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A comparative study of the self-propelled jumping capabilities of
coalesced droplets on RTYV surfaces and superhydrophobic surfaces
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Understanding the mechanism of coalescence-induced self-propelled jumping behavior provides distinct insights in
designing and optimizing functional coatings with self-cleaning and anti-icing properties. However, to date self-propelled
jumping phenomenon has only been observed and studied on superhydrophobic surfaces, other than those hydrophobic
surfaces with weaker but fairish water-repellency, for instance, vulcanized silicon rubber (RTV) coatings. In this work,
from the perspective of thermodynamic-based energy balance aspect, the reason that self-propelled jumping phenomenon
does not happen on RTV coatings is studied. The apparent contact angles of droplets on RTV coatings can be less than the
theoretical critical values therefore cannot promise energy surplus for the coalesced droplets onside. Besides, on RTV and
superhydrophobic surfaces, the droplet-size dependent variation characteristics of the energy leftover from the coalescence
process are opposite. For the droplets coalescing on RTV coatings, the magnitudes of energy dissipations are more sensitive
to the increase in droplet size, compared to that of released surface energy. While for superhydrophobic coatings, the energy
generated during the coalescence process can be more sensitive than the dissipations to the change in droplet size.

Keywords: self-propelled jumping, vulcanized silicon rubber (RTV), superhydrophobicity, self-cleaning
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1. Introduction

The self-propelled jumping phenomenon induced by

droplets coalescence is considered with distinct engi-

1,21

neering application prospects,| surfaces

3.4]

as it helps

561 and  self-

to achieve anti-condensation,| anti-icing,
cleaning properties.!”-8] Understanding the mechanism of self-
propelled jumping phenomenon is crucial for optimized manu-
facturing of outdoor functional coatings, for instance, the insu-
lation coatings of electrical power system’s apparatuses, with
the above-described properties, to reduce the hazards induced
by high humidity, icing, and contamination.

The phenomenon was first observed by Boreyko and
Chen in 2009."-1% Due to its distinct application potential, the
mechanism of self-propelled jumping behavior has been ex-
tensively studied through experimental observations,! 12! nu-

13,141 and simulations! 16! and well under-

merical analysis, !
stood during the past decade. However, so far self-propelled
jumping phenomenon has been only observed and studied
on the surfaces with superhydrophobicity, which is normally
quantified by a water contact angle above 150° and a contact
angle hysteresis value less than 5°.['7) While neither in lab-
oratory conditions nor in practice, the phenomenon has been
observed on the surfaces with weaker hydrophobicity, such as
room temperature vulcanized silicon rubber (RTV) coatings.
From the perspective of thermodynamics-based energy
conservation, energy surplus is a necessary requirement for the
coalesced droplet to jump. Whether the criterion of superhy-
drophobicity coincidently determines the surface capability of
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promising energy surplus for coalescence-induced jumping is
still unclear. This is of importance, as it poses the question that
whether all superhydrophobic surfaces can trigger the jumping
of coalesced droplets, or whether all the surfaces without su-
perhydrophobicity cannot be supposed to promote the desired
behavior.

In this paper, basing on a numerical prediction model, we
found there existing a critical value of apparent contact angle,
with which the energy leftover of the coalesced droplet is zero.
Moreover, the droplet-size dependent variation characteristics
of the kinetic energy magnitudes of coalesced droplets appear
to be totally different between the cases with apparent contact
angles higher and lower than the critical one.

With respect to the above issues, the energy conversions
during the droplets’ coalescence processes on RTV surface
and superhydrophobic surface are analyzed quantificationally,
the magnitudes of the energy released and dissipated during
the coalescence process is calculated through the proposed
cluster of equations and then compared, corresponding results
demonstrate in detail how the apparent contact angle differ-
ence between RTV coatings and superhydrophobic coatings
can lead to completely different energy conversion results of
the coalesced droplets onside, which lead to different motion
behaviors of the coalesced droplets.

2. Numerical model description

The coalescence induced self-propelled jumping pro-
cesses of droplets on superhydrophobic surface and RTV sur-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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face are demonstrated in Figs. 1(a)-1(f) and 1(a)-1(f"), respec-
tively.

In humid conditions, on superhydrophobic surfaces, the
volumes of individual droplets increase due to continuous con-
densation, adjacent droplets meet and start to merge into each
other to achieve minimal surface energy.!!®) At the moment
the liquid bridge linking the coalescing droplets hits the sub-
strate surface,!'”! the horizontal velocity transits into vertical
velocity, as being illustrated in Figs. 1(b)-1(d), the appar-
ent contact area between the coalesced droplet and substrate
shrinks, meanwhile, the centroid of the merged droplet as-

cends gradually, [21 when the contact area reduces to zero, the

substrate

liquid bridge

approaching reached
a0 “* b *.
(a) (b) (c)

coalesced droplet would be able to jump as long as the vertical
velocity at this moment is positive (Figs. 1(e)—1(f)).

