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Molecular dynamics simulations of the nano-droplet impact process
on hydrophobic surfaces *

Hu Hai-Bao(#1i#3Y)", Chen Li-Bin(F373#t), Bao Lu-Yao(ffl# %), and Huang Su-He(¥# 75 1)
School of Marine Science and Technology, Northwestern Polytechnical University, Xi’an 710072, China

(Received 1 August 2013; revised manuscript received 22 November 2013; published online 8 May 2014)

Large-scale molecular dynamics simulations are used to study the dynamic processes of a nano-droplet impacting
on hydrophobic surfaces at a microscopic level. Both the impact phenomena and the velocity distributions are recorded
and analyzed. According to the simulation results, similar phenomena are obtained to those in macro-experiments. Impact
velocity affects the spread process to a greater degree than at a level of contact angle when the velocity is relatively high.
The velocity distribution along the X axis during spread is wave-like, either W- or M-shaped, and the velocity at each point
is oscillatory; while the edges have the highest spread velocity and there are crests in the distribution curve which shift
toward the edges over time. The distribution along the Y axis is <- or >-shaped, and the segments above the middle have
the lowest decrease rate in the spreading process and the highest increase rate in the retraction process.
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1. Introduction

Droplet impact on solid surfaces is a common phe-
nomenon in nature, traffic, agriculture and industry. With the
development of new energy resources and the fields of avia-
tion and spaceflight, macro- or nano-scale droplet properties
have attracted considerable attention because of their great in-
vestigative value and commercial potential. For example, the
application of controlling droplet behavior in the proton ex-
change membrane fuel cell is a pivotal issue in dealing with
the dewatering problem in the fuel cell.l'?! In addition, due
to its good properties of water-repellency and drag-reduction,
hydrophobic surfaces have become a hot research subject.>=!
The technology of their fabrication is rapidly developing, mak-
ing it possible for hydrophobic surfaces to be widely used in
many fields in the future. Therefore, research on droplets im-
pacting on hydrophobic surfaces may be another way to un-
derstand the behaviors and inner mechanisms of droplets.

Experimental research on macro-droplet impacts on hy-
drophobic surfaces has been reported over the last decade.
Chen and Li,[5! Hu ez al. 1! have reported on rebound behavior.
Li et al.'"! have studied the impact process and derived a func-
tion to calculate the contact time of liquid—solid interactions.
The spread behavior obtained by using experimental methods
was reported, and models were developed.[”-!Y1 Though the
macro-droplets have been extensively studied, the nature and
mechanism of micro-droplet behavior still needs to be stud-
ied. Due to the obstacles in both generation and observation,
it is difficult to study nano-droplets experimentally. For these
reasons, simulation methods using molecular dynamics (MD)
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are employed to study micro-droplets and nano-droplets, since
molecular dynamics can track all atomic trajectories, cover the
collective behavior of a group of atoms and describe the details
of interactions among the atoms. Most studies on droplets us-
ing MD are about the static and dynamic dewetting of droplets
on solid surfaces with different wetting properties.!!!'~16l To
study droplet behavior and inner dynamics well, research on
dynamical motion and velocity distribution of nano-droplets
is still needed.

In this paper, we focus on the dynamic processes of nano-
droplet impacts on surfaces with different hydrophobicities by
building up a nano-scale model through a molecular dynamics
simulation. Droplet impact processes with different velocities
on three kinds of surfaces are presented. The behaviors af-
ter impact are demonstrated and the influences of velocity and
wetting properties on the spread of droplets after impact are
compared under several different conditions. The velocity dis-
tributions along both the X and Y axes are analyzed to present
the rules of velocity variation.

2. Model and method

In these molecular dynamics simulations, we consider a
single droplet impact on hydrophobic surfaces under the con-
dition of different velocities. The nano-droplet is formed at
low temperature with 29449 argon atoms interacting with the
Lennard—Jones (L-J) 12-6 pair potential,

9(r) =4el(a/r) —(c/r)). M

Here, r represents the distance between two atoms, € is the
energy parameter, and o is the length parameter. To model
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an Ar droplet, the parameter values in Eq. (1) are taken to
be € = 1.67 x 102! J and ¢ = 3.405 A (Ar-Ar). The wall-
wall (Pt—Pt) interaction parameters are € = 1.67 x 1072! J and
o = 3.405. For the vapor phase in the model, the density, atom
mass and potential parameters refer to those of the real vapor.
The cutoff radius is taken to be r = 2.56(5,_ar) = 8.5125 A
for the L-J potential, and then is used for all interactions to re-
duce computational time. To indicate the difference in wetting
properties between liquid and solid surfaces, another L-J pair
potential between Ar and Pt is adopted as!'>)

Pars = deampt | (Oarp/1)'2 — (Campt/ 7)6} . (2)

For interactions between Ar atom and Pt atoms, the parameters
are chosen to be €arp = 0.894 x 102! J and oamp = 3.085 A.
The molar mass values used in the simulation are 39.948 g/mol
for Ar and 195.09 g/mol for Pt.

