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ABSTRACT
We numerically investigate the curvature effect on the self-propelled capability of coalesced drops. The numerical method is based on a well
validated multiphase flow solver that solves the three-dimensional Navier–Stokes equations. The liquid–air interface is captured using the
moment of fluid method, and a direction splitting method is applied to advect the interface. Afterward, an approximate projection method is
used to decouple the calculation of velocity and pressure. Different cases were validated by comparing the experimental results with the sim-
ulation results. The coalescence-induced jumping behavior on a flat surface is carefully captured using this numerical method. To investigate
the effect of curvature of a curvy substrate on the self-jumping behavior, a case with a single drop impinging on a convex surface and a case
with two drops’ coalescence on a fiber are also studied and compared with the experimental results. The asymmetric bouncing of a single drop
on the convex surface leads to 40% reduction in contact time, as found in our study. Our study also reveals that due to the curvature of the
wedge, the drop forms a lobe shaped region on the symmetric sides of the wedge. The lobed region forces the drop to convert more surface
energy into kinetic energy in the upward direction. The jumping capability is improved by increasing the surface curvature. Our study also
shows that at lower angles of contact, the drops can easily get attached to the substrate and, at the same time, have difficulty detaching from
the substrate.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0026163., s

I. INTRODUCTION

The self-propelled phenomenon has been discovered on var-
ious surfaces, from synthetic super-hydrophobic surfaces such as
a lotus leaf to legs of a water strider.1–3 The reason for the self-
propelled phenomenon is due to the release of excess surface energy,
which, therefore, converts into kinetic energy upon drop coales-
cence.1–3 The self-propelled capability has drawn enormous atten-
tion4–9 as it has played an important role in various engineering
applications, such as heat exchangers,10 anti-icing and anti-frost
devices,11–13 thermal management,14,15 and water harvesting.16,17

Extensive research has been conducted to investigate the self-
propelled behavior. Liu et al.18 reported that the non-dimensional
jumping velocity of ∼0.2 of equally sized drops on Leidenfrost sur-
faces was observed to follow the capillary–inertial velocity and was
consistent with that on superhydrophobic surfaces. Boreyko and

Chen1 confirmed the study Liu et al.18 when they observed that the
coalescence-induced velocity depends on the size of the drop, which,
therefore, confirms the relation to the capillary–inertial velocity.
Wang et al.19 validated the capillary–inertial velocity with theoret-
ical modeling where they showed that self-propelling behavior can
only occur due to the surface energy, while the viscous dissipa-
tion and gravitational potential energy could be considered to have
very negligible effect. Liu et al.20 also found that the out of plane
jumping is due to the non-wetting substrate interfering with the
oscillation of the merged drop. From recent research studies, it is
found that non-equal sized drops also jump out of the plane but at
slower rebounding speed with much less useful translational kinetic
energy compared to equal size drops.21,22 Similarly, drops impacting
on stationary drops on superhydrophobic surfaces can cause liq-
uid bridging, which, in turn, produces reversed torque, causing the
rebounding drop to have rotational motion.23
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The water repellent capability of the lotus leaf and other natu-
ral surfaces has inspired numerous research studies of the superhy-
drophobic patterned surface.24–28 The micro/nano-patterned surface
shows very low adhesive force to water drops.26,29–32 Therefore, the
surface has a positive effect on the self-propelled jumping drops.15,33

Wu et al.28 found that the contact angle of a bent patterned surface
increased from 150○ to 160○ and the adhesion force decreased sig-
nificantly with a smaller curvature. Similarly, for impacting drops
on wires with very small curvatures, the formation of lobe regions
can cause the momentum transfer while storing enough inertia to
lift the drop from the substrate.34,35

The curved surface was found to have a positive effect on the
performance of the bouncing liquid.36 Hao et al.36 investigated the
bouncing capability of a water drop on a flat thin oil film. The bounc-
ing phenomenon occurred only on a spherical surface but not on the
other two surfaces with different arrays. Liu et al.37 found the contact
time of a bouncing drop on a curved surface to be 30% shorter than
that on an equivalent flat surface.38–40 A faster asymmetric bouncing
phenomenon due to the curved surface is observed in both exper-
imental and simulation based studies.37 Zhang et al.41 studied the
self-propelled behavior on fiber-based coalescers and claimed that
the curvature of the fiber played a critical role in the self-bouncing
capability of the drops upon coalescence. The self-bouncing pro-
cess upon drop coalescence occurred on a fiber at contact angles of
θA/θR = 120○/110○ (where θA and θR are the advancing and reced-
ing contact angles, respectively). The effect of the curved surface
was believed to accelerate the merged drop orthogonal to the fiber
and obey the capillary–inertial law.18,20 Unlike the flat surface, the
fiber had less solid to liquid area of contact, reducing the substrate–
drop adhesion. The early intervention to the coalescence effectively
harnessed the released energy toward useful translational motion.

