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Abstract: Suppression of ice formation by inhibiting droplet deposition from both passive surface functionalization and
active application of ultrasonic vibration is investigated through numerical simulation and experiments. The contact
time of droplet impacting on superhydrophobic surfaces with macro-structures, including cubic protrusion, single and
crossed triangular ridges, and suspended prism, can be effectively reduced due to the droplet deformation induced by
the structures during expansion and retraction processes. The substrate subjected to ultrasonic vibration exhibits a
nonlinear distribution of equivalent shear stress, which leads to different dynamics modes of impact droplet and iced
droplet removal performance. This work reveals the effectiveness of macro-structures and the ultrasonic vibration on
anti-icing and de-icing, and provides potential approaches for the design and optimization of anti-/de-icing system.
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0 Introduction the formation of ice. The emerging icephobic sur-

face has received much attention for its remarkable

Unwanted ice, often builds up on the edges of ability in passive ice suppression”®. The icephobic

aircraft surfaces like the wings, tail and even the en- surfaces' ™ | including superhydrophobic surfac-

gines, with surface thickness and roughness similar es™ 1 slippery surfaces ™ and other aqueous ma-
2 9 < | 0 . -

to coarse sandpaper reduces lift by over 30% and at terials'™ , serve as the unwettable substrates that re-

the same time increases drag by ~40%""*'. Icing al-
so increases the weight of the aircraft®’. This, to-
gether with the extra drag, can increase the overall
fuel consumption of the aircraft and may cause sever
flight accident'*’. Therefore, the need to inhibit ice
formation and remove ice to improve the energy-sav-
ing and all-weather flying safety is absolutely neces-
sary.

Anti-icing systems are designed for activation

before the aircraft enters icing conditions to prevent

*Corresponding author, E-mail address: 62084(@njnu.edu.cn.

ject droplet deposition and hence inhibit ice forma-
tion. Compared to the freezing deposition on the un-
treated surface, the droplets impacting on the super-
hydrophobic surface can quickly bounce away, and
consequently inhibit the formation of the ice nu-
clei'™™. To further enhance the droplet transport,
macro-structures have been added on the superhy-
drophobic surface.

The wire cut the impacting droplet into several

pieces and the decrease of contact time was in direct
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proportion to the number the split sub-droplets'™*’.

Gauthier et al.'" added a single superhydrophobic
wire of different diameters on the superhydrophobic
surface, and the experiments demonstrated that the
droplet would split into multiple pieces when it re-
bounded, and the decrease in contact time was asso-
ciated with the number of sub-droplet split. The
maximum reduction in contact time can reach 44 %
in the high-impact velocity regime. Shen et al.'*" in-
creased the number of macrostructures to eight and
found that the minimum contact time was the
spreading time of the droplet. Similar phenomena
and conclusions on the contact time reduction were
reported in experiments and numerical simulations
of droplet impacting on superhydrophobic surfaces
with different types of macro-structures like cylin-
der, triangular prism, sphere and other combined
complex structures. Regulagadda et al.'”"" added tri-
angular cross section micropillar protrusions on the
superhydrophobic surface and found that the impact-
ing droplet dynamic behavior and the contact time
would be reduced by up to 40%. Hu et al."**’ studied
the influences of the eccentric distance on the con-
tact time of and the droplet dynamic behavior of the
eccentric droplet impacting on the single-ridge super-
hydrophobic surfaces. The experiment investigated
that the dynamic behavior and the contact time de-
pended on the eccentric distance and the Weber
number ( We) , and the contact time could be re-
duced by about 30%'*. The dynamics of water
droplets remarkably changed during impacting on
the superhydrophobic polyethylene surfaces with
rectangle, semicircle, and triangle macrostruc-
tures'®’. The elimination of the retraction process of
droplet caused the quick rebound to decrease the

contact time of droplet significantly"*”

. Considering
the difficulty of obtaining the internal details of the
flow field in experimental research, simulation re-
search 1s also widely developed in the droplet im-

6

pacting study. Liu et al.'®’ studied the droplet im-
pacting on a semi-cylinder through experiments and
a lattice Boltzmann method (LBM). They found
that more momentum was transferred into radial di-
rection than the axial direction, which led to the