In the case with RTV surfaces, where coalesced droplets
are not able to jump, the centroid of the coalesced droplet
reaches a certain height, as shown in Fig. 1(¢’), afterwards, the
droplet remains pinned onto the surface, and oscillates both
vertically and horizontally?%! due to the internal fluid flowing,
as shown in Fig. 1(f'), and finally becomes steady. ]

Considering the energy conversions during the processes
described above, during the coalescence, the droplets merge
into each other to achieve energy minimization, by reducing
the total surface area, leading to surface energy surplus.

1%

pre Jumpmg

(e) ()

coalesced

jumped

(e (f)
@8

stuck oscﬂlatlng

Fig. 1. Schematic diagram of the dynamic behaviors of coalesced droplets on superhydrophobic surface (a)—(f) and RTV surface (a)—(f").

During the process of droplet coalescing and deforma-
tion, the released surface energy AE; would compensate for
the internal viscous dissipation AEyis of the droplet, the work
of adhesion AEjy, the contact angle hysteresis induced en-
ergy consumption AE.,y, the rise in gravitational potential en-
ergy AEy, together with the rise in surface energy AE o, due
to the shrinking of solid—liquid’s interface area.”! After be-
ing consumed by the energy dissipations described above, the
energy surplus AEyq will partially transfer into the kinetic en-
ergy triggering droplet jumping. The coalescence process of
droplets satisfies the law of energy conservation, the relation-
ship between the energy surplus AEy and the energy dissipa-
tions mentioned above is derived as

AEyy = AEs — AEy;s — AEhys —AEcn —AEL — AEoy. (1)

A positive value of AEy, permits the coalesced droplet
to jump, in contrary, a non-positive value of AEy( indicates
the released surface energy AE; would be totally consumed
by those energy dissipations, and cannot support the further
motions of the coalesced droplet. In the latter scenario, the
coalesced droplet would oscillate at the position it pins, and
finally becomes steady after a period of time.??!

During the coalescence process, the reduction of the
solid-liquid contact area is equal to the increase in the gas—
solid contact area, the surface energy released during the coa-

lescence process is calculated as!!323]

AEs = '}’ivAS]v""}/slASs] + 'ystSsv

= MVASIV - (YSV - ’Ysl) ASsla (2)

with

n
ASyy =21 (1 —cos 8) (Zrlz—R()), 3)

i=1

ASg = 7 (sin6) <Zr —R0>-(ps, “
%Mv (m—cos9>, ()
Tv (\/ 1+4sin @ +cos 6) , (6)

where AS is the change in contact area, Y denotes the surface

Y1 =

or interface tension, the subscripts s, 1, and v represent solid,
liquid, and vapor, respectively, @ is the fraction of the solid
phase contacting the liquid phase, and 0 is the apparent con-
tact angle of the liquid.

The internal viscous dissipation within droplets is
commonly computed according the following approximate

equation: 4]

.~3 Ssec : Yiv a 3/2
s (5)(5) L0 0

with
Ssec_r (6 +sinBOcosB), )
So = 77.'rl~ , )

where v is the viscosity of the liquid, and p is the liquid den-
sity.
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During the coalescence process, the work of adhesion

AEyys is calculated as!!424

AEhys = %V-Sc(l-i-COSGim), (10)

with

(7). (11)

D=

S. = 7@ (sin0)?

i=1

where S is the total contact area between the pre-coalesced
droplet and the substrate surface, and 6;,, denotes the intrinsic
contact angle.

Due to the inherent structural defects and chemical het-
erogeneity of surfaces, the contact line (which is the outer
boundary of the solid-liquid interface) pins to the surface and
causes contact angle hysteresis.>>! The energy required for a
droplet to move against contact angle hysteresis is calculated
by multiplying the hysteresis resistance with the displacement
of the contact line!?!

AEcah = k- Yy - (cos O —cos 0,) rsinO - 2mrsin@,  (12)

where 6, is the advancing angle, 6; is the receding angle, the
difference between cos 6, and cos 6; is defined as contact an-
gle hysteresis. k is an empirical coefficient, the value of which
is depended on the shape of the three-phase line. In our cases,
k=1.27.

The increase in the gravitational potential energy of the
coalesced droplet comes from the following two aspects: on
the one hand, the centroid of the droplet is raised by the in-
crease in the droplet volume, on the other hand, for the merged
droplet to jump, its centroid would be raised to the critical
height, in which case the droplet is about to leave the substrate
surface (Fig. 1(e)).