The contact angle is calculated according to the following
function: 3!

cos 0 =2¢epp /€ — L. 3)

Surfaces with different wetting properties are achieved by ad-
justing €a,p;, which is the energy parameter between Ar and Pt
atoms. The corresponding values between contact angle (CA)
and €a,p; are listed in Table 1.

Table 1. Corresponding values between CA and €.

CA/(°) 110 130 150
0.003428  0.001861  0.000698

Enrpt/]

A three-dimensional (3D) droplet impact model is built
up, which includes a droplet and two smooth solid surfaces
as shown in Fig. 1. The entire model has the dimensions
288 Ax288 Ax291 A (lengthxwidthxheight).
boundary conditions are all imposed in the x, y and z direc-

Periodic

tions. The upper wall is just used to prevent liquid atoms from
crossing the upper boundary. Therefore it is constructed into
a single layer. The lower wall is constructed into the fcc lat-
tice structure with a lattice constant 3.9242 A using 143035 Pt
atoms. The embedded atom method (EAM) potential is uti-
lized to describe the lower wall, and to simulate the impact
process properly, three types of Pt atoms are adopted in the
lower wall, namely fixed atoms, thermostat atoms and New-
tonian atoms.!!”] These atoms are fixed on their lattice sites
to prevent the lower wall from moving, which comprises the
bottom two layers of atoms. The middle four layers of atoms,
defined as the thermostat atoms, are used to control the temper-
ature. The Newtonian atoms comprise the top seven layers of
substrate atoms. The motions of thermostat atoms and New-
tonian atoms are determined by Newton’s equations of mo-
tion. The thickness of Newtonian atoms is set to be 11.7726 A
(> rc) to eliminate the effect of it. In the simulation, an NVE

ensemble is used to update the velocities and positions of lig-
uid atoms and Newtonian atoms at each time step, and an NVT
ensemble is used for thermostat atoms. The Verlet algorithm
is adopted to calculate the motion of the particles in time steps
of 0.002 ps.

Fig. 1. (color online) The 3D droplet-impact model based on MD. The
inset shows the front view of the model.

At the beginning of the simulation, the argon droplet is
placed far from the surface and the simulation box is also filled
up with vapor atoms. Before impact, the velocities and posi-
tions of the liquid atoms are refreshed at each time step and
the temperature is held at 85 K by renormalizing the speeds
of the constituent atoms to keep their kinetic energy constant.
Furthermore the temperature of the surface is maintained at
85 K using the Nosé-Hoover thermostat. For the real ther-
mal exchange to take place, the thermal control of the liquid is
cancelled when the droplet falls off and impacts on the surface.
The atom number and the velocity of each slice are recorded
every 2000 time steps (4 ps).

3. Results and discussion
3.1. Impact phenomenon

In macro-scale experiments, the behaviors of many
droplets after impact, such as attachment, rebound and splash,
have been observed by several researchers.[>! In the simula-
tion results, different droplet behaviors are also obtained under
different velocities or on surfaces with different wetting prop-
erties. The spread, attachment, rebound and splash behaviors
shown in Fig. 2 are in concordance with the common behav-
iors of droplets in macro-scale experiments.

While the behaviors are similar in micro- and macro-
experiments, the experimental conditions are quite different.
As indicated in our earlier study,!! the critical velocities for
millimeter-scale droplets to deform on hydrophobic surface
are lower than 2 m/s, while in the simulations, the nano-droplet
can hardly deform even when velocity is 10 m/s (Fig. 2(a)).
There are two simple explanations we analyze to explain this
difference.
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(d)

Fig. 2. (color online) Typical behaviors of droplet impact on a surface
at different velocities. Panel (a) shows barely deformation (v = 10 m/s,
6 = 110°), panel (b) the attachment (v = 50 m/s, 6 = 110°), panel (c)
the rebound case (v = 200 m/s, 6 = 150°), and panel (d) the splash
(v=400m/s, 6 = 110°).

