layer is investigated
using various numerical or theoretical analysis methods. It is impossible to solve the heat transfer
problem in the micro-layer by conventional computational fluid dynamics (CFD) method because
the length scale of the layer is too small. In addition, when the characteristic length of a fluid
domain is smaller than an intermolecular distance, the macroscopic Lifshitz theory is ineffective
and the continuum media assumption may break down [9, 10]. The length scale in the vicinity of
triple-phase contact line is so small that a microscopic calculation is needed to provide new
information to complement the macroscopic approach.

As for the microscopic calculation approach, molecular dynamics (MD) and Monte Carlo
(MC) simulation method are often used to investigate the physical phenomena of fluid-solid
interactions with very small length scale [11-18]. Using non-equilibrium molecular dynamics
simulation with a temperature gradient imposed, Xue et al. have demonstrated that the layering of
a simple monoatomic liquid does not have any significant effect on liquid-solid interfacial
thermal resistance [11]. Freund studied a two-dimensional (in the mean) liquid drop centred on a
cold spot on an atomically smooth solid wall with evaporating menisci extending from it onto
hotter regions of the wall [12]. Ohara et al. simulated numerically liquid argon (without vapour
phase) between two solid walls and studied the intermolecular energy transfer at the solid-liquid
interface [13]. Yi et al. performed molecular dynamics simulations of vaporization phenomena of
an ultra-thin layer of argon on a platinum surface. They simulated the entire vaporization process
for two temperature cases and the reverse process, the condensation, after complete evaporation
[14]. Effects of surface wettability on the behaviour of liquid atoms near a solid boundary were
also studied by using MD simulation methods [15, 16]. Wemhoff et al. explored a hybrid

approach to investigate a thin liquid argon film on a solid surface by combining a deterministic



molecular dynamics simulation of the liquid regions with a stochastic treatment of the far-field
vapour region boundary [17]. Liu [18] has employed MC method to study Lennard-Jones liquid
film and its vapour with a consideration of attractive and short-ranged wall potential near the
liquid-solid interface.

This paper aims to study liquid-vapour-solid system in the region near triple-phase contact
line of flow boiling in a microchannel heat sink. The molecules behaviour of mono-atomic argon
in a liquid-vapour-solid system is simulated numerically by the MD method. In this way, it is
investigated from a physical-chemical perspective instead of fluid-dynamical perspective to
understand the effect of the solid heating wall on the liquid film in a completely wetting system.
In addition, the liquid-vapour-solid system in the region near triple-phase contact line is studied
by changing the fluid molecule number, the heating solid wall temperature, and the simulation
cell size. The overall aims of this paper are to get a microscopic insight into the complex liquid-
vapour-solid system and a fundamental understanding of the physical mechanism, which will be
helpful for the development and potential final application of a microchannel phase change heat

sink.

2. Microchannels heat sink

Fig. 1 shows the ultra-thin liquid film structure in the vicinity of triple-phase contact line in a
microchannel heat sink, which consists of several parallel micro-channels with a rectangular
cross section. The working fluid flowing in microchannels removes heat energy by evaporation
and boiling. Heat from the heater surface is conducted into the macro/micro liquid layer
surrounding the vapour and is utilized in evaporation at the liquid-vapour interface. The liquid-

vapour-solid triple-phase contacting structure for evaporation and boiling can be deduced as



shown in Fig. 2. The force balance at the liquid-vapour interface of an evaporating ultra-thin film

IS expressed as

pvv5_pLVE=pL_pv+0K_pD’ (1)

where the momentum change across the liquid-vapour interface is balanced by liquid-vapour

pressure difference, surface tension force and disjoining pressure. p, stands for the pressure in
the liquid side near the liquid-vapour interface, p, is the pressure in the vapour side near the
interface (a few molecular mean free paths away in vapour phase) (Fig. 2). p, is the pressure
resulting from the attractive force (van der Waals force) between the solid-liquid molecules. For
the purpose of simplification, the disjoining pressure of non-polar liquids is written as:
p, =—A/5%; where A is Hamaker constant represented by A= z’Cngn,; & is the thickness
of liquid film; n; and n_ are number densities of solid and liquid; C comes from purely

attractive intermolecular potential w(r)=-C/r®. In the region near contact line, the curvature is
so small that the influence of surface tension can be neglected; therefore the disjoining pressure
plays a dominant role in Eqg. (1); the value of disjoining pressure reflects the strength of
intermolecular attractive force. In the present MD modeling, the basic molecular interactions
which cover not only the attractive but also the repulsive forces are considered to investigate the
microscopic insight of intermolecular forces and their effects on physical phenomena in the

region near the contact line.