asymmetry of the spreading and retraction process,

and the contact time was reduced by about 40%.
Andrew et al.”””) simulated a droplet impacting on
cylinders with different radiuses and found that
when the droplet radius and the cylinder radius are
close, the contact time is decreased by about 35%.
Chantelot et al.” studied the droplet impacting on
superhydrophobic surfaces with dot-like macrostruc-
tures through both experiments and numerical simu-
lation. The central part of the liquid film was pierced
by the microstructures, and hence, the droplet re-
bounded from the surface in the form of ring and the
contact time by approximately 52%. Lin et al."*”
simulated the process of a droplet impacting on a su-
perhydrophobic surface with a single rectangular.
The width and height of the rectangle and the varia-
tion in We would cause different rebounding pro-
cesses, and the contact time was reduced by about
48%. Lin et al."™' simulated two identical droplets
simultaneously impacting the superhydrophobic sur-
face and found that the spreading and retracting pro-
cess got asymmetric owing to the macroscopic struc-
ture, and the droplets formed. From both experi-
mental and numerical results, the decorated super-
hydrophobic surfaces presented an obvious improve-
ment in the droplet transportability and contact time
reduction. To be a potential way of enhancing drop-
let mobility to inhibit impacting droplet ice forma-
tion'*, detailed study on the droplet spreading, re-
traction and break-up dynamics and the mechanism
of contact time reduction for different types of mac-
ro-structure still need to advance.

Beside the passive anti-icing methods, the aux-
iliary method that adopting ultrasonic vibration, as
an active de-icing method, has attracted much inter-
est due to its prominent effect on ice removal ™",
The high-frequency vibration and the interface shear
force caused by ultrasonic wave on the solid sub-
strate cause the adhesive linkage between the ice
and the cold substrate to loosen, which has been

verified by experiments *'.

The de-icing perfor-
mance depends on the average shear stress and total
energy density of the ultrasonic wave as well as the

%37 Some other work has been done

ice structure'
to analyze the mechanism of droplet atomization and

removal dynamics by capillary wave **"'. The drop-
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let breakup can be controlled by the viscous-inertia
balance that initiated by the capillary wave at the
liquid-vapor interface via Faraday excitation. The
droplet presenting ejection from the breakup of tran-
sient liquid spikes is generated by the localized col-
lapse of free-surface waves. The droplet can also be
atomized by the ultrasonic wave because that the
spike forms firstly on the droplet surface due to the
impingement of the liquid flowing. The sub-droplet
ejected from the droplet surface is determined by the
velocity difference between the leading and tail of
the spike™**’.

The ultrasound has also been used in the deic-
ing field**'. The experiments on wind turbine
blade, fiber reinforced composite, helicopter blade
and so forth demonstrated the feasibility of ultra-
sound on ice sheet removal**'. Both experiments
and numerical results revealed that the horizontal
shear force triggered by the ultrasonic wave played a
key role in ice shedding, which depended on the fre-
quency and power of the transducer' ™",

Ultrasonic, as a new and potential energy-effi-
cient anti-/de-icing technique, has raised the in-
creasing interest with its energy-saving effect, low
running costs, good applicability and environmental
conservation. Despite the achievements on the re-
moval effect of sessile droplet or ice sheet by the ul-
trasonic vibration, the ice formed by the impacting
droplet deposition, which is more common in real
industrial applications, is rarely studied. In this
study, we report our accumulated work on droplet
manipulation by means of surface functionalization
and ultrasonic vibration facilitation. Detailed analy-
sis 1s provided from both numerical simulation and
experiments results. We carefully compared the re-
sults and revealed the effectiveness of ultrasonic vi-
bration on droplet manipulation and its deicing per-

formance.
1 Anti-icing

1.1 Dropletimpactdynamics onmacro-structure

decorated superhydrophobic surfaces

To systematically investigate the droplet dy-

namics of impacting on the macro-structure decorat-
ed superhydrophobic surfaces, we designed our
study from the view of the protrusion geometry.
From 0-D structure, the cube, to 1-D structure,
the triangle ridge, then to the 2-D structure, the
multi-crossed ridge, finally to the 3-D structure, the
suspended octagonal prism (macro-structures see
Fig.1). The increment in the macro-structure dimen-
sionality resulted in different droplet dynamics but

all presented the contact time reduction.

(b) Single triangular ridge

(c) Cross triangular ridge
T

(d) Suspended prism

Fig.1 Schematic diagram of superhydrophobic surface with

macro-structure

1.1.1 Cubic protrusion
Droplet impact dynamics on a superhydropho-

bic surface with a cubic protrusion (the edge length
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d=6 mm) was simulated by the LBM and the con-
tact time reduction mechanism was explored. In ad-
dition, the droplet bouncing behavior was analyzed
with the effect of a wide range of Weber number
(We=18.28—106.77). Three

bouncing modes can be observed due to the cubic

distinct  droplet
protrusion. At the low region of We, a bouncing
with no ring formation mode can be seen with in-
complete retraction (Figs.2(a, b)). For the moder-
ate region of We from 43.45 to 67.16, a bouncing
with ring formation and disappearance modes is ac-
companied with unbalanced droplet dynamics and
accelerated incomplete retraction. As We exceeds
67.16, a bouncing with ring formation is observed
owing to the inner and outer rim colliding in oppo-
site directions.