In the present study, we numerically investigate the drop
coalescence-induced jumping phenomena on curved wedges having
different degrees of curvature. This paper is structured as follows. At
first, we briefly describe the numerical method we used to solve the
problem. Second, we validate our code by comparing experimental
results with the simulation results. Subsequently, we investigate the
drop impact on the curved surface compared to the flat surface and
drop coalescence and jumping phenomena on surfaces with differ-
ent curvatures. Finally, we study the effect of surface adhesion on a
curved wedge.

Different models have been used to analyze the jumping capa-
bility.5,18,42 The theoretical jumping velocity can be obtained when
supposing all excessive surface energy is converted into kinetic
energy in the jumping direction, and therefore, an empirical model
is obtained based on the experimental data.5,18,42 While detailed
derivation is presented in our previous study,43 we briefly present
the theoretical analysis of drop jumping phenomena using the
theoretical jumping velocity defined as

wj =
√

σ
ρlr0

, (1)

where wj is the jumping velocity, σ is the surface tension, ρl is the
drop density, and r0 is the drop radius.

Upon drop coalescence, the release of excessive surface energy
can be explained using a simple model shown in Fig. 1.

FIG. 1. Schematic of the drop coalescence process on a non-wetting substrate.

The merged drop has a mass of

m = 8
3
ρlπr

3
0 . (2)

Then, the kinetic energy of the merged drop could be defined as
follows:

Ek =
1
2
m(u2 + v2 + w2). (3)

During coalescence, the energy within the system undergoes
continuous conversion from one form to another, namely, within
surface energy, kinetic energy, potential energy, and viscous dissipa-
tion energy. The change in the potential energy is neglected, and the
surface energy of a stationary drop on a hydrophobic surface can be
written as

Es = σlvAlv + σlsAls + σsvAsv, (4)
where A is the interfacial area, σ is the surface tension, and the
subscripts s, l, and v denote the solid, liquid, and vapor, respectively.

Because the overall surface area is reduced upon coalescence,
excessive surface energy is released. The released surface energy
could be written as ΔEs = 4σπr2

0(2 − 22/3), and the released surface
energy converts into kinetic energy, which helps the merged drop to
jump and accelerate away from the plane substrate.1,18,41,43

Empirical models18,44 were obtained from different experi-
ments.1,18,44 Liu et al.18 studied the coalescence-induced jumping
phenomena on flat surfaces with drop sizes ranging from 20 μm to
500 μm. Enright et al.44 also obtained a jumping velocity model from
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both their experimental data and Boreyko and Chen’s1 data. They
proposed the following model to predict jumping velocity:

wj = Duci, (5)

where parameter D is a function of the Ohnesorge number, Oh,

D = 3.4026Oh2 − 1.5285Oh + 0.2831, (6)

Oh = μ√
ρlσD0

, (7)

where D0 is the diameter of the drop. In addition to the Ohnesorge
number, Oh, we would also report the Weber numbers in our study,
defined as follows:

We = ρlU0D0

γ
. (8)

Derived from the capillary–inertia velocity, the corresponding
characteristic timescale is given as

τj =
r0

uci
=
√

ρlr3
0

σ
(9)

and is used to non-dimensionalize the simulation time of this study.
In addition to time, velocity, momentum, and kinetic energy are also
non-dimensionalized by the characteristic relationships, as shown
below.

For time,

t∗ = t/τj =
t√

ρlr3
0/σ

. (10)

For velocity,

v∗ = v
uci

. (11)

For momentum,

p∗ = p
ρl( 8

3πr
3
0)uci

. (12)

For energy,

Ez∗ =
KEz

ρl( 8
3πr

3
0)u2

ci
. (13)

For the characterization of the kinetic energy in the drop
bouncing and the drop coalescence process, we used the overall
kinetic energy in the z-direction from the drop (liquid phase) in
the computation domain. It is because after drop impact–bounce
and drop coalescence-induced jumping from the curved wedges,
the traveling drops would be constantly oscillating from an oblate
to a prolate shape, and vice versa, and the integrated scalar value
over the whole domain does not correctly take into account the
overall trajectory of the drop in motion and produces an alternat-
ing kinetic energy. Hence, it is ideal to use the drop as a point
mass as it travels in a defined direction (which, in our case, is the
z-direction), to deduce the following momentum and kinetic energy
equations:

Pz = mνz , (14)

KEz =
1
2
mν2

z . (15)

II. NUMERICAL METHOD
We will briefly discuss the important steps in our numerical

method here. The detailed description of the numerical method can
be found in the earlier papers.43,45–47

A. Governing equations
The governing equations for incompressible, immiscible, mul-

tiphase flows are given as

∇ ⋅ u = 0, (16)

∂u
∂t

+ u ⋅ ∇u = −∇p
ρ

+∇ ⋅ 2μD
ρ

+ g − 1
ρ

M

∑
m−1

γmκm∇H(ϕm), (17)

where u = (u, v, w) is the velocity vector, t is the time, p is the
pressure, g is the gravitational acceleration vector, D is the rate of
deformation tensor, and ρ and μ are the density and viscosity for the
material m, ∇H being the Heaviside step functions of the Level-Set
(LS) function, ϕm. The stress at the material interface (m1 and m2
being two different materials) follows the jump condition

((−pm
1
I + 2μm

1
D) − (−pm

2
I + 2μm

2
D)) ⋅ nm1 = σm1 ,m2κm1nm1 , (18)

where σm1 ,m2 is the surface tension coefficient, nm1 is the normal
pointing from material m2 into m1,

nm1 =
∇ϕm1

∣∇ϕm1∣
, (19)

and κm1 is the curvature,

κm1 = ∇ ⋅ nm1 . (20)

In order to reconstruct the correct fluid interface, the moment
of fluid (MOF) interface reconstruction algorithm is used at the
interfaces between different phases. Even though the MOF method
can be considered a generalized model of volume-of-fluid (VOF)
method, the MOF method relies on information solely from the
cell under consideration, and in addition to the volume informa-
tion (zeroth-order moment), it also uses the centroid information
(first-order moment) of the cell under consideration,

Fm =
1
∣Ωi,j∣ ∫Ωi,j

H(ϕm(x))dx, (21)

xm = ∫ H(ϕm(x))xdx
∫ xi+1/2
xi−1/2 ∫

yj+1/2
yj−1/2

H(ϕm(x))x
. (22)

Using piecewise linear interface construction (PLIC), the inter-
face reconstruction procedure minimizes the following interface
equation:

n ⋅ (x − xi,j) + b = 0, (23)
using the following constraints:

∣Fref − Fact ∣ = 0, (24)

EMOF = ∣∣xcref − xcact ∣∣2, (25)

where Fref and xref are the referenced volume fraction and cen-
troid location and Fact and xact are the reconstructed volume fraction
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FIG. 2. Dynamic contact angle vs capillary number.

and centroid location. Constraining the optimization problem helps
achieve an accurate, reconstructed interface at the boundary of two
or more different materials/phases. For more detailed discussion on
the moment of fluid (MOF) reconstruction method, other literature
including studies by Li et al.47 and Ahn et al.48–52 should be referred.

B. Dynamic contact angle models
In this paper, the dynamic contact angle is applied to model

the contact line as a boundary condition. The model of Jiang et al.53

is used in this study, and the value of the contact angle depends on
the capillary number. Jiang’s model is derived from the experimental
measurement by Hoffman.54 Since the model of Jiang et al. is valid
only for the advancing contact angle, Yokoi’s model I55 is used for
the receding motion where a constant minimum receding contact
angle is obtained from the experimental measurement,41

cos θm = {
cos θ − (cos θs + 1) tanh(4.96Ca0.702), Ca ≥ 0
cos θr, Ca < 0,

(26)

where θm is the dynamic contact angle, θs is the static contact angle,
and θr is the receding angle. The dynamic contact angle model is
shown in Fig. 2.

TABLE I. Water properties at 20 ○C or 100 ○C.

σ (mN m−1) μl (mPa s) μg (mPa s) ρl (kg m−3) ρg (kg m−3)

20 ○C 72.7 1.071 0.0182 998 1.190
100 ○C 58.9 0.282 0.0219 958 0.934

III. RESULTS AND DISCUSSIONS
We first validate the code by comparing simulation results with

the experimental results from two different cases. Afterward, we
investigate the drop impact and bouncing phenomena on a curved
substrate and a flat substrate. Then, we investigate the effects of
curvature by simulating the drop coalescence on single-stripe pat-
terned surfaces. The curvatures of wedges on the surfaces vary, while
the contact angle remains constant at 180○. The effect of contact
angles on coalescence-induced jumping is investigated by varying
the contact angles.

