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Abstract - In the nano-thin film evaporation process, the hot spots may experience the local dry out phenomenon, which shows a low
heat transfer performance. In present study, one stable evaporation of nano-thin water film on the substrate with different nanopillar
structures was investigated using the non-equilibrium molecular dynamics (MD) approach. It shows that the nanopillar array can replenish
the hot spot by attracting the surrounding water out of the overheated region, both the stability and performance of evaporative heat
transfer can be improved. The effect of the number of nanopillars on the evaporation process was studied. The prediction indicates that
evaporation rate is important to the replenishment. With the increasing amount of nanopillars, both the evaporative heat transfer and
liquid replenishment ability are improved accordingly. The results in present work can contribute to the thermal control of the hot spot
in the embedded liquid cooling technique for the high-power electronic chip.
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1. Introduction

The liquid-gas phase change heat transfer has been extensively investigated on atomic scale in past years [1-5].
Compared to the boiling heat transfer, the evaporative one is an effective approach to the cooling technology as it has high
and stable heat dissipation capability [6, 7]. For now, the nanoscale evaporation began to be utilized in the innovative devices,
such as electronic chip cooling [7, 8], heat pipe [9], solar vapor generation [10], water desalination [11], etc. However, in the
high-power electronic chip, the local dry out may occur on the hot spots (overheated regions), resulting in a deterioration of
heat transfer. To overcome this disadvantage, it is necessary to find the method to maintain the high-efficient and stable
evaporative heat transfer for the nano-thin liquid film.

Previous works have been performed on the evaporative heat transfer of thin film on uniform-temperature substrates
[12-14], which indicate that the evaporation process can be enhanced by adding nanostructures onto the substrate. Several
experimental results showed that micropillar array or nanowire array has a superior wicking ability, which can achieve a
liquid replenishment and maintain a stable evaporative heat transfer of liquid film. Adera et al. [15] carried out the
experimental work to study the thin liquid film evaporation on the silicon micropillar wicks without the nucleate boiling, and
a semi-analytical model was established in the determination of the capillary-limited dry out heat flux and the related wall
temperature. Ravi et al. [16] experimentally investigated the wicking ability and dry out of different micropillar arrays, and
proposed one model to predict the mass transport ability with the micropillar arrays. Wen et al. [17] constructed a two-level
hierarchical substrate with patterned Cu nanowire arrays, for which the shorter nanowires surrounded by the longer ones. It
shows that the modified substrate can be rewetted due to the capillary effect. However, based on the review work of previous
studies, there are few reports on the prevention of the local dry out on the hot spots. Therefore, the need to reveal the related
evaporation characteristic and propose a solution to achieve a stable performance is urgent.

In present study, we constructed one substrate with nanopillar array on the hot spot, and the non-equilibrium MD
simulation was utilized to predict the steady evaporation of nano-thin water film on it. The water molecular motion
trajectories, evaporation rate of the water film and number of migrating water molecules in different regions on the substrate
were recorded over time in the MD simulation. The effect of amount of nanopillars on the evaporation of nano-thin water
film and the liquid replenishment of the hot spot performances was discussed based on the obtained data.
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2. Simulation method

The MD models are shown in Fig. 1, three substrates with different nanopillar numbers (N=5, N=6 and N=7) on the
pink circular regions (radius of 2.5 nm) are constructed, the pink circular region presents the hot spot (overheated region),
and the nano-thin water film is transparently shown for a better understanding. The simulation box in present model is a
cuboid one with a size of 10 nm x 10 nm X 25 nm. The periodic boundary conditions are adopted in all directions. In order
to obtain how many water molecules are evaporated, one cooling plate is set on the top. All nanopillars on the hot spots for
different simulation cases have the same size (5 nm high and 1.1 nm diameter). The first layer of cooling plate and the last
layer of substrate are fixed to avoid the loss of the atoms, and two layers close to them are arranged as the phantom ones
(heat sources). The rest regions of the solid part are considered as the conduction layers in numerical simulation.

10 nm

Cooling wall

10 nm

Water film

Solid substrate

Fig. 1: Schematic illustration of simulation system.