Considering the shape of droplets on surface to be spher-
ical caps,!?’! during the coalescence process, the centroid
height of each connected droplets /%;, and that of the entire co-
alescing droplet formed by the connected individual droplets
H could be calculated respectively by!!6]

(3ri+ricos0) (1 —cosB)

h; = 13
! 8+4cosh ’ (13

i i
Ho=Y hrl /Y5, (14)
1 1

where Hy = h; in the case that the coalescing droplets have
equal radius.
The critical centroid height of the entire droplet H; at the

moment Sy = 0 is calculated as!'®

3V 1/3
H1—<4n) . (15)

Hereby the increase in gravitational potential energy at
the moment the coalesced droplet is about to leave the surface

is calculated as

_ 47R} 2—3cosO + (cos )’
3 4
During the procedure indicated as Figs. 1(d)-1(e), the

AEh -pg(Hl—H()). (16)

bottom radius of the droplet shrinks due to the inertia force,
leading to the reduction of the solid-liquid contact area, as
well as the increase in the droplet surface free energy AE qa1,
which could be calculated as

AEcoq = [4nR* —27 (1 —cos 8) R§] fy
+ [O—n(sine)zR%} (=) @5 (17)

After the moment the liquid bridge between coalescing
droplets hits the substrate, the direction of kinetic energy
converts from horizontal to vertical with efficiency around
25.2%,1! the kinetic energy AE; that could drive the droplet
to jump is

AEk = AEkO X 25.2%. (18)

After the moment the droplet is about to jump, the ef-
fective kinetic energy of the droplet would completely con-
vert into gravitational potential energy (with the ignorance of
air resistance),[?! the initial velocity vo of the pre-bouncing
droplet is calculated as

1/2
6AE,

TR3p [2 —3cos 8 + (cos 6)3}

vo = 19)

For verifying the accuracy of the theoretical model de-
duced above, the radius dependent variation curve of the initial
jumping velocity vg of the two droplets with the same radius r
is shown in Fig. 2.

1.0
— simulated
0.8} A experimental A
‘({) 0.6
£
o 0.4}
S
0.2
0 1 1 1 1
0 60 120 180 240 300

r (um)
Fig. 2. Initial velocities of the droplet coalesced from two individuals
with equal radius.

The overall variation trend of the simulated curve aligns
with that of the experimentally tested data, the over-prediction
can be explained, as having been demonstrated by Chen et
al.'?81 Tn practice, during the coalescence process of individ-
ual condensates, the moving condensates contacting surfaces
with dynamic interfacial areas are larger than the constant val-
ues substituted into the numerical equations, therefore induc-
ing larger work of adhesion. Besides, the calculation of AE .y

046501-3
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has assumed that the contact line is circular. While in practice,
the profiles of contact lines are more complex, > especially
on surfaces with microscale roughness, therefore the energy
required for contact line moving is larger, resulting in larger
value of AE .

Apart from the over-prediction, the velocity variation

trend in Fig. 2 decreases monotonically. While in some

[2.24] the patterns of obtained velocity variation trends

works,
are different, they have an increase at first and afterwards de-
crease. The discrepancy between the two patterns of variation
trends appears in the cases with small radius, as in practice, >8]
when the droplet size is smaller than that of micro-scale struc-
tures on solid surfaces, they would be trapped within the gaps
between the structures and contact the surface with signifi-
cantly larger area than the theoretical value, causing signifi-
cant positive deviations in the magnitudes of energy dissipa-
tion terms introduced in Eq. (1). As a result, the previously
introduced equations can be failed in predicting the velocities
of the coalesced droplets under these conditions.

From Fig. 2, it could be observed that when droplet radius
r is larger than about 60 um, the simulation result of droplet
velocities based on the proposed model agrees well with the

1301 In this paper, we

previously-reported experimental results.
only consider the scenarios with droplet radius no less than

this threshold.

3. Analysis of the characteristics of critical ap-
parent contact angle

The existence of effective kinetic energy of the coalesced
droplet is a necessary requirement for inducing the jumping
behavior. As we have mentioned previously, almost all re-
ported self-propelled jumping phenomena were observed on
the superhydrophobic surfaces whose apparent water contact
angles are over 150°. Basing on the previously introduced
equations, the magnitudes of kinetic energy AFEy in the cases
with different combinations of droplet size and surface wet-
tability (quantified by apparent contact angle) are plotted. At
the same time, it has been found that the coalescence induced
self-propelled jumping capability can be enhanced with more
droplets. B11 At the same time, according to Chen et al., (28] the
probability of the coalescence event with more than 4 droplets
is small. In this work, whether the coalescence of different
number of droplets with equal radius on the surfaces with dif-
ferent wettability would produce the energy surplus required
for droplet jumping is investigated.

