nsaand(ﬁﬂﬁﬁhxw

6.365 -

nlingar

INPE - National Institute for Space Research
Sao José dos Campos — SP — Brazil — May 16-20, 2016

IRREGULAR DYNAMICS OF THE CENTER OF MASS OF DROPLETS

Alexandre B. Almeida', Nicolas Giovambattista®, Sergey V. Buldyrev, Adriano M. Alencar*

!'Sao Paulo University, Sao Paulo, Brazil, alebaal @if.usp.br
?Brooklyn College of the City University of New York, New York City, EUA, ngiovambattista@brooklyn.cuny.edu
3Yeshiva University, New York City, EUA, buldyrev@yu.edu
4Sao Paulo University, Sao Paulo, Brazil, aalencar @if.usp.br

Abstract: The understanding of droplets is important to
different applications, ranging from wetting to diagnosis of
airways condition in the lung. In this work, we performed
molecular dynamics and Monte Carlo simulations to solve
the displacement of center of mass (CM) of droplets, in or-
der to calculate the Hurst exponent in z-coordinate and in
the xy-plane. Depending on the confinement condition, the
CM motion, can be persistent, anti-persistent, Brownian or
confined.
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1. INTRODUCTION

Capillary geometries, for example axis symmetric
droplets (AS droplets) and axis symmetric bridges, are im-
portant to different problems and applications, like the wet-
ting [1] and the diagnosis of airways condition in the lung [2].
Capillary geometries are supposed to not have any fluctua-
tion, as can be found in the movement of pollen grains sus-
pended on the water surface and in the stock market indica-
tors. Though, it is not true at the nanoscale, since the ration
between area and volume is bigger than at the macroscale.
Molecular dynamics (MD) studies of AS droplet and capil-
lary bridges [3, 4] show that the macroscopic capillary equa-
tions, obtained from the minimization of energy, can be ap-
plied to nanoscale once considered the fluctuation of the
interface. In other study, these capillary geometries were
solved by lattice gas model with Monte Carlo (MC) simula-

tions for the understanding of a specific sound, called crackle
sound, related to the obstruction of lung air ways [5, 6].

2. PURPOSE

The goal of this work is to understand the fluctuations
involved in this capillary geometries. Therefore, we study
two simple capillary geometries, droplet and AS droplet, by
means of MD and MC. From the configurations generated by
the simulations, we build the time series of dynamic of the
center of mass (CM) for each geometry. The Hurst analy-
sis is implemented to understand the movement of the CM at
z-coordinate and in the xy-plane, and the movement is clas-
sified as persistent, anti-persistent, Brownian or confined.

3. METHODS
3.1. Atomistic simulation

The simulations of water droplet and AS droplet are per-
formed using the LAMMPS software package [7]. The water
molecules are represented by the SPC/E model. The peri-
odic boundary conditions are applied along the z, y, and z-
coordinates. All simulations are performed for a cubic sys-
tem of side length L = 138.6 A, at constant volume, number
of water molecules N = 2725, and temperature 7" = 300 K.
Coulomb and Lennard-Jones interactions are cut off at dis-
tance reytor = 10 Aand long-range electrostatic interactions
are calculated using a particle-particle particle-mesh solver
with an accuracy value of 1075, For the simulation of AS
droplet, we insert a hydrophobic silica wall, with null po-



Figure 1 — Snapshots from MD computer simulations of (a)
droplet and (b) AS droplet over hydrophobic wall.

larization, that reproduce a contact angle of 109.4°. The
hydrophobic silica wall expand across the entire zy-plane,
and its O and Si atoms are not allowed to move. We per-
formed 10ns of simulation printing the configuration after
every 1000fs. More details about the model can be find at
refs. [3, 4].

3.2. Lattice gas model simulation

Figure 2 — Snapshots from MC computer simulations of (a)
droplet and (b) AS droplet over hydrophilic wall.

