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ABSTRACT

Over the past decade, extensive efforts have been made in the study of droplet impact, especially on stationary surfaces, owing to its direct
applications in thermal cooling, self-cleaning, and power generation. However, many practical applications, such as ultrasonic cleaning, aero-
solized drug delivery, and vibration-assisted welding, involve the direct interaction of droplets with vibrating surfaces, on which droplets
undergo spreading and retraction. Distinct from stationary surfaces where the retraction behaviors, such as the retraction velocity and rate,
are mainly governed by the surface wettability and droplet inertia, the retraction behaviors on vibrating surfaces become complicated due to
the vibration velocity, which dictates the outcomes of droplet impact, such as the pinning, bouncing, gyrating, and jetting. Here, we revealed
the synergistic effect of droplet inertia and vibration velocity on droplet retraction. We found that the droplet retraction behaviors on both
stationary and vibrating surfaces could be characterized by a universal scaling law, allowing us to analyze and predict the maximum droplet
retraction velocities. Moreover, we found that the maximum retraction rate increased with the maximum spreading radius at low Weber
numbers. We demonstrated that the droplet retraction dynamics at both low Weber numbers and high Weber numbers could be unified into
one integrated model, which indicates the decisive role of the maximum droplet spreading in droplet retraction dynamics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0152599

cleaning,” anti-icing of wings,”’ aerosolized drug delivery,”"*” and
vibration-assisted welding.”® Despite extensive progress, a quantitive

Droplet impact on solid surfaces is common in nature and
important in numerous industrial applications, such as inkjet print-

ing,' thermal cooling,”” self-cleaning, and power generation.”® Many
of the droplet-impacting outcomes, such as bouncing,”” jetting,”"”
gyrating,'' and dewetting,'” are mediated by droplet retraction behav-
iors. In general, droplet retraction behaviors occur more easily on
hydrophobic and especially superhydrophobic surfaces, depending on
the synergy of droplet inertia, liquid viscosity, substrate macrotex-
ture,'””'* and surface wettabili'ry.15 Previous studies have focused on
droplet retraction behaviors with high impacting velocities on hydro-
phobic stationary surfaces.'® However, practical surfaces, such as the
swaying plant leaves, the flapping animal wings, and the sparking
water of the lake, are always accompanied by different levels of vibra-
tion. Imposing vibration to surfaces can promote the spreading,'”
atomization,'® directional transport,w and Cassie-Wenzel wetting
transition”””" of droplets, which has widely been used in ultrasonic

understanding of how vibration affects droplet retraction behaviors
remains unclear. Indeed, droplet retraction behaviors on vibrating sur-
faces are more complex and prevalent than that on stationary surfaces,
which may contribute to preventing surface icing, removing surface
dust, enhancing convection heat transfer, and improving power gener-
ation efficiency (Fig. 1).

In this Letter, we aim at illustrating the effect of droplet inertia
and vibration velocity on droplet retraction dynamics [Fig. 2
(Multimedia view)]. We introduced the Weber number We
=2pURy/y to quantify the droplet inertia and the vibration Weber
number We* = 2pU,’Ry/y to quantify the vibration velocity, where p,
7, Uy U, and Ry are density, surface tension coefficient, impacting
velocity of droplets, velocity amplitude of vibration, and initial droplet
radius, respectively. In analogy to the Weber number to characterize
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FIG. 1. Applications of droplet retraction
dynamics. Imposing vibration to surfaces
may help to prevent surface icing, remove
surface dust, enhance convection heat
transfer, and improve power generation
efficiency.

FIG. 2. Characterization of droplet retrac-
tion on flat porous polytetrafluoroethylene
(PTFE) surface. (a) Experimental schematic
diagram of droplet retraction on vibrating
surfaces. The symbols Ry, U, and U, repre-
sent the initial droplet radius, the impacting
velocity, and the vibration velocity ampli-
tude, respectively. (b) Scanning electron
microscope images of the porous PTFE
surface. (c) Laser confocal microscope
image of the porous PTFE surface. (d) and
(e) show droplet refraction on stationary
surfaces and vibrating surfaces, respec-
tively. The symbol We i |s the Weber number
defined as We = 2pU?Ry/y and We* is the
vibration Weber number defined as We*
= 2pU,%Ryly, where p and y are the liquid
density and surface tension coefficient,
respectively. On stationary surfaces, the
maximum droplet refraction velocity Up,
increases from 0.35 to 0.60 m/s when the
Weber number We increases from 34 to
109. On vibrating surfaces, the maximum
droplet retraction velocity Uy, increases
from 0.24 to 0.27 m/s when the vibration
Weber number We* increases from 1.1 to
71 at We=16. Mulimedia available
online.