For a specified kind of liquid (here we choose water for
instance) on the different non-wetting surfaces with different
apparent contact angles, the values of AEy in the cases with
two, three, and four equal-sized droplets are shown in Figs. 3,
4, and 5, respectively. The abscissas are the apparent water

contact angles quantifying the surface wettability, and the or-
dinates are the radius of the coalesced droplets. The values
of droplet size and apparent contact angle can be assumed to
be independent,*?! therefore the influence of each parameter
on the values of AEy can be independent as well to that of the
other. The vertical dotted lines are the critical value indica-
tors along which the value of AEy is zero. On the left-hand
side of the dotted line, AEy have negative values, indicating
there being no energy leftover from the coalescence process.
On the right-hand side of the dotted line, the values of AEy are
positive, which is the necessary condition for inducing droplet

jumping.
300 T ™ T T AEy (1079 J)
; 32.00
260 [ ! J
|
220F ] 16.00
g 1
Z 180f ! 1
« : 0
140 | i d
|
100 | i ] —16.00
1 ecrit%133o
1y 1 1

60 1 1
90 105 120 135 150 165 180
0()
Fig. 3. Energy leftover of the droplet coalesced from two equal-radius
ones in the cases with different contact angles and radii.

—32.00

™ T T T AEk (1079 J)
: 32.00
I
: i
:
i 16.00
I
: 1
I
: 0
! -
:
I
100k i —16.00
: Oeritr123°
60 1l 1 1 1

90 105 120 135 150 165 180 —32.00

()
Fig. 4. Energy leftover of the droplet coalesced from three equal-radius
ones in the cases with different contact angles and radii.

300 1 AE, (1079 J)
1
! 32.00
260 !
I
16.00
—~~ I
I
\_% 180 ;
© 1 0
140 :
I
I
100 —16.00
: Ocrip121°
60 ‘
90 105 120 135 150 165 180 M@ _—32.00

()
Fig. 5. Energy leftover of the droplet coalesced from four equal-radius
ones in the cases with different contact angles and radii.
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The simulation results in the above figures indicate the
critical values of apparent contact angle 6., quantifying sur-
faces according to their water-repellency into two categories,
one of which can promise kinetic energy for the specified kind
of coalesced droplet, and the other cannot. For self-propelled
jumping being promoted, the apparent water contact angle of
surface is required to be higher than 8, so that the released
surface energy can have surplus after compensating the en-
ergy dissipations during the coalescence process, to partially
convert into kinetic energy to induce droplet’s jumping. O
decreases with the increase of droplets number convergently.

Apart from this, from the figures it can be inferred that
on the surfaces with apparent water contact angles (as we used
water to be the liquid) larger than 6., the increase in droplet
size leads to the higher magnitude of AEy. On the contrary,
for the surfaces with weaker water-repellency, the increase in
droplet size would make AEy even smaller. From the above
description, the variation characteristics of energy conversions
on the two kinds of surfaces are completely different.

In practice, the apparent water contact angle on RTV sur-
face is no larger than 120°, the reason that coalesced droplets
on RTV surface are not able to jump can be explained by the
theoretical results. Superhydrophobic surfaces support sessile
drops with apparent contact angles larger than 150°, accord-
ing to the calculated results, the coalesced droplets can be pro-
moted to jump due to the surplus of the released surface en-

ergy.

4. Analysis of the energy conversions during the
droplet coalescence process on RTV surfaces
and superhydrophobic surfaces

In the above section, we have found the contact angle
value threshold 6., above which there will be kinetic energy
leftover after the droplet coalescence process. The threshold
categorizes water-repellent surfaces into two categories, be-
tween which the radius-dependent variations characteristics of
AEy are different.

In this section, the difference is analyzed by comparing
each kind of energy terms generated and dissipated during the
coalescence processes on different surfaces.

4.1. Analysis of the surface energy released during coales-
cence process

The surface energy released during the coalescence pro-
cess of droplets is calculated in the cases with different droplet
radii. At the same time, the dependency of the energy magni-
tude on the apparent contact angles, droplet numbers, and size
ratios is considered respectively.

Figure 6 shows the droplet radius dependent variation of
the surface energy AFE; released from the coalescence process
of droplets on RTV surfaces and superhydrophobic surfaces,

quantified by different apparent water contact angles. Both
on RTV surfaces and superhydrophobic surfaces, the surface
energy released is positively related to the value of droplet ra-
dius. In the cases with the same droplet radius, AE released
on superhydrophobic surfaces is larger than that on RTV sur-
faces, moreover, the larger the apparent water contact angle is,
the larger the magnitude of the released surface energy will be.
This could be explained by that a larger apparent water con-
tact angle of the coalesced droplet indicates a larger gas—liquid
contact area and a smaller liquid—solid contact area, leading to
a larger amount of surface energy being released from the co-
alesced droplet.

