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Abstract: A vapour-liquid-solid three-phase model is constructed to simulate liquid interface
characteristics and condensation process near a solid wall by Molecular Dynamics (MD)
simulation method. The three-phase model shows laminated liquid density distribution and
oscillating distribution of tangential stress in the near-wall region. The density and temperature
changing with time in the condensation process of superheated vapour argon on difform platinum
surfaces are investigated. It is found that heat transfer enhancement of roughened surfaces is no
longer obvious after the formation of a stable liquid film on them.
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This paper is a revised and expanded version of a paper entitled ‘Molecular Dynamics Simulation
of the Condensation Process of Superheated Vapour on a Platinum Surface’ presented at Asian
Symposium on Computational Heat Transfer and Fluid Flow, Jeju, Korea, 20—23 October, 2009.

1 Introduction

In micro-nanoscale systems, it is an important way to study
the mechanism of phase change behaviours in solid-liquid
and vapour-liquid interfaces using Molecular Dynamics
(MD) simulation (Rapaport, 2004) in that it is difficult to
carry out experimental measurements in such small scales.
Tsuruta et al. (1999) studied the coefficient of condensation
and interface rate distribution. Although the coefficient
of condensation is different from the macro-coefficient
of condensation (Wang et al., 2003), it is conducive to
exploring the micro-mechanism of interface. Maruyama
and Kimura (1999) simulated directly heat transfer process
with non-equilibrium MD method and gained the thermal
resistance of solid-liquid interface. Yi et al. (2002)
simulated evaporation process of ultrathin liquid film at
solid surface and observed the similar phenomenon with
macroscopic process, such as the Leiden Frost phenomenon.
Wang et al. (2007) simulated heat transfer process of a
triangular nano-tube and pointed out that the total thermal
resistance of micro-channel including the interfacial thermal
resistance and internal resistance could be minimised by
selecting the appropriate wall infiltration. They also found
that the nano-channel simulated is equivalent to a heat
pipe when there is a strong action between wall and fluid
(Wang et al., 2007).

In this paper, based on the upper studies, we simulate
the liquid interface characteristics and dynamic
condensation process of superheated vapour argon on
difform platinum surfaces with MD simulation method.

2 Simulation method
2.1 System model

The simulation domain is composed of gas zone, fluid zone
of argon molecules and solid zone of Pt atoms. The origin of
coordinates of system model lies in the geometric centre of
the system and three directions are shown in Figure 1.
The periodic boundary condition is applied for x-direction
and y-direction (Tsuruta et al., 1999); mirror boundary
condition is applied for z-direction. The solid zone is at the
bottom of the system and is treated as solid wall, which is
composed by 3-layer ‘real’ Pt atoms and 2-layer ‘image’ Pt
atoms in accordance with the face-centred cubic structure.
The (111) crystal surface is vertical to the z-axis, and the
‘image method’ (Maruyama and Kimura, 1999) is applied to
keep wall temperature constant. The size of simulation
domain of interest selected to simulate the liquid interface
characteristics is 5.0 x 4.8 X 10.9 nm’, in which there are
2048 argon molecules. To describe accurately condensation
processes of superheated vapour argon on difform platinum
surfaces, the size of simulation domain selected is

6.1x5.8x21.8nm°, in which there are 4096 argon
molecules.

Figure 1 shows the initial state of the system model.
Figure 2 shows the different shapes of solid surfaces. In the
paper, the flat wall represents smooth surface, and the walls
with square or triangle protrusion represent roughened
surfaces. In the figure, the area of flat wall, triangle wall
and square wall is 6.1x5.8nm’ 11.9x5.8nm? and
11.5 x 5.8 nm?, respectively.

Figure 1 Positions of molecules at equilibrium state (7= 110K)
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2.2 Potential energy function

In fluid domain, the primary potential between argon atoms
is treated by the Lennard-Jones equation

u(ry) =4€l(o/n)" —(o/1,)’] (1)

where &, = 1.67 x 107! J, 04-= 0.34 nm.

The interaction between argon atoms and wall is also
treated by the Lennard-Jones potential. The parameters of
characteristic scales and energy are obtained by the mixing
rule. The form of the potential energy function as follows

”(rfj) =4 [(Or /rfj)lz —(ony /rij )6] 2

where €, =.,/€,&, =0.89x107'J , and it can change
slightly in certain range (Maruyama et al, 2002).
owr = (0y+ 0p)/2=0.31 nm.