A. Code validation
1. Case validation I

For the first case validation, we employ our previous study43

of water drop coalescence on a substrate at a contact angle of 180○.
The drops having a diameter of 380 μm and fluid properties at
T = 100 ○C, as shown in Table I, were used to validate the simu-
lation results with the experimental results from the study of Liu
et al.18 Detailed simulation settings and grid sensitivity analysis are
also described in the previous study.43 The simulation showed good
match with the experimental results and was able to capture the drop
deformation shapes during the entire process of coalescence. The
jumping behavior is also captured in the simulation, and the pre-
dicted jumping speed of 0.09 m/s is very close to the experimental
result of 0.08 m/s.

2. Case validation II
In the second case, we validate the code for the coalescence-

induced self-bouncing phenomenon on a fiber at advancing and
receding contact angles of 120○ and 110○, respectively. The radius
of the water drop is 249 μm, and the radius of the fiber is 46 μm. The
water properties at 20 ○C in Table I are used. Figure 3 compares the
experimental (a) and numerical (b) results during the self-bouncing

FIG. 3. Comparison of experimental41

(a) and simulation (b) results of self-
bouncing behavior on a fiber.

Phys. Fluids 32, 122117 (2020); doi: 10.1063/5.0026163 32, 122117-4

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 4. Drop detachment instance: fiber vs flat surface.

FIG. 5. Comparison of the normalized jumping speed of the coalesced drops on
two different substrates, fiber and plane surface.

FIG. 6. Comparison of experimental results37 (top) and simulation results (bottom)
of a single drop bouncing off from the curved surface.

process on the fiber. The two drops coalesce into a single drop that
subsequently deforms and detaches from the fiber. The simulation
correctly captures the drop deformation and bouncing behavior on
the fiber.

To understand the effect of fiber during the coalescence process
and the subsequent jumping phenomenon, the case of coalescence
on a fiber is being compared to the case of coalescence on a flat
substrate. The coalesced droplet on a fiber has shown much earlier
detachment (TFiber-Detachment = 1.8 ms) compared to that on the flat
surface (TFlat-Detachment = 2.54 ms), as shown in Fig. 4.

The jumping speed is analyzed. Here, we consider the coalesced
droplet as a point mass. As shown in Fig. 5, it is evident that there is
higher jumping speed in the case of the fiber substrate compared to
that of the flat surface. In the case of jumping on the fiber substrate,
the maximum trajectory speed ofw∗z_Fiber = 0.546 is 68% higher than
the trajectory speed of w∗z_Flat = 0.32 on a flat substrate.

FIG. 7. Comparison of experimental results37 (top) and simulation results (bottom)
of a single drop bouncing off from the flat surface.

FIG. 8. Characteristic of spherical vs asymmetric spreading and bouncing.
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FIG. 9. Comparison of momentum data of a single drop bouncing off from the
curved and flat surfaces.

B. Drop impact on a curve surface
To understand the effect of substrate curvature on self-jumping

behavior, we compare our simulation results with the experimental
results obtained by Liu et al.37 for a drop impinging on the convex
surface of Echeveria leaf. The same drop bouncing was conducted
on a flat surface for comparison. A liquid water drop having a diam-
eter of 2.9 mm at 20 ○C is used in this case, and the diameter of
the convex surface is set at 8.2 mm. The impact velocity of the
drop is 0.63 m/s corresponding to the Weber number We = 7.9 and
Ohnesorge number Oh = 0.0028. The contact angle is 160○.

The experimental and numerical results of the drop bouncing
process on curved surfaces are compared in Fig. 6. Then, the com-
parison to the flat surface is shown in Fig. 7. The simulation shows
good agreement with the experimental results. It correctly predicts
the shape of the deformed drop and captures the moment the drop
bounces off from the curved surface. An asymmetric bouncing, as
described in the literature by Liu et al.,37 where the droplet spreads
more in the azimuthal direction than in the axial direction, as seen in
Fig. 8, is captured on a convex surface, and the contact time is 40%
less than that on a flat surface. The drop undergoes fast retraction in
the axial direction, resulting in an uneven distribution of momen-
tum and mass between the axial direction and the azimuthal direc-
tion. The asymmetric bouncing simulation confirmed the physics
believed to enable the drop have less contact time on the convex
surface than on the flat surface.37

FIG. 11. Comparison of the z-axis velocity on different curvature surfaces during
the drop jumping process.

The advantage of asymmetric bouncing is shown in Fig. 9. It is
clearly seen that the drop on a curved surface departs much earlier
and has much less contact time than the drop on the flat surface.