35 T T T T T
RTV SHP

30r - w-9=100° ——0=150
gsl ~em6=1100 ——0=160° ht
5 - 4-0=120° —a—0=170° R
T 20}51 A
s Tt )
NS o 7
- 15_:18/ /./_
g |5

10k 5 r%f;%) 22 |

5 -

%O 100 1;10 léO ZéO 2(1.’»0 300
7 (pm)
Fig. 6. Surface energy released during the coalescence of droplet pairs
on RTV surfaces and superhydrophobic surfaces (SHP), in the cases
with different surface wettability.

The apparent contact angle of a certain liquid droplet on
a surface is commonly regarded as the wettability of the sur-
face. The apparent water contact angles on RTV surfaces are
normally smaller than 120°, but on superhydrophobic surfaces
are literally larger than 150°. The water-repellency of RTV
coatings leads to the less amount of surface energy AEg re-
leased from the coalescence process.

To further validate the conclusions drawn above, take the
RTYV surface and the superhydrophobic surface with apparent
water contact angles of 8 = 100° and 6 = 160° respectively
for instance, simulate the surface energy released in the sce-
narios with different numbers of droplets and different ratios
of droplet radius, and check the variations of the released sur-
face energy.

Figure 7 shows the droplet radius dependent variations of
the surface energy AE; released from the coalescence process
of the droplets with equal radius, in the cases with different
droplet numbers and different surfaces. With equal droplet
radius, and on the same kind of surface, the released sur-
face energy AEj is correlated positively with the numbers of
droplets. With equal droplet radius and numbers, AE on su-
perhydrophobic surfaces is larger than that on RTV surfaces.

Figure 8 shows the droplet radius dependent variation of
the surface energy AE; released from the coalescence process

046501-5
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of the two droplets with different radii. The values along the
horizontal axis are r;, which denotes the radius of the smaller
droplet, hence the radius of the larger droplet is r, = r; - k,
where k is the radius ratio. The trends indicate that within the
considered range of droplet radius, the higher the value of «,
the larger the magnitude of AE;.

120 T T T T T
RTV SHP
100} n=2-08- —=— 1
n=3-0- —e— A
= ]0L n=4-46~ —A— s |
o Vl ’A p
L A
— 60p N ]
® 7 -
S AN
<4 40F w A g o~ T
o
A~ o~
201 N - ~ g 97
- o — o
C__§— 0~ — o0— o
O = — 1 1 1 1
60 100 140 180 220 260 300

r (pm)
Fig. 7. Surface energy released from the coalescence of different num-
bers of droplets on RTV surfaces and superhydrophobic surfaces (SHP)
in the cases with different droplet radii.

60 T T T T T
RTV SHP X
50_k:1 - o —
k=15=-o0- —— 4
= gop B2 oo i
9
o
= 30
S e
< 20f 4
10+ 1

140 180 220 260 300
 (pm)

0 1
60 100

Fig. 8. Released surface energy in the cases with different radius ratios
on RTV surfaces and superhydrophobic surfaces (SHP).

According to the calculation results, from the perspec-
tive of surface wettability, with equal numbers and radius of
droplets, the surface energy AFE; released from the coalescence
process on super-hydrophobic surfaces is always larger than
that on RTV surfaces, no matter how the droplet number or the
radius ratio changes within the considered range. On the same
surface, AEj is positively related to the number of droplets and
the droplet radius ratios.

4.2. Analysis of the energy dissipations during droplets co-
alescence process

The surface energy AE; released during coalescence pro-
cess would be partially or completely consumed by the various
kinds of energy dissipations. Basing on the previously pre-
sented equations, the variations of different kinds of energy
dissipations during the droplet coalescence process on RTV
surfaces and superhydrophobic surfaces are studied.

To analyze the variation characteristics of the energy dis-
sipations during droplets coalescence processes on RTV sur-
faces, set the water contact angle, advancing angle, and reced-
ing angle to be 100°, 110°, and 70° respectively, set @5 = 1,
for the coalescence process of two droplets with equal radius,
the magnitudes and proportions of each kind of energy dissipa-
tions in the cases with droplet radius in the range from 60 pum
to 300 um are illustrated in Figs. 9 and 10, respectively.

70 T T T T T
60 0.3} ' ' 3 A By 1
I = —o— AF .
50 F 1; 0.2r T —h— AE(',U(\l -
= o —v AE
S| F 4 h
= 4003 0.1 ]
S vis
E:q’ 30+ o 220 : P
<
20
10 A
O ‘- L = vvv - v’v v‘Iv e 1 s |-
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Fig. 9. Magnitudes of energy dissipations during the droplets’ coales-
cence process on RTV surfaces.