Basically, it is a 3D model with lattice size 60 x 60 x
52 (a®), in which a is the lenght unit of the site. Each site of
the lattice can be occupied by particles of three types: liquid
(1), solid (s), and gas (g). The total amount of liquid particles
used to simulate the droplet and AS droplet is 2575. We sim-
ulate the droplet and AS droplets using the MC method with
the Metropolis algorithm at temperature 0.93.J/kg. For each
MC step, the total exchanges is equal to the number of liquid
particles. There is no exchange between identical particles,
and the exchange between gas and liquid particles are per-
formed randomly according to the Kawasaki dynamics and
weighted by the Boltzmann factor. The exchange between
liquid and gas particles may happen between any site in the
lattice. The solid particles are not exchanged, and they are
used to create the wall, in which the AS droplet is attached.
According to the interaction between liquid and solid parti-
cles, it is generate the contact angle of interest. After 500 MC
steps have been concluded, the last configuration is printed at
the time 7" (7), in which 7 is the time unit of MC simulation.
More details about the model can be find at refs. [5, 6].

3.3. Center of mass calculation

From the configurations generated from the MC and MD
we calculate the projections of CM CW = % va 73, at
the z-coordinate and at the xy-plane, for AS droplets and
droplets, in which 77; is the position of the molecule/particle,
and N is the total number of molecule/particle. We have
to have attention to the periodic boundary conditions of the
simulations box. If the simulation is too long, the droplet can
be splitted at the border, and it affects the CM calculation.
The procedure that fix it is the following. First, we calcu-

—
late the C' M’ of the droplet or the AS droplet. Then, each

molecule/particle is displaced of —C'M’, in order to put the
droplet or AS droplet near the origin of the box simulation.
During this process, the following condition is applied to co-
ordenates z, y and z of the molecule/particle i:

XT; — CAL/ if 0< (ILZ — C]\/[z/) <L
XT; — C]WZ‘/ — L if (LL'Z — CM/) > L

Then, all molecules/particles are moved again to the original
position, now without the periodic boundary condition, by
increasing C M’ to their position. Finally, we calculate again
the CM, obtaining now the correct value C'M. It must be
emphasised that this method is only valid if there are a small
number of molecule crossing the boundary.

3.4. Hurst exponent (H) calculation

The Hurst exponent is calculated from the time series gen-
erated from MC and MD simulations of the displacements
of CM of AS droplets and droplets in z-coordinate and xy-
plane. For a time window of size T, it is calculated the av-
erage of the square of the absolute distance B(Ts) between
two points in this size window Ts. From the scale relation
between <B (TS)2> and T's we calculate the Hurst exponent
as:

(B(Ts)?) < T3", )

in which H is the Hurst exponent [8, 9]. The value of H
is obtained from the linear regression of Eq.2 in a log-log
graph. If H = 1/2, H < 1/2, H > 1/2or H = 0,
the movement is Brownian, anti-persistent, persistent or con-
fined, respectively.

4. RESULTS

In both MD and MC simulations there are 2575 water
molecules and liquid particles, respectively. The amount of
points generated from MC and MD simulations to create the
time series are 20000 and 10000, respectively.

First, we study the droplet with MD and MC simulation.
For the MC simulation, we observe that the droplet move-
ment are Brownian in both projections z-coordinate and xy-
plane with exactly same slope 1.03. The Hurst exponent,
obtained from Eq. 2, is equal to H = 0.51. For the MD, it is
observed that (B(Ts)?) ~ 0 independent of T, or in other
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Figure 3 — The mean square of the absolute separation AB(Ts)
of the droplet CM at the z-coordinate and zy-plane as a func-
tion of the time window T’s, for MC simulations. The line shows
the linear regression, and the Hurst exponent obtained from
Eq.2is H = 0.51.

words, the droplet do not move in the scale of time observed.
These results are seen in Fig 3.
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Figure 4 — The mean square of the absolute separation B(7Ts) of
the AS droplet CM at the z-coordinate and xy-plane as a func-
tion of the time window 7’s, for MC simulations. The line shows
the linear regression. The movement at the xy-plane is Brown-
ian, and Hurst exponent obtained from Eq.2 is = 0.53. The
movement at the z-coordinate has two regimes: anti-persistent,
H = 0.38, and confined, H = 0.00.

Next, we studied the CM movement of AS droplet and it
is observed an interesting behavior. The CM movement of
AS droplet changes its regime around T o e* 7, as can be
observed in Fig. 4. For the MC simulation, the CM displace-
ment at the z-coordinate has two regimes, anti-persistent,
H = 0.38, and confined, H = 0.00. At the xy-plane it
is not seen any difference of regime and the movement is
Brownian, H = 0.53.