2.3 Simulation process

In the paper, to integrate the Newton’s equation of
motion, the Leap-Frog method is adopted with the time
step of 5fs and the cut-off radius is 3.50;, (Tsuruta et al.,
1999).

Liquid interface characteristics on the wall of the same
temperature (i.e., temperature of wall is the same as the
temperature of fluid) is first studied in the paper. In the first
5000 ps, set the temperature of system at 110 K and keep it
invariable by constraint method, that is to say keep the
kinetic energy and potential energy invariable and the space
distribution of argon molecules strikes dynamic equilibrium.
Figure 3 shows the equilibrium state of the system.
And then, in another 500 ps, stop controlling the motion of
argon molecules by constraint method and keep the
temperature of system invariable by image method to
maintain the system equilibrium. After 1000 ps, physical
quantities at equilibrium state condition can be obtained by
cut method (arrange evenly 200 slices along the z-axis to
obtain statistical results).

Figure 3 Molecules positions at equilibrium state (7= 110 K)

Condensation processes of superheated vapour argon
on difform platinum surfaces are also studied in the paper.
The initial system temperature is set at 160 K. In the
first 1.5 ns, to equilibrate the system, constraint method is
adopted to keep the temperature of system invariable. After
that, keeping the temperature of about a quarter of the gas
domain in the top invariant and treat it as the hot source;
at the same time, the wall temperature is reduced to 110 K
suddenly and is treated as cold source. And then, simulating
the condensation process of vapour in the wall, the varieties
of parameters are recorded when the fluid temperature is
reduced down to form a stable heat flow. The distribution of
the relevant parameters can also be obtained by cut method.
In the paper, the external atoms added into the system
(mass transfer) are not considered. Therefore, the simulation
time can be saved and the impact for increasing the film
thickness can be avoided.

3 Results and discussion
3.1 Liquid interface characteristics

Figure 4 shows the distribution of density at 110 K. The
fluid density oscillates near the solid wall (z=-5.41 nm).
The peak value occurs at z=-5.14 nm, and then, the value
attenuates rapidly in 2.5 nm away from the wall. Generally,
the region where density oscillates is defined as near-wall
region. The density is steady at the domain out of 2.5 nm
away from the wall. The potential between atoms of the
wall arranged in order and the liquid molecules have an
important effect, which leads to laminated liquid molecules
distribution. Far from the wall, the potential between liquid
molecules plays a dominant role, which leads to out-of-
order state of molecules.

Figure 4 Distribution of density (7= 110 K)
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Considering the existence of the potential between
solid molecules and liquid molecules, the liquid-vapour
interface tensors can be determined by Equations (3)—(6)
(Trokhymchuk and Alejandre, 1999), which are different
from those obtained by two-phase model without solid wall.
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where Pi(z) is tangential stress tensor, Pp(z) is normal
direction tensor, and yis interface tensor.

The distributions of tensors are shown in Figure 5.
The normal direction tensor keeps invariable, which is the
same as the result of two-phase model. From the
microscopic point of view, tangential stress tensor is the
reflection of molecules heterogeneity in the internal
system, so the distribution of tangential stress tensor is
corresponding to the density distribution. In the liquid phase
region and gas phase region far from the wall, tangential
stress tensor is 0, because fluid molecules there move out of
order. At the gas-liquid interface, there is a tensor peak
value because of gas-liquid phase change. All of these are
the same as the result of two-phase model without the wall.
However, in the near-wall region, tangential stress tensor is
different from the result of two-phase model. From Figure 4
it can be expected that tangential stress tensor maximises
at z=-5.14nm, and then, peak value attenuates rapidly.
It reduces to zero when far from the near-wall region. In the
near-wall region, liquid molecules near the wall arranged in
order lead to augment of heterogeneity, that is liquid density
distribution is laminated, and the distribution of tangential
stress in the near-wall region is oscillating.

Figure 5 Pressure tension distribution (7'= 110 K)
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Potential parameter gyr reflects the degree of strength of
applied force between solid molecules and liquid molecules,
which is generally related to wall wettability. Figure 6
shows the distributions of tangential stress tensor at
&gnr=0.527, 0.89 and 1.169. The figure indicates that peak
value increases acutely with augment of potential parameter
&nr at z=-5.14 nm, but the curves merge quickly beyond
z=-4.43 nm. Thus, only the heterogeneity of the first floor
molecules is influenced significantly by wall wettability.