From Figs. 9 and 10, during the coalescence process of
droplets on RTV surface, the magnitudes of all kinds of en-
ergy dissipations increase with the droplet radius. The largest
proportion is 70%, taken by AE,, which is caused by the con-
tact angle hysteresis, and followed by AEyys, which is around
30%. The proportions taken by AE} and AE,;s are both less
than 0.5%, and therefore negligible.
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Fig. 10. Proportions of each energy dissipation during the droplets’
coalescence process on RTV surfaces.

For the cases with superhydrophobic surfaces, set the ap-
parent water contact angle, advancing angle, and receding an-
gletobe 160°, 161°, 158°, respectively, set ¢; = 0.8, for super-
hydrophobic surface. The magnitudes and the corresponding
proportions of each kind of energy dissipations in the cases
with different droplet radius within the considered range are
illustrated in Figs. 11 and 12, respectively.
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From Figs. 11 and 12, the major proportion of the en-
ergy dissipation during the coalescence process on the super-
hydrophobic surface is around 70%. taken by AEyys, and the
proportions taken by the other energy dissipations are rela-
tively indifferent.
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Fig. 11. Magnitudes of energy dissipations during the droplets’ coales-
cence process on the superhydrophobic surface.
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Fig. 12. Proportions of the energy dissipated during the droplets’ coa-
lescence process on the superhydrophobic surface.

By comparing the magnitudes and corresponding propor-
tions of energy dissipations during coalescence process on the
RTV surfaces and the superhydrophobic surfaces, it is clear
that the magnitudes of AE}, and AE,;s are similar, and have lit-
tle effect on the coalescence process. The difference between
droplet motion characteristics on the two kinds of surfaces
mainly relates to the magnitudes of AEyys, AEan, and AEqqq,
as the three quantities on RTV surface are significantly larger
than those on superhydrophobic surface, the released surface
energy would be totally exhausted before the droplet could
reach the critical jumping position on RTV surfaces. As a re-
sult, the thermodynamic condition for droplet jumping cannot
be fulfilled, the coalesced droplet cannot be triggered to jump.

The difference between the variation characteristics of
AEy in the cases with surface wettability weaker and stronger
than the critical value, respectively, can be explained by com-
paring the magnitudes changes of the above considered ener-
gies. For the RTV coating with apparent water contact angle

of 100° and the superhydrophobic coating with apparent water
contact angle of 160°, the changes in the magnitude of each
energy term before and after increasing droplet radius from
60 pum to 300 um are shown in Fig. 13.

35 25 15 505 15 25 35

AFE AEq
AEhys A-Ehys,
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AE}, AEh
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35, 25 15 505 15 25 35
AE (1079 J)

Fig. 13. Differences in the magnitudes of energy terms between the
cases with droplet radius being 60 wm and 300 pm, respectively. Blue
bars are for the case with RTV coating, and red bars are for the case
with superhydrophobic coatings (SHP).

For the above specified case, as having been calculated,
the critical value of apparent water contact angle 0. is 133°.
In the case with the RTV coating, 0 is less than 0., and the
increase in droplet radius has more influence on the magni-
tudes of energy dissipations than that of released surface en-
ergy. Especially for AEpy and AEc,,, from Fig. 13, both of
their magnitude changes are higher than that of AE,. While
in the case with the superhydrophobic surface, the magnitude
of the released surface energy is more sensitive than those of
energy dissipations to the variation of the droplet size.

Here the discrepancy between the kinetic energy varia-
tion characteristics can be explained. With the surfaces that
cannot guarantee energy surplus for coalesced droplets, the in-
crease in droplet size leads to significant increase in the mag-
nitudes of energy dissipations, but relatively small increase in
that of the released surface energy. With the surfaces that can
promise energy surplus for droplet jumping, the increase in
droplet size leads to larger amount of released surface energy
and can cause relatively little increase in the magnitudes of en-
ergy dissipations. As a result, droplets coalesced from larger
individual condensates would have more kinetic energy.

In practice, considering corona effect and natural contam-
ination, the aged RTV insulation coatings have lower water
contact angle and higher contact angle hysteresis values than

[3334] making it harder for

the values considered in this paper,
the coalesced droplet to have the kinetic energy for further mo-
tions. The larger the condensates are, the harder for the dissi-
pations to be fully compensated by the released surface energy

on the RTV coating.

5. Conclusions

With respect to the fact that coalescence-induced jump-
ing behavior has only been observed on superhydrophobic sur-
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faces other than the water-repellent surfaces of RTV coatings,
we analyzed the energy conversions during the coalescence
processes, and further found the reasons for different variation
trends of the kinetic energy leftover for the coalesced droplet
on the different kinds of surfaces. Details are as follows.