Under the condition of We between 18.28 and

43.45, the contact time decreases linearly with an
approximately 28.85%—37.42% reduction com-
pared with a droplet impacting on a flat superhydro-
phobic surface. As the We varies from 43.45 to
106.77, two plateaus are observed in the presence
of the cubic protrusion with approximately 38% and
57.31% contact time reduction, respectively, for
moderate and high We. Aside from that, the spread-
ing time of the droplet outer rim is independent of
We. Hence, the contact time reduction mainly de-
pends on the retraction process. The retraction de-
gree can be weakened with increasing We owing to
the liquid ring formation, which is attributed to
puncture by the cubic protrusion.

Fig.2(c) shows the variations of the spreading

time and retraction time of the outer and inner rims
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Fig.2 Dynamic behavior of a droplet impacting on superhydrophobic surface with cubic protrusion
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of the droplet. The spreading time of the outer rim
is independent of We in a large range, and the re-
traction time of the outer first decreases and then sta-
bilizes at 1.123 and 0.626. The spreading time of
the mner rim of the liquid ring, which starts at
We = 43.45, increases at a slower rate rather than
reaching a stable value as We increases. It should be
noted that the retraction time of the inner rim tends
to be stable and drops dramatically due to the re-
bounding mode transformation after the critical
We = 67.16. In Fig.2(d), the initial formation
time of the liquid ring reveals that the increase in
We can lead to an earlier puncture time of the drop-
let. In contrast, in the moderate range of We, the
duration of the liquid ring increases with We, be-
cause the liquid ring appears and then disappears in
the process. However, after We = 67.16, the drop-
let will bounce off the superhydrophobic surface as a
ring, which results in a significant reduction in the
duration of the liquid ring on the surface.

To further elaborate the mechanism, vertical
views and cross sections of the instantaneous veloci-
ty field of a droplet impacting on the superhydropho-
bic surface with the cubic protrusion at We =99.54
are revealed in Fig.2(d). The collision of the inward
flow from the outer rim and outward flow from the
inner rim generate an upward motion.

A symmetrical dynamic behavior during due to
the cubic protrusion can be found out, which is dif-
ferent from the asymmetric behavior on the macro-
ridge. The deformation caused by the collision be-
tween the inner and outer rim generates a sharp in-
crease in the curvature at the bottom of the liquid
ring, which produces a sudden upward reaction
force, leading to an earlier bouncing from the super-
hydrophobic surface.

1.1.2 Single and multiple triangular ridge

The droplet impacting a superhydrophobic sur-
face equipped with macroscopic triangular ridges is
simulated using the 3-D LBM and focus on the ef-
fects of We and the number of ridges on the dynam-
ic behavior and contact time.

The change of We has great influence on the
dynamic behavior when droplet impacting on single

ridge. As We increases, the droplets gradually

switch from impacting to form a normal plane, form-
ing a ring shape and splitting even further. The
change of We has great influence on the contact
time when droplet impacting on single ridge. When
We is low, the contact time is basically constant
around 1.5. However, with the increase of We, the
contact time decreases sharply to around 1.0 due to
the formation of ring. The ring causes the inner and
outer edges of the droplet to contract toward the
middle, and then generates an upward velocity,
prompting the droplet to bounce up. As We contin-
ues to increase, the droplet splits during the impact,
and the contact time of the droplet impact is further
reduced to 0.84 (Figs.3(a,b)).

For the single ridge, as We increases, the
droplet gradually forms a ring shape and the splits.
The appearance of ring shape leads to a rapid decrease
in contact time and We=11.47 by about 50%—
66.7% , which is because an opposite fluid move-
ment in the inner and outer edges collides with each
other and generates an upward velocity that facili-
tates the droplet bouncing. Based on the single
ridge, the structure of cross ridges and quadruple
ridges are proposed to research the effect of different
number of ridges to the contact time.

The traditional way of dividing dynamic behav-
ior divides the process of water droplets impacting
an isosceles right triangular ridge into three stages:
falling stage, spreading stage and retraction stage,
as shown in Fig.3(¢). However, we found this divi-
sion to be inaccurated for the following reasons.
Firstly, the spreading and retraction of the droplet
on the ridge and the bottom substrate do not occur
simultaneously, so a simple division of spreading
and retraction hard to define the droplet behavior.
Secondly, the droplet touches different surfaces at
different stages and is subject to different surface
forces, so spreading and retraction division is not
reasonable. Therefore, in this paper, we divide the
contact time into three stages based on the surface
that the droplet touches: the descent stage, the bot-
tom surface stage and the ascent stage.

