Oscillations of Liquid Droplets on a Horizontally Vibrating Substrate
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INTRODUCTION

Deformed droplets play a crucial role in industrial applications like inkjet printing, lab-
on-a-chip devices, and spray cooling. Using many-body dissipative particle dynamics
(MDPD), we investigate liquid droplet oscillations on a harmonically and horizontally
vibrating solid substrate. Three distinct oscillation scenarios emerge: one where the
droplet follows the substrate and two, more common on hydrophilic surfaces, where high
shear rates lead to breakup.!!! Our simulations provide molecular-level insights into these
mechanisms from an experimental perspective,[zl linking oscillation phases to contact-
surface velocity and substrate wettability. The findings highlight the capillary number’s
role in phase behavior, offering insights for optimizing droplet dynamics in practical
applications.

MDPD MODEL AND DROPLET-SUBSTRATE SYSTEM

In MDPD, the equation of motion is integrated for each particle, 7, which interacts with
other particles, j, by means of a conservative force, Fz? a random force, F,-f, and a
dissipative force, F,“j) il
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where thermal fluctuations are taken into account through random and dissipative forces
in the model, and the conservative force

Ff = Aay(rij)eij+B(pi+py) wa(rij)ei;
has an attractive component with A < 0 and a repulsive component with B > 0. The
commonly adopted values for liquid water in MDPD have been used, where A = —40

and B = 25. We assume a smooth, unstructured, solid substrate which modeled via the
Lennard-Jones (LJ) potential:
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where Oy = 1, 7 is the particle-substrate distance, and &y is the droplet-substrate affin-
ity which controlls the equilibrium contact angle of the droplet.
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Figure 1: A typical snapshot in the simulations of a water droplet on a static substrate.
In the right panel, 6; and 6, indicate the contact angles of the droplet at the two points
along the contact line, as indicated. Here, the number of particles N = 20 x 10* and the
droplet—substrate affinity €, = 2.0, resulting in equilibrium contact angles 6y, 6, ~ 90°.
The droplet width at the static contact surface is w, ~ 46 (MDPD unit). Snapshots were
generated using OVITO software. ¥
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Figure 3: Example of Phase I oscillation, with time progressing from (a) to (¢). N =
20 x 10%, &ys = 2.0 (8 = 90°), Agp = 900, foup = 3.75 % 1073, (al) Side view; (a2)
bottom view at the contact surface, taken at the same moment as (al). (bl, b2) Side

and bottom views taken one-quarter of the oscillation period after (a). (cl, ¢2) Side and
bottom views taken one-quarter of the oscillation period after (b).
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Figure 4: Example of Phase I oscillation. N = 20 x 10%, 45 = 3.0 (0 = 50°), Agyp = 450,
Jaub = 7.5 % 1073, The simulation box boundary is indicated. (al) Side view; (a2)
bottom view at the contact surface, at the same moment as (al), showing the droplet in a
symmetric shape. (b1, b2) Internal rotation and stretching develops, the droplet deviates
significantly from a spherical-cap shape. (c1, c2) Droplet break-up occurs.

PHASE III OSCILLATION

DROPLET OSCILLATION AND PHASE DIAGRAM

In the simulation, the substrate is vibrated non-axisymmetrically (in the x direction). The
vibration is controlled by the amplitude, Agp, and the frequency, @gp = 27 fyp, of the
oscillation and remain constant throughout. The instantaneous velocity of the substrate
at time 7, is given by
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Figure 2: Phase diagram showing Phase I, II, and III as a function of the amplitude and

frequency of substrate vibrations for a droplet with N = 20 x 10* particles. Each plot
corresponds to a substrate with different wettability, with the equilibrium contact angle,
0, of the droplet on a static substrate (no vibrations) indicated at the top of each plot.
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Figure 5: Example of phase III oscillation. N = 20 x 104, €5 = 3.0 (6 = 50°), Agp =
675, fop = 7.5 % 1073. (al) Side view; (a2) bottom view at the contact surface, taken at

the same moment as (al), showing the elongated configuration of the droplet. (bl, b2)
Droplet is highly elongated. (cl1, ¢2) Droplet undergoes break-up.

PHASE TRANSITION AND CONTACT SURFACE DYNAMICS
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