Appl. Phys. Lett. 122, 214102 (2023); doi: 10.1063/5.0152599
Published under an exclusive license by AIP Publishing

122, 214102-2

d-a|o1e/de/die/Bio-die sqndy/:dpy wouy papeojumoq

L 20L¥12/€5L02.L1/166G2S10°S/€90L 0L/10P/AP

1pd'66525L0°'G


pubs.aip.org/aip/apl

Applied Physics Letters

the droplet dynamics on stationary surfaces, the vibration Weber
number incorporates the vibration velocity to quantify the competition
between the vibration-induced time-averaged dynamic pressure and
surface tension.'” Based on the Weber number and the vibration
Weber number, we investigated the maximum retraction velocities on
stationary and vibrating surfaces, respectively. We found that the max-
imum retraction velocity on both stationary surfaces and vibrating sur-
faces followed a universal scaling law, allowing us to quantitively
analyze and predict the droplet retraction behaviors. In addition, we
observed the variation of the maximum retraction rate at low Weber
numbers and demonstrated that droplet retraction behaviors at low
Weber numbers and high Weber numbers can be unified into one
integrated model, indicating that the maximum droplet spreading was
decisive for droplet retraction dynamics.

Droplet retraction dynamics on vibrating surfaces was first stud-
ied [Fig. 2(a)]. The experimental device was composed of a vibration
platform and a droplet producer. The vibration platform consisted of
a power supply, a piezoelectric transducer, and an amplitude trans-
former. The vibration platform could generate harmonic vibration
with a frequency of 10kHz in the vertical direction, and the vibration
velocity could be controlled by adjusting the output voltage of the
power supply. The droplet producer consisted of a syringe pump, an
infusion tube, and an injection needle. The droplet producer could
produce water droplets with a diameter of ~2.1 mm, and the impact
velocity of the droplet could be controlled by adjusting the height of
the needle from the vibrating surface. During the experiment, a flat
hydrophobic porous polytetrafluoroethylene (PTFE) surface was
firmly pasted on the vibration platform [Figs. 2(b) and 2(c)]. The
PTFE surface had a thickness of ~20um, a contact angle of
0=140 £ 3°, an advancing angle of 0,=160 £ 4°, and a receding
angle of 0, = 124 = 2°. The PTFE surface was forced to vibrate harmo-
niously with the vibration platform. To avoid atomization of droplets
on the vibrating PTFE surface, the velocity amplitude of the PTFE sur-
face was controlled below the value of 0.5 m/s.

The droplet retraction behaviors were observed through a high-
speed motion analysis system, which included a white light source, a
set of lenses, and a high-speed camera (Phantom VEO 410L-18G).
The sample rate of the camera was set to 10000 frames per second
(fps). The resolution of the camera was set to 1024 x 512 pixels and
the exposure time of the camera was set to 99 us. Moreover, the vibra-
tion velocity of the PTFE surface was measured in real time by a
Doppler laser vibrometer [LV-FSO1, Sunny Optical Technology
(Group) Company Limited]. The laser wavelength of the vibrometer
was 1550 nm. The sampling frequency of the vibrometer was set to
960 000 Hz. The analysis frequency of the vibrometer was set to
375000 Hz. After the experiment, the droplet velocities and sizes were
extracted from the camera videos. All experiments were carried out
under normal laboratory conditions at 25°C.