Durations for three stages revealed that the

main part of the decrease in contact time with in-
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creasing We was the rapid decrease in ascent time,
which is because of the larger asymmetry. Addition-

ally, the crossed ridges structure (including cross
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(a) Dynamic behavior of droplets impacting on surface of
superhydrophobic isosceles right triangle ridge (We = 91.78)
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and quadruple ridges) helps to reduce the bottom
surface time, which means it force the droplet to

leave the bottom surface earlier (Figs.3(e,f)).
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Fig.3 Dynamic behavior of a droplet impacting on superhydrophobic surface with triangular ridges

1.1.3 Suspended octagonal prism

We study the droplet impacting dynamics on a
superhydrophobic surface with a suspended octago-
nal prism by using LBM, and found that the asym-
metric retraction of the impacting droplet strongly
depends on the combined effect of We and the sus-
pended height w.

The suspended prism destroys the axial sym-
metry during the spreading process and retracting
process of droplet and effectively reduces the con-
tact time. When the suspended height of the prism
and the width of the prism are both fixed, the impact

dynamics and the contact time variation show differ-
ent trends with varying We. For We of 7.4—40.4,
the droplet is not split and the contact time reduces
continuously. We varies from 40.4 to 55.6, and the
droplet is split into two sub-droplets, which results
that contact time further reduces because the sub-
droplets need to undergo a complete retraction pro-
cess in the y-direction and x-direction, respectively,
to leave the surface. When We exceeds 55.6, the
contact time decreases sharply to 0.43 and remains
almost unchanged because the sub-droplets only

need to complete the retraction process in the y-di-
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rection to leave the surface. At the We of 55.6—
103.3, the maximum reduction in contact time can
reach about 59% compared to the superhydrophobic
flat surface (Figs.4(a—c)).

The suspended height of the prism shows great
effect on the contact time. For We=11.47, when
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Fig.4 Dynamic behavior of a droplet impacting on superhy-

drophobic surface with a suspended prism

the ratio of prism height to the droplet diameter A/
D, is in the range of 0.1—0.3, the droplet is not
split, and the contact time first reduces and then in-
creases distinctly. At We=45.92, the droplet is
split only when A/D 0 is larger than 0.15, but can
be split for any suspended height at We=103.3. For
We=103.3, when h/D,=0.2, each split film only
needs to retract along the y-direction before leaving
the surface, which leads to reduction in the contact
time. When /D, is larger than 0.75 at We =
103.3, the impact dynamics differ from that at We—
11.47. The droplet is split into two sub-droplets be-
fore contacting the surface and then undergoes the
process of coalescence, retraction in the x-direction
to leave the surface, which leads to reduced contact
time. Therefore, for We=103.3, h/D,=0.2, or
larger than 0.75 is the most beneficial for reducing
the contact time.

For We=11.47 and 103.3, when h/D, ex-
ceeds ~0.3, the droplet cannot bounce off the sur-
face, but it cannot bounce off the surface as A/D, ex-
ceeds ~0.25 for We=45.92. This is mainly be-
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cause the film beneath the prism always wraps the
prism and cannot be split by the prism, which
causes the droplet fails to rebound from the surface.
The velocity field demonstrates that the droplet up-
ward velocity is offset by the prism, and the attenua-
tion in transverse velocity hinders the breakup of the

liquid bridge under the prism.

1.2 Droplet impacting on the tilted cold sur-

face

Droplet impacting on a tilted and cold substrate
involves both droplet unidirectional motion and
phase change process, which is more complex drop-
let impacting on a flat surface. Up to now, the re-
search on the droplet dynamics and phase change
evolution under the coupled influence of inclination
angle and cold surface temperature is not refined
enough. The freezing mode of droplets after impact-
ing inclined cold surfaces is not clear yet.

We carried out a visualization study on the be-
havior of droplets impacting inclined cold surfaces,
after a droplet impacts a tilted cold surface, it will
quickly spread, causing the rear liquid film to be
thinner. When the surface temperature is low
enough, the rear liquid film close to the cold surface
freezes first, forming a frozen layer, as shown in
Figs.5(a, c¢). At this time, because the front liquid
on the upper layer has not frozen, its surface tension
further overcomes gravity and shear stress between
the liquid layers and flows back to the rear of the
droplet. Due to the decrease in temperature, kinetic
energy dissipates rapidly. The backflow liquid film
freezes before reaching the interface between the fro-
zen liquid film and the cold surface, forming a sec-
ondary freezing layer. After multiple oscillations and
backflows, tertiary freezing layers and quaternary
freezing layers can be successively superimposed un-
til the droplet is completely frozen.