1. From the thermodynamic-based energy conservation
perspective, for a specified combination of liquid droplet and
solid surface, there exists a critical value of apparent con-
tact angle, which can be affected by the number of individual
droplets to be coalesced and can be smaller than the value indi-
cating superhydrophobicity. RTV coatings normally have ap-
parent water contact angles smaller than the critical one, which
means it cannot promise kinetic energy leftover for coalesced
water droplets, therefore cannot meet the necessary condition
for coalescence-induced jumping.

2. The critical apparent contact angle divides water-
repellent surfaces into two categories with respect to their ap-
parent contact angle values. With smaller angles, the theoret-
ical values of coalesced droplets’ kinetic energy are negative
and decrease with the increase of the radius of the individual
droplets before coalescence. With larger angles, the theoret-
ical values of kinetic energy are positive, and are positively
correlates with the radius of individual droplets to be coalesced
together.

3. For superhydrophobic surfaces with apparent contact
angles larger than the critical one, the surface energy released
during the coalescence process is more sensitive to the change
in droplet radius. For RTV coatings with apparent contact
angles smaller than the critical one, the energy dissipations
magnitudes are more sensitive to the change in droplet radius,
hence the coalescence of larger droplets indicates there being
more energy dissipations to be overcome for coalesced droplet
jumping on RTV surfaces.

References

[1] Wang Y H and Ming P J 2018 AIP Advances 8 065320

[2] Peng B L, Wang S F, Lan Z, Xu W, Wen R F and Ma X H 2013 Appl.
Phys. Lett. 102 151601

[3] Jin X, Zhang X Y, Peng Y, Cao M Y, Liu H, Pei X H, Liu K S and Jiang
L 2015 Adv. Eng. Mater. 17 961

[4] Barthwal S and Lim S H 2019 Soft Matter 15 7945

[S] Zhang Q L, He M, Chen J, Wang J, Song Y L and Jiang L 2013 Chem.
Commun. 49 4516

[6]

[7]
[8]

[9]
[10]
[11]
[12]

[13]
[14]

[15]

[16]

(17]

(18]
[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

(33]

[34]

046501-8

Huang C, Bell R, Tsubaki A, Zuhlke C A and Alexander D R 2018
Journal of Laser Applications 30 011501

Wang Y H and Ming P J 2019 Physics of Fluids 31 122108

Chen Y, Liu G, Jiang L, Kim J Y, Ye F, Lee J K, Wang L and Wang B
2017 Chin. Phys. B 26 046801

Boreyko J B and Chen C H 2009 Phys. Rev. Lett. 103 184501

Boreyko J B and Chen C H 2010 Physics of Fluids 22 091110

Chen X M, Patel R S, Weibel J A, Garimella S V 2016 Sci. Rep. 6
18649

Wisdom K M, Watson J A, Qu X P, Liu F J, Watson G S and Chen CH
2013 Proc. Natl. Acad. Sci. USA 110 7992

Wang F C, Yang F Q and Zhao Y P 2011 Appl. Phys. Lett. 98 053112
Lv CJ, Hao P F, Yao Z H, Song Y, Zhang X W and He F 2013 Appl.
Phys. Lett. 103 021601

Liu X L and Cheng P 2013 International Journal of Heat and Mass
Transfer 64 1041

Liu X L, Cheng P and Quan X J 2014 International Journal of Heat
and Mass Transfer 73 195

Wang B, NianJ Y, Tie L, Zhang Y B, Guo Z G 2013 Acta Phys. Sin. 62
146801 (in Chinese)

Patankar N A 2003 Langmuir 19 1249

Wang K, Liang Q, Jiang R, Zheng Y, Lan Z and Ma X H 2017 Lang-
muir 33 6258

Menchaca A, Martinez A, Nuiiez R, Popinet S and Zaleski S 2001 Phys.
Rev. E 63 046309

Graham P J, Farhangi M M and Dolatabadi A 2012 Physics of Fluids
24 112105

Liu F J, Ghigliotti G, Feng J and Chen C H 2014 Journal of Fluid
Mechanics 752 39

TianL, SuM, Yu FE XuY,Li X Y, Li L, Liu HL and Tan W H 2018
Nat. Commun. 9 1

Li B B, Xin F, Tan W and Zhu G R 2018 Industrial & Engineering
Chemistry Research 57 8299

Eral H B, M’t Mannetje D J C and Oh J M 2013 Colloid and Polymer
science 291 247

Chu F Q, Wu X M and Zhu Y 2016 International Journal of Refriger-
ation 71 1

McHale G, Agqil S, Shirtcliffe N J, Newton M I and Erbil H Y 2005
Langmuir 21 11053