Droplet retraction behaviors on vibrating surfaces are similar to
that on stationary surfaces, but the retraction velocity varies with the
droplet inertia and the vibration velocity [Figs. 2(d) and 2(e)]. We
found that the maximum retraction velocity of the droplet, U,,,, varied
with the Weber number We and the vibration Weber number We™.
On stationary surfaces, the maximum retraction velocity Uy, increases
from 0.35 to 0.60 m/s when the Weber number We increases from 34
to 109 [Fig. 2(d)]. On vibrating surfaces, the maximum retraction
velocity U, increases from 0.24 to 0.27 m/s when the vibration

ARTICLE pubs.aip.org/aip/apl

Weber number We" increases from 1.1 to 7.1 at We=16 [Fig. 2(e)].
In particular, we found that the retraction radius of droplets at the
maximum retraction velocity on stationary surfaces was close to that
on vibrating surfaces, but the maximum spreading radius of droplets
varied with the Weber number and the vibration Weber number,
which caused the variation of the retraction velocity [Figs. 2(d) and
2(e)].

To determine the relationship between the droplet retraction
velocity and the spreading/retraction radius, we first investigated the
evolution of the spreading and retraction radius with time. The radius
R(#) increases first and then decreases on both stationary surfaces and
vibrating surfaces, leading to a maximum spreading radius R, at a cer-
tain moment #,, [Figs. 3(a) and 3(b)]. The maximum spreading radius
R, varies with the Weber number We and the vibration Weber num-
ber We". If we transform the vertical coordinates R(t) and the horizon-
tal coordinates ¢ in Figs. 3(a) and 3(b) into [Ry, — R(#)] and (t — t,,),
respectively, then the slope of the curves represents the retraction
velocity of droplets [see Figs. 3(c) and 3(d)]. For example, the maxi-
mum slope of the curve with We=109 is larger than that with
We =34, indicating that the maximum retraction velocity U, at
We=109 is larger than that at We =34 [see Fig. 3(c)]. We further
investigated the maximum retraction velocities of droplets at different
Weber numbers and vibration Weber numbers extensively. We found
that the maximum retraction velocity U, increased with the Weber
number We and the vibration Weber number We*. For example, at
We*=7.1, the maximum droplet retraction velocity Uy, increases
from ~0.11 to ~0.60 m/s when We increases from 8 to 109 [Fig. 3(e)].
However, at We =34, the maximum droplet retraction velocity Uy,
only increases from ~0.32 to ~0.37 m/s when We" increases from 0
to 7.1 [Fig. 3(f)]. Compared with We", the Weber number We was
more effective in droplet retraction. In reality, the Weber number
dominated the droplet retraction dynamics at We" < 10 < We [Figs.
3(e) and 3(f)].

In the following, we considered the energy conversion of droplets
during the retraction. From the “maximum spreading” to the
“maximum retraction velocity” of droplets, the reduced surface energy
of the droplet film was converted into the translational kinetic energy
and the internal energy of the droplet rim, ignoring the effects of gravity
and vibration-induced pressure [Fig. 4(a)]. The reduced surface energy
is AE, ~ my(1 — cosf,)(R%, — R?2), where R, is the retraction radius of
the droplet at the maximum retraction velocity. The increased kinetic
energy and internal energy are, respectively, AE, ~ 1 GnpR3)UZ, and
AE; ~ %(nthfn)Uf,m, where h is the thickness of the droplet film.””
Based on the law of conservation of energy, we obtain the following
equation:

AE; = AE; + AE,. (1)

Compared with AE, the energy AE; is small enough to be ignored,
leading to AE; ~ AE,. Substitute the maximum spreading factor
fm = Run/Ry and the retraction factor 5, = R,/R, into Eq. (1), then we
can get the following power-law relation:

2 3y 2 2
U2, ~ 20Rs (1 —cos0,) (B2 — B?). )

The maximum retraction velocity Uy, increases with (ﬂfn — ﬂf)” 2
indicating the dependence of droplet retraction on droplet spreading.
We have plotted Uy, as a function of (82, — ) in the logarithmic
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coordinate diagram [Fig. 4(b)]. All the data are collapsed into the fitting
line with a slope of 0.5, faithfully following Eq. (2) with a numerical
coefficient of 0.6. We investigated the variation of f8,,, and 8, under dif-
ferent conditions. On stationary surfaces, the maximum spreading fac-
tor fi, is determined by the scaling law, f3,,, o We'* with a numerical
coefficient of 0.88 [Fig. 4(c)].”® On vibrating surfaces, the maximum
spreading factor fi,,, is determined by the scaling law, (fy/fmo — 1)
o We*/[We"?sin(0/2)], with a numerical coefficient of 0.051, where
P is the maximum spreading factor at We* =0 [Fig. 4(d)]."” In con-
trast to f,,,, the retraction factor f3; is independent of We and We" at
high Weber numbers. Specifically, the retraction factor f, is close to a
material constant of 1.64 at We > 20, which implies that the profiles of
droplets at the maximum retraction velocity have a geometric similarity
[see Figs. 2(d), 2(e), and 4(e)].