Fig.5(b) shows the distribution of the droplet
freezing mode after the droplet hits the inclined cold
surface. It can be seen from the figure that under the
combined effect of the cold surface temperature T,
and the inclination angle @, the shapes of droplet im-
pact freezing can be divided into: circular pie freez-

ing, elliptical pie freezing, ellipsoid retraction freez-

ing, and single liquid finger freezing and the single liq-
uid refers to broken freezing, as shown in Fig.5(d).
It can be seen from the figure that when the tempera-
ture of the cold surface is high and the inclination an-
gle is large, the droplet is prone to retraction due to
the late freezing time, and finally presents an ellip-
soidal frozen morphology. When the inclination an-
gle is small (15°) , the influence of the inclination
angle is small, and the droplets freeze in the shape
of a round cake. When the inclination angle is fur-
ther increased to 30°, due to the effect of gravity,
the droplets will be stretched in the longitudinal di-
rection, forming an elliptical pie-shaped freeze.
When the inclination angle is further increased,
reaching 45°, the droplets begin to appear fingers
and freeze rapidly. When the inclination angle reach-
es 607 and the cold surface temperature reaches
—35 °C, the liquid finger breaks, presenting a pat-
tern of liquid finger breaking and freezing.

Fig.5(e) shows the variation of the droplet
freezing time with the inclination angle and the tem-
perature of the cold surface. It should be pointed out
that the freezing time here refers to the freezing time
of the primary droplet, excluding the freezing of the
secondary droplet. It can be seen from the figure
that with the increase of the inclination angle of the
wall, the freezing time of the droplet tends to de-
crease. This is because the increase of the inclina-
tion angle promotes the increase of the longitudinal
spread of the droplet, but the change of the lateral
spread is small, making the overall spread of the
droplet. As the area increases, the heat transfer ef-
fect is enhanced. In addition, the rapid spreading
makes the liquid film of the back-end droplets thin-
ner and the freezing time is shortened. In addition,
it can also be seen from the figure that the freezing
time of 2.5 mm droplets is less than 1.5 s when the
cold surface temperature is lower than —20 °C .
When the inclination angle ¢ > 45°, the droplet
freezing time is less than 1 s. When the cold surface
temperature is —35 “C and the inclination angle is
60°, it only takes 375 ms for the main droplet to
completely freeze. It can be seen from the above

that the large inclination angle combined with the
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low cold surface temperature can significantly re-

duce the droplet freezing time.
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(b) Evolution of droplet impacting on inclined cold surface with
different substrate surface temperatures 7, and inclined angles 0
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Fig.5 Freezing dynamics of a droplet impacting on a tilted

surface

1.3 Droplet impacting dynamics on ultrasonic

vibrated surface

The dynamics of a droplet impacting on an ul-
trasonic vibrated circle surface was experimentally
studied, and the experiment setup is given in Fig.6(a).
The results demonstrated that four typical impact
dynamic modes, including the surface uniform atom-
ization, the unilateral directional spreading atomiza-
tion, the split atomization on both sides, and the
sub-balance state, were observed.

The distribution of the shear force that induced
by the ultrasonic vibration was not linearly decrease
along radial direction out (Fig.6(b)). The ultrason-
ic effective zone and failure zone can be seen alter-
nately on the circular surface and the droplet cannot
effectively be removed, if it hits the ultrasonic fail-
ure zone, even though the impact point is close to
the vibration source. The uneven forces induced by
the ultrasonic vibration resulted in four typical im-
pact dynamics modes as the droplet impacting on

the ultrasonic vibrated surface: Surface uniform at-
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omization, unilateral directional spreading atomiza-
tion, split atomization on both sides, and sub-bal-
ance state, which is related to the impact position
(Fig.6(c) ). In the ultrasonic effective area, surface
uniform atomization and unilateral directional
spreading atomization are more likely to occur. As
shown, the droplet first quickly spreads as it im-
pacts on the surface and the capillary wave can be
clearly observed on the droplet surface due to ultra-
sonic vibration. With the droplet spreading to a thin-

ner liquid film, the surface capillary wave can be sig-

Mo mqusion o U Drtr gemsaton sy
|

Ultrasonic vibration system |

Aluminium |
surface .
) \ Ultrasonic
Ultrasonic generator
transducer

(a) Schematic diagram of the experimental setup concerning droplet impacting

on an ultrasonic vibrated surface
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(c) Snapshots of droplet impacting on the ultrasonic vibrated surface with surface

2.7 ms

- 8.9 ms

nificantly enhanced, leading to a great number of ti-
ny droplets eject from the both sides of the droplet
surface, which can promote the droplets atomization
and removal. At 4.75 ms, the droplet spreading pro-
cess reaches to the maximum and the retraction oc-
curs. The liquid film on both sides can gradually
shrink inward until the whole atomization process
ends, which is completely different from that on the
surface without ultrasonic vibration. It should be not-
ed that at the end of the impacting, almost no drop-

let can be seen on the surface and the droplet can be

The third ultrasonic

effective zone

The second ultrasonic
effective zone

The first ultrasonic
effective zone

The first ultrasonic
failure zone

The second ultrasonic
failure zone

The third ultrasonie
failure zone

|
|
|
|
|
|
-

(b) Division of the ultrasonic effective zones and failure zones

Ultrasonic effective zones
mSurface uniform atomization  Ultrasonic failure zones
Unil 1 directional sp izati
wSplit atomization on both sides
oSub-balance state