3. The simulation system and method

The well-known model fluids used in MD include the hard spheres fluid, the square well fluid
and the Lennard-Jones (L-J) fluid. The hard spheres fluid does not exhibit the transition of
vapour-liquid phases because only repulsive interactions are present. The square well fluid,
whose potential incorporates both repulsive and attractive forces between molecules but in a very
simple way, is normally applied in simple atomic systems because of its simplicity and analytic
tractability. On the other hand, the L-J fluid shows the transitions between vapour-liquid, solid-
liquid and solid-vapour phases, and the critical and triple points. Therefore, the L-J fluid is
regarded as a suitable reference fluid for modelling properties of real fluids [19].

In the present investigation, a system with L-J fluid confined between two solid walls is
studied using non-equilibrium molecular dynamics (NEMD) simulation method. Fig. 3 shows a
snapshot of the system at steady state. This liquid-vapour-solid system is a special case of the
left-hand side of Fig. 2 with an opposing cold wall, so that a gradient of conditions develops
across the gap and the fluxes of molecules entering and leaving the hot and cold films are equal.
The size of the cell is of 5.83x 3.85x 7.22 nm®, including both the two solid walls and the fluid
confined between them. The distance between the two walls (in z direction excluding the solid
walls thickness) is 5.41 nm; other cases with enlarged cell size are also simulated in this paper.
Periodic boundary conditions are applied in x and y directions. All the variables including density,
potential energy are computed in the slices of x-y planes along z direction; so a smaller length
scale in y direction was used to save computing time and storage.

The current simulation predicts the minimum film thickness in the triple-phase contact line
under different conditions of the substrate temperature. Here the minimum thickness is an

important parameter in theoretical analysis [20]. It is important to study the liquid film near the



contact line, as the minimum film thickness is the necessary boundary condition for the analysis
of the right part of Fig. 2 (which shows a qualitative sketch of the relative size of the simulation
region of the contact line). In the MD simulation, although the physics on the right-hand side and
the left-hand side of the contact line is not symmetry, the ultra-thin liquid film (thickness in
nanometres) does extend from the left-hand to the right-hand side of the contact line to some
distance [7]. Moreover, during evaporation and boiling, contact lines are usually advancing or
receding relative to the solid substrate (When liquid in microchannel evaporate into vapour, the
contact line recedes in +x direction in Fig.2; when the supplied liquid comes into the
microchannel, the contact line advances in —x direction). Therefore, our MD simulation system
has a wider range (x direction in Fig. 2) of applicability in the region near triple-phase contact
line: from the viewpoint of film thickness, our MD system is also applicable for the right-hand
side of Fig. 2 near the contact line (with cooling wall included in simulation system).

For both the fluid and the solid molecules, the L-J potential function is used to calculate the
intermolecular forces. This is an appropriate first step to understand the phenomenological
influence of realistic atomic granularity on the liquid-vapour-solid system and suchlike [12]. The
L-J potential is known to give a quantitatively reasonable description of liquid argon [10] whose

molecular is of mono-atom type. Therefore, for the sake of physical understanding, in the present
study, argon is used as the L-J fluid with the following potential parameters: m, =6.63x10*°kg,
o, =0.3405nm, ¢ =1.67x107°"J. The solid wall is represented by four layers of face centred
cubic (fcc (111), see the inset of Fig. 3) surface of harmonic platinum molecules with parameters
as: mg =3.24x107°kg, o, =0.2475nm, &, =8.35x107°J [15, 21]. This type of crystalline

structure is quite stable so it is not necessary to introduce any additional phantom molecules with
springs holding the solid molecules at the crystalline sites. A similar method was reported by Xue

etal. [12].



The potential function between solid and liquid molecules is represented by Lennard-Jones

function as:

g (r) =45 {(og./ r' - (o / N°}. 2)

where the Lorentz-Berthelot mixing rules [22] as &5 =.¢¢, and o =(os+0,.)/2 are

applied to the completely wetting system in the present study. The first term of equation (2)
represents the short-range repulsive portion of the potential; the second term is the long-range
attractive portion. The cut-off radius is equal to 3.5¢ .

The phase diagram for argon is plotted on the basis of a Nicolas’ equation [23], as shown in
Fig. 4, where the cases of MD simulation correspond to the circles (open and closed) in the
diagram. The temperature of upper solid wall is set as a fixed value of 90 K. The lower wall is the

heater with different temperatures, corresponding to the closed circles in vertical direction. In the
modelling, dimensionless density p” is defined as No; /V , where N is argon number in the
system and V is the volume that argon occupies; dimensionless temperature T~ is in the form of
kT /&, where x is Boltzmann constant. For the lower wall temperature fixed at 110K, the

systems with argon molecules, respectively at 784, 1200 and 1440, are simulated and shown by

the three open circles.