The non-dimensional solid-liquid interface tensors obtained
are 0.802, 1.007 and 0.971 at gyr=10.527, 0.89 and 1.169,
respectively. Figure 6 illustrates that the potential parameter
has its effect on the solid-liquid interface tensor only in a
near-wall region.

Figure 6 Distribution of tangential stress near the wall
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To study the wall effect on the fluid, walls of the same
temperature are simulated at 80 K, 100 K, 110 K, 120 K and
130 K, and the results are shown in Figure 7. It shows that
gas-liquid interface tensor and solid-liquid interface tensor
decrease with increasing of temperature, which is agreeable
with the result of literature (Shi, 2006). The reason for that
solid-liquid interface tensors decrease with increasing of
temperature is that it is difficult to form ordered structure
for the molecular out-of-order motion at high temperature.
However, the reason for that gas-liquid interface tensors
decrease with increasing of temperature is that the densities
of gas and liquid are much closer for the increasing
temperature, diminishing the difference of molecular states
of gas and liquid.

Figure 7 Variation of interfacial tension with temperature
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Gas-liquid interface characteristics are shown in Table 1.
For the cut-off radius adopted in the paper is bigger than
that in literature (Jose and Andrij, 1999), the gas-liquid
densities simulated are much closer with the experiment
results (Tegeler et al., 1999), and there is a deviation of the
simulated gas-liquid interface tensors compared with
the above literature values (Jose and Andrij, 1999).
In Table 1, the coefficients of condensation ¢ are agreeable
with the result in literature (Jose and Andrij, 1999;
Tsuruta et al, 1999). That is to say, the interface
characteristics are the same as that obtained by two-phase
model when interface is beyond near-wall region
(about 2.5-3.0 nm). So, beyond the near-wall region,
the gas-liquid-gas two-phase model can be adopted to
simulate the gas-liquid interface.



A study on the characteristics of liquid interface and condensation process of superheated vapour 135

Table 1 Numerical results on different temperature of the wall
Twa'K 110 120 130
g/MW-m™ 24.2 27.2 23.7
Tiump/K 15.4 2.25 2.60
(0T/0Z)/K-nm™" 0.194 0.322 0.410
(0T/0Z),/K-nm™ 3.297 2.811 2.110

., text 0.12474  0.08450  0.05907
REFPROP  0.09641 0.08313 0.07043
. text 0.00073  0.00097 0.00112
Ay/W-(m - K)
REFPROP  0.00077  0.00092  0.00115

3.2 Condensation processes
3.2.1 Variations of temperature and density

Figure 8 shows variations of temperature and density in
the vapour condensation process. The initial equilibrium
temperature of simulated system is set at 160 K, greater than
the critical temperature (150.7 K) of argon. Now, gas-liquid
interface is not existed for overheating vapour and the entire
space is filled with gas atoms. In Figure 8, density
distribution at 1.5 ns shows that density distribution near the
wall presents a weak ‘layered’ structure, and there is a peak
of density near the wall. So, it can be considered that
gas-solid interface is existed.

Figure 8 Distribution of temperature and density in the
condensation process
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Temperature distribution in Figure 8 depicts that the wall
temperature drops to 110 K after 1.5 ns. Atomic distribution
of fluid closing to the wall is dense and fluid temperature
drops under the critical temperature in 0.2ns, so
arrangement of fluid atoms near the wall is more compact
and the ‘layered’ phenomenon of the density distribution
becomes more evident. Heat is transferred continuously to
the wall by collision of atoms with high temperature, so
temperature descents. The lower temperature of atoms, the
smaller kinetic energy they possess. They are bounded near
the wall by wall force. High-temperature gas atoms away
from the wall diffuse towards to the wall, and gradually
form a liquid film. When the density distribution of fluid
near the wall tends to be stable, the diffusion of aggregated

atoms is also bounded because of the formation of
gas-liquid interface. With the condensation process
going on, the number of gas atoms is reduced; gas-liquid
interface area becomes narrow; liquid temperature tends to
be at 110 K; the changes of fluid density and temperature
distributions become slow and gradually form stable
distributions.

Note that there is a difference between the process in
which supplying atoms to the system is not considered and
the actual condensation process. The condensed liquid
cannot be drained away in time and continue to accumulate
on the solid surface for ignoring gravity action, which
increases the computational complexity. So, it does not have
any meanings to consider supplying atoms into the system
for this paper’s simulated scale and computer level.
To make the simulation more close to the actual engineering
problem there are many works to be done.