-

ARG

b, <%

10 15 20 25 30 35 40 45 50 55
Distance from center / mm
(d) Distribution of impact dynamics modes on ultrasonic
vibrated circular surface

® Surface uniform atomization
Uni Firoctional 4
o ¥ Split atomization on both sides
w 3r @ Sub-balance state
° " wwyv mm vYYw o sm oWy
)
= - LN o smsss
kY i i
Q
o
-
gZ--n- vy smssm o smmss
kst
<
£
= sEs vy mmmsm o ssasm
Effective zone sl
f zone ;

1 B . .
10 15 20 25 30 35 40 45 50 55
Distance from vibration source D / mm

(e) Impact dynamics modes under various impact velocities

uniform atomization, unilateral directional spreading atomization, split atomization

and liquid column rebound

Fig.6 Impacting droplet atomization induced by ultrasonic vibration
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effectively removed in 1 s. During the uniform atom-
ization, a unique liquid column rebound phenome-
non is observed. During the droplet spreading pro-
cess, the centered liquid spreading is suppressed
with a spike, which further evolves into a cylindrical
slender column and eject from the surface. If droplet
impacts on the ultrasonic failure area, the split atom-
ization, unilateral directional spreading atomization,
and sub-balance state can be observed. Unilateral di-
rectional spreading atomization at the impacting
point B located at the boundary between the ultra-
sonic failure and effective zones. At 1.5 ms, the
right liquid film spreading into the atomization effec-
tive zone can be violently atomized and a large num-
ber of micro-droplets released from the droplet sur-
face. Split atomization on both sides, can be seen in
Fig.6(c) when the droplet impacts on the point D at
the ultrasonic failure zone. Both the left and right
sides rapidly spread and finally get into the ultrason-
ic effective zone, which induce both side atomiza-
tion, but with droplet central stably unmoved. As
the droplet impacts on the ultrasonic failure zone,
the droplet first rapidly spreads outward but the
whole droplet still in the ultrasonic failure zone. The
droplet then retracts with a long-time self-oscilla-
tion, and no atomization is observed.

Fig.6(d) presents the impact dynamic mode
distributions on the circular surface excited by the ul-
trasonic vibration with input power 18 W and im-
pact velocity 1.98 m/s. The droplet impact dynam-
ics and atomization modes are related to the impact
position. Based on the experimental result, four ul-
trasonic effective zones and three failure zones could
alternately appear on the circular surface. Here, the
yellow and green blocks represent the ultrasonic ef-
fective zone and failure zone, respectively. In the ul-
trasonic effective area, surface uniform atomization
and unilateral directional spreading atomization are
more likely to occur. If droplet impacts on the ultra-
sonic failure area, the split atomization, unilateral
directional spreading atomization, and sub-balance
state can be seen. The unilateral directional spread-
ing atomization can happen in the ultrasonic effec-
tive and failure zones if only the impact point is

close to the boundary of the two zones.

Fig.6(e) shows the impact dynamics modes
distribution under various impact velocities. As the
impact velocity is just 1.4 m/s, fully spreading of
the droplet cannot cross two zones, the uniform at-
omization tends to appear in the ultrasonic effective
zone, and the sub-balance can be seen in the ultra-
sonic failure zone. However, with the impact veloci-
ty increasing up to 2.8 m/s, some of the uniform at-
omization will turn into the unilateral directional
spreading atomization on the same impacting posi-
tion. The ultrasonic vibration could promote the
spreading of the droplet, and the effects of different
impact dynamics modes on the spreading factor are
totally different. Therein, the spreading factor can
reach to the maximum in the split impact dynamic
mode. In addition, the impact dynamics modes can

be changed by the impact velocity.
2 De-icing

2.1 Freezing droplet removal by the ultrasonic

vibration

An experimental study concerning the removal
of iced droplets from cold flat surface by ultrasonic
vibration was conducted. The detailed dynamic be-
havior of iced droplets located on different position
of the cold surface subjected to 20 kHz ultrasonic vi-
bration was observed. The ultrasonic vibration re-
sults in a ring-shape uneven equivalent stress distri-
bution, which led to different residual characteristics
of the iced droplets in different zones. It is found
that the iced droplets adhered on the cold surface
can be removed instantaneously by the ultrasonic vi-
bration. From both experiments and frequency do-
main simulation, we demonstrated that, on the cir-
cular plate, the distribution of equivalent stress in-
duced by the ultrasonic vibration corresponded to
the alternately appeared deicing effective and failure
zones. The counterintuitive results not only revealed
the reason why the deicing performance does not de-
pend on the radial distance, but also specified the
role of equivalent stress on deicing. According to
the division of deicing effective and failure zone, dif-
ferent ice residual characteristics were observed.