4. Results and discussion

There are many factors affecting the liquid-vapour-solid system near triple-phase contact line in a

boiling system of microchannels. For the present completely wetting L-J fluid interacting with



the ideally planar platinum surface, numerical simulations are conducted by changing the number
of fluid molecules in the system, the heating solid wall temperature, and the simulation cell size.

Concrete microscopic insights are obtained by studying the influence of these parameters.

4.1. The case with different argon number

As shown in Figs. 5 and 6, in all cases of the simulation, ultra-thin liquid films can be
observed even when the heating temperature is close to the critical temperature point of argon,
which is about 158 K as it can be identified from Fig. 4. Liquid molecules in the film are adhered
on the solid wall as a result of strong interactions of intermolecular forces in the completely
wetting system. Obviously, such liquid molecules which carry extra energies cannot overcome
the barrier of long-range attractive forces in the well wetting solid-liquid system. In addition, the
wall-induced local surface morphology of the liquid film appears to be an evenly distributed
solid-like structure.

Fig. 5 shows the ultra-thin liquid film of the system with different number of argon
molecules under the same temperature condition. For a fixed lower wall temperature at 110 K,
the systems respectively with 784, 1200 and 1440 molecules are simulated. It can be seen that,
for a given superheat, the variation of ultra-thin liquid film thickness with different number of
molecules is very small. With the increase of argon number, extra molecules are accumulated

near the cooling wall.

4.2. The case with different heating wall temperature
Fig. 6 shows the liquid film of a system of 1200 molecules under different temperature
conditions. When the heating temperature reaches to 210 K, the liquid film still exists but its

thickness is decreased to the order of only one layer of argon molecules.
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From the density distribution of argon molecules, it can be seen that the densities in z
direction exhibit an oscillation structure (Fig. 7). Different regions of the liquid, interface and
vapour are shown in Fig. 7. The liquid film thickness is defined as the distance from the wall to
the centre of liquid-vapour interfacial region and can be calculated from the density distributions.
The minimum film thickness of the triple-phase contact line under different conditions of the
substrate temperature is predicted by the current simulation. To determine the effects of solid wall
superheat on film thickness, the thickness of the thin film formed on the heated completely
wetting surface are summarized in Fig. 8. Fig. 8 shows the film thickness variation with different
temperatures. The discrete dots are thickness specified from MD results; the curve is a fitted line
from these thickness data. It can be seen that the curve is fitted quite well except that there are
two dots dropping out of the curve. This deviation may result from the uncertainty in specifying
the film thickness. The liquid-vapour interface region is specified through density distribution
such as Fig. 7, which will lead to some uncertainty. More precise methods will be developed to
specify the film thickness in our work of next step. It is noted that the liquid film thickness is
within 2 nanometres and has a decreasing tendency with the increase of heating temperature. This
means that more liquid molecules may escape from the attractions of solid as the heater wall
temperature continue to rise.

The solid heating wall effect can also be seen from potential energy distributions in the near-

wall liquid film of the completely wetting system as plotted in Fig. 9, where the dimensionless
potential energy ¢ is calculated on the basis of equation (2) but normalised by ¢, , i.e.
¢ =¢,(r)l e . Fig. 9 shows that the potential energy increases notably with heating

temperature. Compared with the result of free film (a liquid film bounded on both sides by
vapour) [24], the potential energy curve of the liquid film, bounded by vapour on one side and by

solid on the other side, shows a considerably steeper decrease toward the region near the heating
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wall due to the effect of strong interactions between solid and liquid molecules. The oscillation of
density in Fig. 7 shows the strong wall-induced effect on the liquid film, whereas the smooth
curve of potential energy in Fig. 9 indicates the substantial smooth change of potential energy
field.