Chen X, Patel R S, Weibel J A and Garimella S V 2016 Sci. Rep. 6
18649

Wu S and Ma M 2017 Journal of Colloid and Interface Science 505
995

Yan X, Zhang L C, Sett S, Feng L Z, Zhao C Y, Huang Z Y, Vahabi H,
Kota A K, Chen F and Miljkovic N 2019 ACS Nano 13 1309

Kim M K, Cha H, Birbarah P, Chavan S, Zhong C, Xu Y and Miljkovic
N 2015 Langmuir 31 13452

Ren S, Chen J W, Jiang M, Wang S W, Wan Z Y, Xie Y, Li L 2020 Col-
loids and Surfaces A: Physicochemical and Engineering Aspects 611
125849

Gubanski S M and Vlastos A E 1990 IEEE Transactions on Power De-
livery 5 1527

Homma H, Lee C R, Kuroyagi T and Izumi K 2000 Proceedings of the
6th International Conference on Properties and Applications of Dielec-
tric Materials, June 21-26, 2000, Xi’an, China, p. 637


http://dx.doi.org/10.1063/1.5034235
http://dx.doi.org/10.1063/1.4799650
http://dx.doi.org/10.1063/1.4799650
http://dx.doi.org/10.1002/adem.201500046
http://dx.doi.org/10.1039/C9SM01256G
http://dx.doi.org/10.1039/c3cc40592c
http://dx.doi.org/10.1039/c3cc40592c
http://dx.doi.org/10.2351/1.4986058
http://dx.doi.org/10.2351/1.4986058
http://dx.doi.org/10.1063/1.5139417
http://dx.doi.org/10.1088/1674-1056/26/4/046801
http://dx.doi.org/10.1103/PhysRevLett.103.184501
http://dx.doi.org/10.1063/1.3483222
http://dx.doi.org/10.1038/srep18649
http://dx.doi.org/10.1038/srep18649
http://dx.doi.org/10.1073/pnas.1210770110
http://dx.doi.org/10.1063/1.3553782
http://dx.doi.org/10.1063/1.4812976
http://dx.doi.org/10.1063/1.4812976
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.05.042
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.05.042
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.01.060
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.01.060
http://dx.doi.org/10.7498/aps.62.146801
http://dx.doi.org/10.7498/aps.62.146801
https://doi.org/10.1021/la026612+
http://dx.doi.org/10.1021/acs.langmuir.7b00901
http://dx.doi.org/10.1021/acs.langmuir.7b00901
https://doi.org/10.1103/PhysRevE.63.046309
https://doi.org/10.1103/PhysRevE.63.046309
https://doi.org/10.1063/1.4767513
https://doi.org/10.1063/1.4767513
http://dx.doi.org/10.1017/jfm.2014.320
http://dx.doi.org/10.1017/jfm.2014.320
http://dx.doi.org/10.1038/s41467-017-02088-w
http://dx.doi.org/10.1038/s41467-017-02088-w
https://doi.org/10.1021/acs.iecr.8b00716
https://doi.org/10.1021/acs.iecr.8b00716
http://dx.doi.org/10.1007/s00396-012-2796-6
http://dx.doi.org/10.1007/s00396-012-2796-6
http://dx.doi.org/10.1016/j.ijrefrig.2016.08.005
http://dx.doi.org/10.1016/j.ijrefrig.2016.08.005
http://dx.doi.org/10.1021/la0518795
http://dx.doi.org/10.1021/la0518795
http://dx.doi.org/10.1038/srep18649
http://dx.doi.org/10.1038/srep18649
http://dx.doi.org/10.1016/j.jcis.2017.06.078
http://dx.doi.org/10.1016/j.jcis.2017.06.078
http://dx.doi.org/
http://dx.doi.org/10.1021/acs.langmuir.5b03778
http://dx.doi.org/10.1016/j.colsurfa.2020.125849
http://dx.doi.org/10.1016/j.colsurfa.2020.125849
http://dx.doi.org/10.1016/j.colsurfa.2020.125849
http://dx.doi.org/10.1109/61.57997
http://dx.doi.org/10.1109/61.57997
https://doi.org/10.1109/ICPADM.2000.876096
https://doi.org/10.1109/ICPADM.2000.876096
https://doi.org/10.1109/ICPADM.2000.876096

	1. Introduction
	2. Numerical model description
	3. Analysis of the characteristics of critical apparent contact angle
	4. Analysis of the energy conversions during the droplet coalescence process on RTV surfaces and superhydrophobic surfaces
	4.1. Analysis of the surface energy released during coalescence process
	4.2. Analysis of the energy dissipations during droplets coalescence process

	5. Conclusions
	References