In the spread process, the kinetic energy of droplets is
converted into energy dissipation and surface energy. The en-
ergy of dissipation is mainly due to viscous dissipation and
the work (W;) done against viscosity, which is approximately
given as!®
ﬂ:pDODﬁlaxVOz

3VRe '
where Do and Dy, are the initial diameter and the maximum
diameter of the nano-droplet in the spread process, and Re is
the Reynolds number of the nano-droplet. The equations to
calculate initial kinetic energy (Ey) and surface energy (Ej)

W1 ~ (4)

during spreading are
E, = npD*?/12,
E; =0.247D2,,6(1 —cos8). 5)

max

When the droplet spreads and reaches its maximum di-
ameter, it satisfies

E,—E;—W; =0. (6)
Substitution of Egs. (4) and (5) into Eq. (6) yields

D} _ V/PDoVuV/3+0.240 (1 —cos )
pDoV2/12 '

1

& Dha 7
In this equation, we define k as a parameter to measure the
level of deformation. According to Eq. (7), it can be con-
cluded that k increases as V increases while it decreases as Dy
decreases. In other words, for droplets with the same dimen-
sions, the higher the velocity, the easier the droplet deforms.
However for the droplets with the same velocity, the smaller
the droplet, the more difficult it is to deform. In another expla-
nation based on fluid mechanics, surface tension results in the
differential pressure on two sides of a curved surface, which is
calculated as follows:

Pa=0(1/Ri+1/Ry), ®)

where R is the radius and P; is the differential pressure. For
a droplet, R| and R, are equal, so that equation (8) reduces to
Py =206 /R. In this equation, the smaller the droplet, the larger
the pressure will be. Therefore, it is more difficult to deform a
droplet with a tiny radius.

Both of these reasons explain why small droplets begin
to deform at quite high velocities. With a combination of the
simulation results and these explanations, MD is believed to
be an efficient way to study the dynamics of droplet impacts.

3.2. Influences on spread behavior

Spread phenomenon is a typical behavior of droplet im-
pact on surfaces and can help explain certain surface properties
of interest, such as drag reduction. For a certain droplet, better
drag reduction of surface leads to a larger spread diameter. In
addition, other factors will influence the spread diameter, such
as the surface roughness, wetting properties, the droplet diam-
eter or the droplet velocity. In this simulation, we focus on the
influences of droplet impact velocity and the surface wetting
property.

To examine the extent of impact velocity and surface con-
tact angle effects, droplet impact experiments are simulated on
three surfaces (shown in Table 1) and with four impact veloc-
ities for each surface. The prime diameter (Dy) is taken to be
137.032 A (1 A = 10719 m). The simulation results of each
surface are recorded and treated. To present the influence of
impact velocity on the spread behavior, the variations of diam-
eter on surfaces with 6 = 110° and 8 = 130° under different
velocities are shown in Fig. 3.
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Fig. 3. The laws of spread diameter against time on different surfaces
at four velocities at @ = 110° (a) and 130° (b).
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Although there are some differences among the spread
behaviors on different surfaces, the general spread rules ap-
pear to be similar. As shown in Fig. 3, the spread diameter is
a function of impact velocity. A higher impact velocity leads
to a shorter spread time and a longer retraction time, which
makes the total time (contact time) from impact to an almost
steady state unchanged. On the same surface, the contact time
is similar to that on different surfaces. In addition, a higher ve-
locity results in a larger spread diameter, which could be twice
as large as Dg. In the retraction process, the spread diame-
ter will oscillate several times before it finally becomes steady
as shown in Fig. 3. This effect can also be seen in dynamic
process photographs of the simulation.
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Fig. 4. Droplet spread laws on different hydrophobic surfaces at

3.3. Velocity distribution

The velocity distribution is another important factor in the
droplet impact study, though it is seldom reported. In previ-
ous researches, at the impact moment or in the impact pro-
cess, the velocity variation was unknown or approximated as
a stagnation-flow speed. In this aspect, to study the velocity
variation along the X axis and Y axis in the spread process,
the droplet impact model is divided into 2000 segments along
the X axis and 2000 segments along the Y axis, and the average
velocity of each of those segments is recorded every 2000 time
steps (4 ps). Several typical moments are chosen as shown in

Figs. 5 and 6. As similar laws are found for different surfaces

In addition to impact velocity, the surface wetting prop-
erty (usually represented by CA) is another factor that in-
fluences spread behavior, which is confirmed in macro-
experiments. Figure 4 demonstrates the spread laws of droplet
impacts on different surfaces with the same velocities. Each
panel presents the spreading behavior on three surfaces with
the same velocities. According to the results, we find that there
is little distinction among different surfaces. In other words,
the surface wetting property has little effect on the spreading
process even at a relatively high velocity. From Figs. 3 and 4,
it can be concluded that at a relatively high velocity, the im-
pact velocity affects the spreading process more strongly than
the surface property.
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four velocities: (a) S0 m/s, (b) 100 m/s, (¢) 150 m/s, and (d) 200 m/s.

at different velocities, the resulting 1D velocity distribution
(110°, 100 m/s) is presented as follows.