Fig. 10 shows three cases of snapshot of molecular distributions of argon in the whole
simulation system and within the layer in the vicinity of the heating platinum wall (side view and
top view). It shows that there is more than one layer of molecules (Fig. 10a) when the heating
wall is at 110 K. When the temperature increases to 210 K, only one layer of molecules is
adhered on the wall. It is shown in Fig. 10b that these molecules exhibit an even distribution in a
honeycomb-like way. In Fig. 10c, the side and top views are cut off from the same z position (hot
from the interface) as in Fig. 10b to make a comparison between Figs. 10b and 10c. It is surprised
to note from the figure that the molecules do not totally evaporate away even when the heating
temperature rises to an extremely high value such as 600 K. Nevertheless, compared with the
cases of lower heating temperature, the molecules distribute rather sparsely and dry spots can be
identified from a top view shown in Fig. 10c where the platinum surface is exposed directly not
covered by argon molecules. Indeed, this reflects the extraordinarily strong interaction forces

between solid and fluid molecules for a completely wetting system.

4.3. The case with different cell size

NEMD simulations are performed with different cell size in x and z directions. A snapshot of
molecules distribution for an enlarged cell in z direction is shown in Fig. 11a, in which, the cell
gap between two walls is three times larger than the previous defined 5.41 nm, the number of
argon molecules is 1200, and the heating and cooling wall temperatures are 110 K and 90 K

respectively. It is clearly shown that although there is a larger space for the evaporated argon

12



molecules to escape, the liquid film thickness near the heating wall still remains almost the same
level as shown in Fig. 5 (the middle figure). While, for the second case in which the cell length in
x direction is twice of the previous defined length and the number of argon molecules confined
between the two solid walls is increased to 2400, the snapshot of molecules distribution given in
Fig. 11b shows that the liquid film thickness remains almost unchanged when the cell width is

changed.

4.4. With different solid energy parameters

In the above MD simulation, the solid energy parameter about 50 times larger than the liquid

energy parameter (&, =50¢, ) has been applied. Additionally, a case study for the solid energy

parameter of 10 times larger than the liquid energy parameter (& =10¢, ) is also carried out and

the results are presented in Fig. 12. Both of the energy parameters used can secure the face
centred cubic crystalline structure in stable states well below the according melting points. It can
be noted from the snapshot in Fig. 12 that more argon molecules evaporate away from the solid
surface but the liquid film, although becomes a bit thinner, still remains adhering on the solid.
Indeed, this is consistent with the previous discussion in which even at a very high temperature,

the thin liquid layer is still adhered on the heating surface.

5. Conclusions

Numerical simulations based on the nonequilibrium molecular dynamics (NEMD) are performed

to investigate liquid-vapour-solid system near triple-phase contact line of flow boiling in a

microchannel. The main findings can be summarised as follows:
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1) For a completely wetting system of mono-atomic fluid and substrates, an ultra-thin liquid
film in nanometres is adhered on heating surface even when the surface temperature
reaches above the critical temperature.

2) The minimum film thickness near triple-phase contact line under different conditions of
the substrate temperature is predicted to be within 2 nm.

3) For the systems with different number of argon molecules, the film thickness remains
almost the same if the heater temperature is constant.

4) The liquid film thickness decreases with the increase of wall heating temperature.
However, a complete evaporation does not take place when the solid wall superheat is
extremely high.

5) The decrease in potential energy toward the region near the heating wall is considerably

large indicating that the interactions of solid and liquid molecules are very strong.
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List Figure Caption —C.Y.Jiand Y.Y. Yan

Fig. 1: Evaporating region in Microchannels Heat Sink

Fig. 2: Liquid-vapour-solid contact structure in the vicinity of triple-phase contact line

Fig. 3: Snapshot of NEMD simulation system

Fig. 4: Phase diagram of argon and MD simulation cases

Fig. 5: Snapshots of different Ar molecule number systems

Fig. 6: Snapshots of 1200 Ar molecules system with different heating temperatures

Fig. 7: Density distribution of 1200 Ar molecules system (90K-110K)

Fig. 8: Film thickness at different wall temperature

Fig. 9: Potential energy distribution of the liquid film near the heating wall of different
temperatures

Fig. 10: Snapshots of argon molecules distribution near above the heating wall with different
heating temperatures (1200 Ar molecules in the system)

Fig. 11: Snapshot of Ar-Pt systems of enlarged cell size

Fig. 12: Snapshot of 1200 Ar molecules system with heating temperature of 210K (only the

heating wall and nearby fluids are shown)
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Fig. 3. Snapshot of NEMD simulation system
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Fig. 5. Snapshots of different Ar molecule number systems
(only the heating wall and nearby fluids are shown)
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Fig. 6. Snapshots of 1200 Ar molecules system with different heating temperatures
(only the heating wall and nearby fluids are shown)
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Fig. 11. Snapshot of Ar-Pt systems of enlarged cell size
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Fig. 12. Snapshot of 1200 Ar molecules system with heating temperature of 210K
(only the heating wall and nearby fluids are shown)

26