According to the changes of temperature and density
distribution, the condensation process simulated can be
divided into two phases. The first phase, from 1.5 ns to
6.4 ns, it is mainly the formation of solid-liquid interface
and gas-liquid interface, i.e., the strong phase-change heat
transfer process of fluid. In the second phase, from 6.4 ns
to 20 ns, only a few gas molecules could condense, and
the vapour condensation is only on the liquid film for the
formed liquid film on the solid surface is much thicker; the
density and temperature distribution of fluid is relatively
stable and the temperature difference between liquid film
surface and the gas near liquid film decreases; the molecular
numbers of evaporation and condensation in the film surface
achieve the dynamic balance. So condensation heat transfer
is significantly weakened. It is worth noting that whether
in the strong phase-change heat transfer process or slight
phase-change heat transfer process, the heat released from
phase interface is delivered to the solid wall by heat
conduction of liquid film.

As is mentioned above, there are some differences
between condensation process in which supplying atoms
to the system is not considered and the actual condensation
process. In the actual engineering condensation problems,
the gravity action and adding gas molecules continuously
must be considered in the simulation, because only at the
initial time the vapour may be directly condenses on the
wall of which the temperature is below the saturation
temperature, and after the formation of a stable liquid film,
the vapour stably condenses on the liquid film surface.

3.2.2 Fluid thermal conductivity

Thermal conductivity can be calculated from heat flux and
temperature gradient. From Fourier heat conduction law we
obtain:

A= —q/(dt/dz). )

In the second phase, temperature and density distributions
of fluid are stable. Stating the density and temperature of
fluid afteopr 10 ns, the time averaged distribution in the
simulated region is shown in Figure 9. Figure shows that
the internal temperature difference in the liquid domain and
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gas domain are respectively 1 K and 31 K, respectively, and
are similar to the linear change. The average temperature
gradients of liquid and gas obtained by linear fitting the
internal temperature of the two regions are 0.194 K/nm and
3.297 K/nm, respectively. During this period, the statistic
average heat flux through the wall is —24.2 WM/m
Substituting above values into Equation (7) gives
respectively the thermal conductivity of liquid and gas:
0.1248 W/(K - m) and 0.0073 W/(K - m).

Figure 9 Time-average distribution of temperature and density
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Figure 9 shows that the width of gas-liquid interface is
about 2 nm and the dimensionless density of liquid and gas
is, respectively, 0.706 and 0.023, closing to vapour-liquid
phase equilibrium saturation density at 110 K. While the
thermal conductivity of saturated liquid and gas obtained by
REFPROPS8.0 (Lemmon et al., 2004) is 0.0964 W/(K - m)
and 0.0077 W/(K - m), respectively. The gas thermal
conductivity we obtained is in good agreement with the
values calculated by REFPROPS8.0 (relative error is 5%).
There is a larger difference between the data of REFPROP
8.0 and the calculated values for the temperature difference
of liquid domain is very small, leading to a larger
temperature gradient error.

In the paper, the overall temperature difference of
simulated system is set at 50 K. Figure 9 also shows two
temperature jumps: 1.54 K and 10 K. The first one is the
temperature difference of the region existing solid-liquid
interface and another one is temperature difference of the
region existing gas-liquid interface. Usually, any interface
predicted by MD presents a narrow transition region. Our
predicted results are consistent with other MD predictions
(Tsuruta et al., 1999; Meland, 2002; Matsumoto and
Yasuoka, 1994). The thermal resistance of solid-liquid
interface is defined as:

RT: T}ump/q' (8)

The thermal resistance of solid-liquid interface obtained is
0.062 K-m*’MW; the thermal resistance of gas-liquid
interfacial is 0.413 K-m’MW; the internal thermal
resistance of liquid 0.041 K-m*MW; the thermal resistance
of gas area is 1.233 K-m’’MW. By comparing we find that
thermal resistance in the second phase mainly exists in the
gas-liquid interface and gas area.

Similarly, in the paper, the condensation process is
also simulated for the wall temperature of 120 K and
130 K. After equilibrium state of the temperature at 160 K
is obtained, the wall temperature is respectively set at
120K and 130 K and the temperature of the top gas is
maintained at 160 K. When a stable liquid film is formed on
the solid surface, the parameters are obtained, as shown in
Table 1.