Four typical residual states can be seen on the sur-
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face after ultrasonic vibration, which were crescent
residue, stripe residue, no residue and complete res-
idue.

Figs.7(a, b) show the complete removal of the
iced droplet in the ultrasonic effective zone. The
first 0.6 ms after onset of the ultrasound generator
was an accumulating energy process. At 0.8 ms, the
upper and lower sides of the ice droplet broke up
due to the strong equivalent stress in the two re-
gions. With continuous ultrasonic excitation, the
iced droplet completely departed from the surface at
1.5 ms, and the iced droplet bounced off from the
substrate. Unilateral removal of iced droplet was
found at the boundary between the ultrasonic failure
zone and effective zone. After 1 s of ultrasonic exci
tation, most of the droplets had been removed and
some ice crystals on the lower side left, which was
in the weak equivalent stress zone. The iced droplet
removal failure can be found in the weak equivalent
stress zone. After 1 s ultrasonic excitation, the iced
droplet could not break, bounce or rotate. The drop-
let stretched over two strong equivalent stress zone
could present a bilateral removal. The upper and
lower sides of the iced droplet subsequently re-
moved from the surface, and the ice crystals in the
middle resided after ultrasonic vibration. Fig.7(c)
depicts the residual ice distribution on circular plate
under ultrasonic vibration. The de-icing effective
and failure zones could be divided according to the
distribution of equivalent stress. As shown, the ice
residue was in the regions where the equivalent
stress was relatively weak and the ice residual states
were related to equivalent stress distribution. In con-
trast, the iced droplet could be completely removed
on the interface and no residue could be seen in the
strong equivalent stress area.

The iced droplet removal time and surface tem-
perature in different positions of the surface were dif-
ferent due to the uneven distribution of equivalent
stress on the surface. The removal time of the iced
droplet located on the surface with greater equiva-
lent stress can be shorten. To further explore the ef-
fect of uneven distribution of equivalent stress
caused by ultrasonic vibration, the variation of sur-

face temperature with time was recorded in different

locations, as shown in Figs.7(d, e). A sharply tem-
perature rising could be seen after ultrasonic vibra-
tion, which was attributed to the friction effects
caused by ultrasonic vibration. Subsequently, the
temperature decreasing occurred after the 1 s ultra-

sonic excitation. The maximum temperature rise
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Fig.7 Freezing droplet removal by ultrasonic vibration

was 24.8 “C. Although a significant surface tempera-
ture rising could be observed during the ultrasonic
vibration, the thermal effect on the de-icing was lim-
ited. Due to the short action time of ultrasonic vibra-
tion, the heat transferred to the ice was minute.

The freezing time of the iced droplet also af-
fected the droplet removal by ultrasonic vibration.
As shown in Figs.7(f, g), for iced droplets in the
freezing time from 10 min to 60 min and ambient
temperature from —15 ‘C to —35 °C, the ice re-
sidual coverage ratio gradually increased with the ul-

trasonic input power 18 W.
2.2 Frost removal by the ultrasonic wave

Different from single ice droplet, the frost a

frost is a cover of tiny ice crystals on freezing-cold

objects exposed to the air. Researchers at home and
abroad have carried out a lot of research on the de-
frosting, such as thermal defrosting, surface wetta-
bility, and electric field frost suppression. Thermal
defrosting has the advantages of fast defrosting and
thorough defrosting, but at the end of defrosting, a
large number of defrosting droplets will be pro-
duced, which will become the base of secondary
frosting. The ultrasonic vibration, with its advantag-
es of high efficiency and energy saving, attract
much interest in the field of surface defrosting. The
results showed that ultrasonic waves can effectively
remove frost at the initial stage of frosting, but is
less effect in removing dense frost layers. The selec-
tion of ultrasonic frequency should be adjusted ac-
cording to the resonance frequency of the frost lay
and system. In our work, we used the high-speed
camera to observe the dynamic behavior of the frost
layer on the vertical cold surface under the action of
ultrasound. The experimental results were com-
pared with the shear force analysis, and finally re-
vealed the effects of ultrasonic action time and frost-
ing time on defrosting efficiency.