Then, we compare the behavior of the CM displacement
of AS droplet obtained from MD simulations with the MC
data discussed previously, see Fig.4. First we compare the
displacement at the z-coordinate. Both AS droplet from
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Figure 5 — The mean square of the absolute separation B(Ts)
of the AS droplet CM at the z-coordinate as a function of the
time window T’s, for MD and MC simulations. The line shows
the linear regression, and the Hurst exponents obtained from
Eq. 2 for the persistent and confined regimes are H = 0.67 and
H = 0.01, respectively. The MC data is obtained from the data
shown on Fig. 4, applying Eq. 3.

MC and MD simulations have the same behavior with two
regimes. This fact allow us to convert the units between MC
and MD simulations using the equations below:

° 2

AB[a?)1.51 | 2 | +5.5[A
Ts[r]0.9 [22] + 0.8[ps]

AB?AY = 2

Ts[ps| =

These results are shown on Fig. 5, and we can observe that
the regimes are persistent, H = 0.67, and confined, H =
0.01. Finally, we compare the displacement at the xy-plane
applying Eq. 3. We observed an interesting behavior, as can
be seen in Fig. 6. Differently from the MC, in the MD sim-
ulation the CM displacement at the xy-plane has also two
regimes, persistent H = 0.85 and anti-persistent H = 0.31.

] 3)

5. DISCUSSION

From Figure 3, we can conclude that the first neighbor in-
teraction and the Kawasaki dynamics are the responsible for
the CM displacement. During the Kawasaki dynamic with
exchange between liquid and gas particles, the exchange can
happen between any two site in the lattice, generating the
Brownian behavior. However, the same behavior is not ob-
served for MD simulations. Once the intermolecular interac-
tions are internal forces, they will not cause a CM displace-
ment of the system.

From Figure 4, we can observe the behavior of CM move-
ment of AS droplet for MC simulation. Once there is no
restriction at the zy-plane, the displacement of CM is Brow-
nian, like the droplet. However, once the droplet is attached
to the hydrophilic wall, the movement at the z-coordinate has
two regimes. It can be anti-persistent, and for long time con-
fined.

From Figures 5 and 6, we compare the results obtained
from MC and MD simulations, by applying Eq. 3. In the MD
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Figure 6 — The mean square of the absolute separation B(Ts)
of the AS droplet CM at the zy-plane as a function of the time
window T’s, for MD and MC simulations. The line shows the
linear regression. For the MD, the movement can be persistent
and anti-persistent, and the and Hurst exponents obtained from
Eq.2 are H = 0.85 and H = 0.31, respectively. For the MC, it
is not seen any difference of regime and the movement is persis-
tent, and Hurst exponent is /' = 0.89. The MC data is obtained
from the data shown on Fig. 4, applying Eq. 3.

simulation, differently from the motion of droplet, the motion
of the CM is observed because the silica surface is not al-
lowed to move. The movement at the z-coordinate shows the
same behavior as observed in MC simulation. However, at
the zy-plane the MD shows also two regimes: anti-persistent
and persistent.

6. CONCLUSIONS

Fluctuations are not supposed to be found in problems
concerned to capillarity at macroscale. At the nanoscale, the
ratio between area and volume is bigger, and fluctuations can
be observed at the interface formed. To study these fluctu-
ations, we analysed projections of the CM movement at the
z-coordinate and xy-plane of droplet and AS droplet by MC
and MD simulations.

In the droplet study, the MC simulation shown that the
CM movements are Brownian in both projections. In MD
simulation, it is not observed movement in both projections.
This difference between MC and MD happen due the inter-
action between water molecules in MD and the particles in
the MC. In the first case, the intermolecular interactions are
internal force, hence it do not cause any displacement in CM.
In the second case, the interactions between first, second and
third neighbor, plus the exchange between any particle makes
the movement to be characterized as Brownian.

In the AS droplet study, the CM movements have two
regimes in both projections. From this observation, we find
a couple of equations able to convert units from MC to MD
simulations. At z-coordinate, the movement can be persis-
tent and confined for both MC and MD, depending on time
window size. At zy-plane, the MD shown that the movement
can be persistent and anti-persistent, and the MC shown that

the movement is only persistent.

We concluded that different behavior of the CM can be
found in this preliminary study of droplet and AS droplet. A
similar study may be applied to understanding more complex
problems related to formation and rupture of liquid bridges.
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