The changes of temperature distribution in fluid
domain and gas domain tend to be linear, similar to that of
wall temperature at 110 K. The density distribution of
fluid is respectively close to saturated density when the
temperatures are set at 120K and 130K (the wall
temperature) and vapour-liquid equilibrium is achieved.
In this paper, the wall temperature is treated as the saturated
temperature corresponding to fluid density. In Table 2, the
saturated thermal conductivity is obtained by REFPROPS.0
(Lemmon et al., 2004), treating the wall temperature as the
saturated temperature of fluid.

Table 2 Liquid-vapour interface characteristic of the different temperatures
. Py Viv P a

Jose and Jose and Jose and Jose and Tsuruta
Temperature/K £ 405 (1999) T tarij (1999) T gnarij (1999) T gnarij (1999) T (1999)
85 0.8195 0.8043 0.0042 0.0042 0.835 0.748 0.0028 0.0028 0.93 0.97"
100 0.7651 - 0.0128 - 0.609 - 0.0094 - 0.87 0.90"
110 0.7222 0.7027 0.0246 0.0279 0.469 0.375 0.0176 0.0220 0.77 -
120 0.6743 0.6507 0.0447 0.0500 0.302 0.235 0.0291 0.0380 0.68 0.71

*Represents nondimensional physical quantity.

3.2.3 Change of heat flux in condensation process

Figure 10 shows that heat flux changes when vapour
condenses on three different surfaces. In the first phase, the
surface area of rough wall is almost twice as large as that of

smooth wall; more vapour atoms can condense in that the
fluid atoms can interact with more wall atoms and heat
transfer is enhanced according the unit projected area.
So, heat flux of rough wall (triangle wall and square wall)
is larger than that of smooth wall (flat wall).
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The curves of heat flux for two rough walls are quite
close in the figure because of almost equal surface area for
the two rough walls. However, heat flux of square wall is
slightly larger than that of triangular wall for atomic
arrangement of fluid on the square wall is denser and is
conducive to heat transfer (Figure 11). In the second phase,
the temperature of liquid film near the wall is close to
110 K, and the condensed liquid accumulated on the solid
wall is not drained away immediately, so the fluid structure
becomes stabile and heat transfer decreases in that the
condensed heat transfer can only carry out continuously on
the condensed liquid surface in which temperature
difference decreases continually (the temperature difference
of gas-liquid interface is considered). In this phase, the
thermal resistance mainly exists in the gas side and the
condensation process is almost not affected by the geometry
of solid wall. So the changes of heat flux are very small for
three different surfaces in the figure, while the difference of
the total heat in Figure 10 is caused by different intensity of
surface heat transfer.

Figure 10 Variation of heat transfer at the wall with time
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Figure 11 presents density distribution nephogram of the
fluid near the rough surface at the different times. Atomic

arrangement of fluid near the square wall is denser in that
the superposition effect of parallel wall is more obvious
than that of layered distribution on the normal direction of
the triangle.

4 Conclusions

In this paper, a vapour-liquid-solid three-phase model is
constructed to simulate liquid interface characteristics near a
solid wall and condensation process of superheated vapour
argon on difform platinum surfaces on the condition that
supplied atoms from outside are not considered. The
following conclusions may be obtained from the simulation
results.

Three-phase model of liquid interface characteristics
reveals that the liquid density distribution takes on
laminated and distribution of the tangential stress is
oscillating in the near-wall region. The solid-liquid interface
tensor almost does not change when &yr is beyond 0.89.
Gas-liquid interface tensor and solid-liquid interface tensor
decrease with increasing of temperature. The interface
characteristics are the same as that obtained by two-phase
model when interface is beyond near-wall region.

In the simulation of condensation with three-phase
model, the changes of temperature and density distribution
with time are obtained during the phase transition, and the
dynamic formation process of the solid-liquid interface and
gas-liquid interface are observed. At the stage of a liquid
film layer formed on the solid surface, the fluid thermal
conductivity is calculated by Fourier heat conduction law
and the error between the gas thermal conductivity and the
value calculated by REFPROP is 5%. In the initial stage of
phase-change heat transfer, it plays an important role in
strengthening the condensation heat transfer for the rough
surface; after the surface is flooded by the condensed
liquid film, the bigger thermal resistance is formed on the
gas-liquid interface and the enhanced role of rough surface
almost disappears.
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