In contrast to the maximum retraction velocity U,,,, the maxi-
mum retraction rate of droplets, & = U/Rp, is generally considered
to be independent of We at high Weber numbers.'® However, the scal-
ing relation between & and We is more complex at low Weber num-
bers.”” In this study, we analyzed the factors that affect the maximum
retraction rate of droplets at low Weber numbers. By substituting
Upm = €R,y, into Eq. (2), we get the scaling relation between ¢ and f3,,,,

Um  _ -
R =1 1\/a17t(1 — cost;) — azﬁmz, (3)

where a; and a, are positive coefficients associated with the surface
properties, and 7; is the inertial timescale of the droplet expressed as
= (%npRg/y)” 2, Equation (3) indicates that the maximum retraction
rate ¢ increases with the maximum spreading factor f3,,, at low Weber
numbers [Fig. 4(f)]. Meanwhile, Eq. (3) predicts that ¢ will approach a
material constant, 7, '\/a;7(1 — cos0;), independent of We at fi_*
— 0, which has been confirmed by the experimental results of droplet
retraction at high Weber numbers.'® We have used Eq. (3) to fit
the data in Fig. 4(f). The data are collapsed into the fitted curve with a,
~ 0.52 and a, ~ 5.4.

In this study, we analyzed the effect of droplet inertia and vibra-
tion velocity on the maximum retraction velocity and maximum
retraction rate of droplets. Our analysis indicates that both U,,,, and
Uim/Ri increase with the maximum spreading factor f,,, and, thus,
with the Weber number We and the vibration Weber number We*
[see Egs. (2) and (3)]. Here, we must stress that the analysis is for low-
viscous droplets based on the condition of We>>> 1 and We" < 10. For
We ~1 and We< 1, Egs. (1)-(3) may be inapplicable because the
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droplets are difficult to fully spread to form the rim and the film
(Supplementary material Fig. S1). For We" >> 10, the droplets become
unstable on vibrating surfaces and are easy to be atomized
(Supplementary material Fig. S2). Moreover, our analysis is based on
droplet retraction dynamics on flat smooth hydrophobic/superhydro-
phobic surfaces without macrotexture, which is not applied to hydro-
philic surfaces (Supplementary material Fig. S3). In the analysis, we
did not consider the effect of the substrate deformation,”” surface
microtexture,”’ and droplet shape’ on the droplet retraction dynam-
ics, which may cause the deviation of the experimental data.
Nonetheless, our study revealed the scaling law between droplet
spreading and retraction, allowing us to analyze and predict the maxi-
mum retraction velocity and rate of droplets, which may help to
understand and control other droplet behaviors.

In summary, we studied droplet retraction behaviors on station-
ary surfaces and vibrating surfaces, respectively. We found that the
maximum retraction velocity of droplets increased with the Weber
number We and the vibration Weber number We". Based on the con-
servation of energy, we proposed a simple but effective formula to ana-
lyze the droplet retraction velocities and demonstrated that the

maximum retraction velocity of droplets on both stationary surfaces
and vibrating surfaces could be predicted by the universal scaling law,
U2 ~ 22—};0(1 — cosl,) (B2, — B2). The maximum spreading factor
P was observed to increase with the Weber number We and the
vibration Weber number We". In contrast to f3,,,, the retraction factor
fr was observed close to a material constant independent of We and
We" at high Weber numbers, indicating the similarity of fluid flow
during the droplet retraction. Moreover, we unified the droplet retrac-
tion dynamics at low Weber numbers and high Weber numbers into
one integrated model and clarified the dependence of the maximum
retraction rate U,,/R,, on the maximum spreading factor f3,, [see Eq.
(3)]. We hope that our findings of the scaling relation between droplet
spreading and retraction dynamics would be helpful for industrial
applications, such as anti-icing, dedusting, and heat transfer.

See the supplementary material for more videos of droplet
dynamics and details of experiments and analysis.
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