Fig.8(a) shows the dynamic behavior of frost
shedding at the moment of ultrasonic vibration. The
substrate temperature is — 10 °C. At the moment of
ultrasonic action, small frost crystals around the cen-
tral ultrasonic vibration source and at the edge of the
plate broke from the top of the frost layer and de-
tached from the plate. At 73 ms, the frost layer be-
gan to bulge, showing bilateral symmetry. At 85 ms,
the uplift of the left and right frost layers became
more obvious, and the frost layer began to break
and fall off. At 97 ms, the cracked frost layer peeled
off from the cold surface and bounced off from the
vertical cold surface. By 297 ms, the apparent frost
layer had completely fallen off except for a relatively
dense frost base layer. The uneven removal of frost
lay depended on the non-uniform distribution of
equivalent stress caused by the ultrasonic wave. At
the moment of ultrasonic action, the frost layer
bulge in the area with higher equivalent stress, and
the frost layer is easier to peel off. The frost layer in
the area with lower stress is barely removed, as

shown in Figs.8(b, c¢).
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Fig.8 Frost shedding by ultrasonic vibration

The surface frost area removal rate (the ratio
of the surface area of the frost layer removed by ul-
trasonic to the area of the flat plate) was quantita-
tively analyzed at different frosting times, as shown
in Fig.8(d). It can be seen from that when the frost-
ing time is 15 min, the frost layer above the sub-
strate can be almost completely removed. When the
frosting time is more than 30 min, the ultrasonic ex-
citation cannot completely overcome the adhesion
between the frost layer and the cold surface, and
completely remove the frost layer on the substrate.
And with the increase of frosting time, the removal
rate of frost layer further decreased. When the frost-
ing time was 90 min, the removal rate of frost layer
dropped to about 70%.

Fig.8(e) shows that the removal rate of the
frost layer increases with the growing of ultrasonic
action time. When the ultrasonic action time is less
than 3 s, except for the case where the frosting time
is 15 min, there leaves a residual frost layer. When
the ultrasonic action time is increased to 5 s, the
frost layer on the cold surface can nearly be re-

moved. This is because the increase of ultrasonic ac-

tion time can generate continuing shear force, which
further overcomes the adhesion between the frost
layer and the surface. On the other hand, the ultra-
sonic thermal effect melts the base of the frost layer

and reducing the adhesion of the interface.

3 Conclusions

The dynamic behavior of droplets impacting on
the substrate and ultrasonic vibration assistant drop-
let manipulation involve complex mass and heat
transfer. We conducted numerical simulations and
experiments intent to explain the underlying physics
and to optimize surface morphology and the ultra-
sonic input parameters to enhance its ability in anti-
icing and de-icing. Here, we conclude as follows:

(1) The macro-structure decorated superhydro-
phobic surface exhibit remarkable capability in con-
tact time reduction. The macro-structures, varying
from O-dimensional cubic protrusion, to 1-D triangu-
lar ridge, to 2-D crossed ridges and finally to 3-D
suspended prism, can control the droplet deforma-
tion in both expansion and retraction process. The

unusual deformation leads to complex droplet inter-
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nal flow and thus change the expansion and retrac-
tion process. The contact time variation with We
show a steep drop when reaching a certain number,
where the droplet shows obvious deformation due to
the macro-structure. Through the numerical simula-
tion, we revealed that the heterogeneous deforma-
tion is the main reason for fast droplet bouncing.

(2) The dynamics and freezing behavior of drop-
let impacting the tilted cold surface was investi-
gated. When droplet hits the tilted cold surface,
there appears layered backflow and pulse oscilla-
tion, which makes the droplet’ s layered freezing.
The larger inclination angle and lower surface tem-
perature result in more obvious layered freezing phe-
nomenon and thus different droplet freezing modes.
With the decrease in surface temperature, the trans-
verse final state expansion factor reaches maximum
at the critical temperature — 20 ‘C, which is regard-
less of the inclination angle.

(3) The ultrasonic vibration is demonstrated fa-
cilitative in both anti-icing and de-icing processes.
For droplet impacting on an ultrasonic vibrated sur-
face, the impact dynamic modes are determined by
the uneven distribution of the equivalent shear stress
caused by the ultrasonic wave. The different droplet
impact modes divide the substrate into ultrasonic ef-
fective zone and failure zone, which is not appeared
as radial linear distribution but as an alternating
form. Therefore, the droplet impacting at different
places shows different atomization modes, such as
uniform atomization, the unilateral directional
spreading atomization, the split atomization and the
non-atomized sub-balance state.

(4) The effective of ultrasonic vibration in de-
icing was experimentally studied for both single
droplet and frost. On the ultrasonic effective and fail-
ure zone, the removal performance of the iced drop-
let and frost are both corresponding to the equiva-
lent shear stress distribution. For single droplet the
residue after ultrasonic vibrating presents different
shapes at different positions.

The processing involving droplet dynamics and
phase change is critical in enhancing the anti-icing
and de-icing performance. Our research outcomes

can provide several parallel potential ways of im-

proving the anti-icing and de-icing efficiency. The
combination of passive and active anti-icing and de-

icing methods can be a promising approach.
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