In the established model, both cooling plate and solid substrate are copper ones, which are FCC structured with a lattice
constant of 3.61 A. The TIP3P water molecules model is adopted, which is widely used in the previous modeling, and the
water molecules numbers of the water film for different cases are kept the same (around 13790) before starting the simulation.
The standard 12/6 L-J potential is utilized to predict the short-range van der Waals interaction and Coulombic potential is
used in the calculation of the long-range electrostatic interaction. The potential function can be expressed as follows:
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where € and ¢ are the energy and length parameters, r is the distance between two molecules/atoms, C is an energy-
conversion constant, g; and q; are the charges on the two atoms. The van der Waals interaction and electrostatic
interaction will be neglected as the distance between two atoms is larger than is 1.0 nm and 1.2 nm, respectively. The
detailed information is shown in Table 1. The Lorentz-Berthelot combination rule is used in the selection of the pairwise
coefficients for the interactions between two different atoms.
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Table 1: Values of potential parameters.

Atom g (eV) g (A) q (e)
Cu 0.4096 2.340 0
(0] 0.0067 3.166 -0.83
H 0 0 0.415

One artificial spring force is applied to all Cu atoms and bind them near their initial position. The potential energy of
the spring force is calculated with Hooke's law:

1
Deu = Ez'k(ri —1)? 2

inwhich k = E - d, E (120 GPa) is the Young’s Modules of Cu, d is the lattice constant of Cu, r; is the ith atom position and
r? is its equilibrium position.

All the simulations are performed with LAMMPS [18]. The velocity-Verlet integration method is used with a time step
of 5.0 fs. The long-range Coulomb interactions are calculated by the particle-particle particle-mesh method under a relative
accuracy of 10*. All calculation processes can be categorized by three steps: (1) minimization, (2) equilibrium (constant
temperature and relaxation) and (3) evaporation. In step (1), the conjugate gradient (CG) algorithm is used to constantly
adjust atom coordinates for energy minimization of the system until the energy tolerance is smaller than 108 or force
tolerance smaller than 107, In step (2), firstly, the Langevin thermostat is applied to all atoms to increase the system
temperature to 300 K within 1ns. Then, the Cu atom temperature maintains at 300 K by the Langevin thermostat within 1ns,
while the water molecules are simulated with the NVE ensemble at the same time to make the system is equilibrated to a
stable state. In step (3), to predict the evaporation on the hot spot, the temperature of the circular region (600 K) is higher
than the surrounding one (360 K), while the cooling plate is set at 290 K to condense evaporated water molecules. All the
temperatures are instantly increased or decreased from 300 K to the specified temperature with the Langevin thermostat as
the evaporation process starts. Only the data of evaporation step is recorded and utilized for the following analysis.

3. Simulation Method

The nano-thin water film evaporation on hot spot with nanopillar array is simulated with the non-equilibrium MD
method, and the effect of the amount of nanopillars (N=5, N=6 and N=7) on the evaporation performance is investigated
accordingly. By tracking the motion trajectories of water molecules, the change of the water film thickness with time can be
obtained. Fig. 2 shows the snapshots of water film during the evaporation process. It can be found that the water film thickness
decreases with time, which decreases more rapidly as the number of nanopillars increases. Fig. 3 shows the variation of
evaporated water molecule number with time. The results show that the evaporation rate increases with increasing nanopillar
number, which indicates the evaporative heat transfer is improved accordingly. The addition of nanopillars enlarges the heat
transfer area, and more heat in hot spot region can be dissipated by the water undergoing the evaporation process.
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Fig. 2: Snapshots of evaporation processes for surfaces with different number nanopillars on hot spot.
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Fig. 3: Number of evaporated water molecules.

It should be noted that despite the temperature of the hot spot region is much higher than that of other region, there
exists no nucleated boiling or local dry out in the simulation. The nanopillar array is always covered by water film,
undergoing a steady evaporation process, which indicates that the surrounding liquid molecules should constantly
migrate to the hot spot to replenish the evaporated ones. Therefore, to prove the liquid replenishment phenomenon
occurs, the water film can be divided into nanopillar region and flat region. The first region is a cylindrical one with a
radius of 3 nm, whose center and radius are selected based on the thickness of water molecules wrapped around the
nanopillar array, and the rest of the water film is a flat region. Then the migrating water molecule numbers between two
regions with time can be calculated, which is show in Fig. 4. For this purpose, the coordination number (CN) and
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coordinates of each oxygen atom are recorded first, and the liquid-vapor interface can be determined by CN. When the CN
is continuously greater than the critical coordination number (CN = 6) and the z-coordinate is continuously less than 8 nm,
the water molecule is considered as still in liquid state. Therefore, liquid water molecules located in the nanopillar region
and flat region can be screened out. The changes of water molecule number and position in the liquid film were counted.
And the variation of the migrating water molecule number between two regions and the evaporation flux over time were
obtained, as shown in Figs. 4 and 5, respectively.
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Fig. 4: Number of migrating water molecules between two regions: (a) N=5; (b) N=6; (c) N=7.