At the beginning the initial velocity direction is in the
negative Y direction, and at the very beginning, the hor-
izontal velocities of all segments are not distributed ho-
mogeneously (Fig. 5(a)). Then the vertical kinetic en-
ergy is converted into horizontal kinetic energy and sur-
face energy when the droplet spreads, and thus causes
the horizontal velocity to increase (Figs. 5(b) and 5(c)).
When all vertical energies have been converted into the
droplet surface energy and horizontal kinetic energy, the
droplet’s horizontal kinetic energy continues to convert
into surface energy until the kinetic energy decreases to
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Fig. 5. Horizontal velocity distribution along the X axis at several moments: (a) ¢t = 1 ps, (b) t =40 ps, (c) t =90 ps, (d) t = 130 ps, (e) ¢ = 600 ps, and (f)
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Fig. 6. Velocity distributions along the Y axis at different times: (a) t = 0.4 ps, (b) r =40 ps, (¢) t = 108 ps, (d) t = 122 ps, (e) t = 202 ps, and (f) ¢ = 600 ps.

zero, at which moment the velocities of all segments are al-
most uniformly distributed (Fig. 5(e)). As shown in Figs. 5(a)—
5(c), the shape of the velocity distribution along the X axis
during the spread is wave-like, either W- or M-shaped. The
M shape appears mostly in the spread process, but the veloc-
ity of the central segment does not remain at zero or is not
unchanged (Fig. 5(f))—it oscillates with time. The absolute
value of the velocity of the center increases until the spread di-
ameter reaches its maximum and then decreases as the droplet
retracts as shown in Fig. 5(d). Not only does the velocity of
a partial segment oscillates with time, but the velocities of all
the segments at a given moment will oscillate along the dis-

tance (Figs. 5(a)-5(e)). In the distribution curve, there are two

crests appearing in the area between the edge and the center
which have the highest velocity and ascending rate (Fig. 5(b)).
As time goes by, the crests shift toward the edge. When the
spread process tends to be steady, the velocity of each segment
decreases and the velocities of all the segments are nearly the
same (Fig. 5(e)).

The velocity distribution along the Y axis is totally differ-
ent as shown in Fig. 6. At the beginning, the vertical velocities
of all segments are negative, and the velocities of the segments
near the surface become zero after impact, while the remain-
ing segments remain unchanged. Then, the velocity decreases
from a certain height to the bottom, and also decreases as the

distance grows to the top, which presents a < shape, while
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velocities of several segments of the bottom become positive.
As the results show, the vertical velocity of the whole droplet
does not become zero at the time when the droplet reaches its
maximum spread diameter, but it is almost zero at an earlier
moment (Fig. 6(d)). When the droplet deforms most, all the
velocities have already become positive (132 ps). After that,
the velocity begins to increase towards the positive and then
decreases to zero, displaying a > shape. The velocities of all
the segments vanish when the droplet finally becomes steady.

In the whole impact process, the distribution curve waves
while the crest does not appear at the top nor at the bottom but
it appears in the area around the middle in both the X axis and
the Y axis. In the distribution along the X axis, the distribution
curve is W- or M-shaped. While in the Y axis, the curve is
<- or >-shaped and the area above the middle has the lowest
descending rate and highest ascending rate.

4. Conclusions

In this paper, a simulation is conducted using molecu-
lar dynamics to study the process of a nano-droplet’s impact
on hydrophobic surfaces. Similar phenomena are recorded in
simulations as in these experiments. On the basis of the simu-
lation results, this method can be used to not only simulate the
dynamic process of nano-droplet impact on hydrophobic sur-

faces with different wetting properties, but also to describe the
interior velocity distribution in the impacting droplet, which
is more detailed than those observed in macroscopic experi-
ments. Therefore, this method is thought to be an efficient way
to study and analyze the behavior and dynamical mechanisms
of impacting droplets.
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