Due to the thermal motion of the water molecules, their migration occurs between two regions. At the start of
evaporation, the difference in the water molecules migrating between two regions is not obvious. As evaporation goes on,
the water molecules migrating from flat region to nanopillar one is significantly greater than that in the opposite direction,
and its difference can be considered as the liquid replenishment.

AN = NFN - NNF (3)

where Ngy is the water molecule number migrating from flat region to nanopillar one, Nnr is the water molecule number
migrating from nanopillar region to flat one.

As the AN is positive, it means that the surrounding liquid water constantly moves into the nanopillar region to maintain
it is always wetted. This phenomenon can be discussed based on the atomic interaction. Firstly, the interaction between Cu
atom and oxygen atom is stronger than that between oxygen atoms, which indicates water molecules are more likely to be
attracted by Cu atoms. For another, as a water molecule is closer to the nanopillar array than to the surface of the substrate,
it is more likely to be attracted to the nanopillar. Therefore, as part of the water molecules in the nanopillar region evaporate,
the surrounding liquid water will move into nanopillar array to achieve continuous replenishment and realize a stable
evaporation. As the water film thickness decreases to a certain extent, the attraction between Cu atoms in substrate and water
molecules in flat region gradually become stronger, and the water molecules that can overcome this attraction decreases, that
is why the liquid replenishment gradually weakens as the evaporation progress reaches a certain point.

At the end of evaporation, the liquid replenishment stops, and there exists one non-evaporated layer near the solid surface
caused by the strong solid-fluid interaction, which has been reported in the previous studies [19, 20]. In addition, as the
contact area between the two regions decreases with the evaporation process, the water molecules migrating between the two
regions decreases with time. It can be found that the maximum liquid replenishment increases with the increasing nanopillars,
and the moment of the maximum value appearing is also earlier, which indicates that more nanopillars can improve the
capability of liquid replenishment.
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Fig. 5: Variation of evaporation flux during evaporation processes.

Figure 5 shows the change of evaporation flux with time in different cases. It indicates that the evaporation flux in
the nanopillar region increases first and then decreases rapidly. By comparing the results of different nanopillars, it is
found that with the increasing nanopillar number, the evaporation flux of nanopillar region increases faster in the early
stage and decreases faster when the surface is nearly dry out. The evaporation flux increases faster because the amount
of liquid replenishment is sufficient in the early stage and the heat transfer area is enlarged with more nanopillars. The
amount of liquid replenishment also decreases faster with more nanopillars when the surface is nearly dry out. When
the liquid replenishment cannot be timely, the evaporation flux decreases faster with the increasing nanopillar number.
Moreover, the evaporation flux of hot spot is normally larger than that of the flat one. The higher evaporation flux
contributes to the heat removal of hot spot surface, while the different evaporation flux between two regions is one
important reason for the liquid replenishment. Through the comparison, the maximum evaporation flux of hot spot
increases with the increasing nanopillar number and it appears earlier, which is similar to trend of the liquid
replenishment. It means evaporation rate is an important factor affecting the liquid replenishment ability.

4. Conclusion

In this work, the nano-thin water film evaporation on hot spot with nanopillar structure is studied with the non-
equilibrium MD simulation. It is found that the nanopillar array can attract the surrounding liquid water to replenish the
hot spot, both stability and performance of evaporative heat transfer are improved. Moreover, the influences of the
nanopillar number on the evaporation process and liquid replenishment are compared based on the obtained data. It
shows that evaporation rate is an important factor affecting the liquid replenishment. With the increasing nanopillars,
the evaporation efficiency and liquid replenishment ability are both improved, which can maintain one stable
evaporation. The conclusions in present work can contribute to the thermal control of the hot spot in the embedded liquid
cooling technique for the high-power electronic chip.
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