There is a great deal of interest for this reduced contact time and
early departure, since faster and enhanced water repellency could
benefit in heat transfer and anti-icing.1,37,56,57 Similarly, according to
microbiology and medical science research, faster detachment could
mean less time for viral and bacterial disposition, since it is known
that drops could actively participate in transmitting pathogens and
diseases.37,58,59

C. Drop coalescence-induced jumping on a wedge
curvature

To study the effect of curvature on the jumping behavior upon
drop coalescence, a wedge is placed on the flat surface. In this study,
we systematically vary the wedge curvature. Our study reveals that
with an increase in the curvature of the wedge, the jumping capabil-
ity of the coalesced drop also increases. For each of the simulations,
the radii of the water drops are set to 380 μm and the properties of
liquid and air at 100 ○C, as shown in Table I, are used. The contact
angle to the surface is set to 180○, and therefore, the surface adhesion
does not exist during the simulation. Case validation I is consid-
ered a case for comparison, and the curvature of the wedge is set at
κ = 0. The beginning status of drop coalescence on different wedges
is shown in Fig. 10. The drops coalesce along the horizontal, i.e.,

FIG. 10. Computational domains of sub-
strate surfaces with different curvatures:
(a) κ = 5/r0; (b) κ = 5/(2r0); (c) κ = 1/r0;
(d) κ = 0 (flat surface).
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FIG. 12. Drop coalescence process on
the surface (θ = 180○) with different
curvatures (y–z plane).

y-axis, direction, and the self-propelled behavior occurs in the verti-
cal or z-axis direction. In Figs. 10(a)–10(c), the y-axis radii of the
wedges are 0.2r0, 0.4r0, and r0, and the curvatures are κ = 5/r0,
κ = 5/(2r0), and κ = 1/r0, respectively.

The z-axis velocity of the four cases during the coalescence pro-
cesses is plotted in Fig. 11. Overall, the cases with the wedges have
enabled jumping drops with higher z-axis velocities than those in
the case with the flat surface. The jumping speed at the moment of
detachment increases with the increase in curvature. The drop on
the wedge with larger curvatures accelerates earlier in the positive
z-axis direction. The instance of detachment is mostly delayed by
substrates with larger curvatures and is found to be most delayed
with the flat substrate.

To investigate the differences in the z-axis velocity, we com-
pare the shapes of coalesced drops from the views of the y–z plane
in Fig. 12. When two drops start to coalesce, a liquid bridge forms,
as depicted in t∗ = CT. The formation of this liquid bridge conse-
quently forms a close contact with the wedge substrate. From our
simulation, it is evident that a larger curvature leads to an earlier
contact of the liquid bridge with the substrate.

For the next frames, we plot three other time instances before
the instances of detachment: t∗ = 1.35, t∗ = 1.7, and t∗ = 2.0. At t∗

= 1.7, the fluid starts forming a small lobed region at the bottom of
the drop near the wedge. At t∗ = 2.0, the small lobe connects the

FIG. 13. Lobe formation around different wedge curvatures, t∗ = 2.0.

wedge with the maximum contact area, as shown in Fig. 13. The
concentrated area of small lobe increases with the increase in the
substrate curvature.

The pressure difference due to Laplace pressure60 between a gas
region and a liquid region can be explained as Δp = 2γ/Rc, where γ
is the surface tension and Rc is the radius of the gas–liquid inter-
face. The lobe area of the drop in the case of a larger curvature
has a higher pressure difference. The larger curvature also causes a
delay in the occurrence of the maximum z-axis speed. The evolving
shape transformation during the drop coalescence-induced jumping
shows that the small lobe region acts as a trajectory for the jump-
ing drops. The shape of the lobe region, giving a spring motion for
the jumping drops, is dependent on the substrate underneath. From
t∗ = 2.0 until the moment of drop detachment, the rate at which
the detachment from the surface area occurs in the case of a curved
wedge is more than that in the case of the flat surface. As observed
in Fig. 12, the small lobes on the wedge surface start to disappear (t∗

> 2.0), resulting in the release of surface energy residing in those

FIG. 14. Momentum ratio in the z-direction for the first t∗ = 3.5 shown for drop
jumping with different curvatures.
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FIG. 15. Comparison of the dimensionless kinetic energy over time during the
self-propelled process for the cases with κ = 5/r0, κ = 5/(2r0), κ = 1/r0, and κ = 0.

regions. The surface energy is converted into kinetic energy, and
this rate of transformation becomes more prominent as the degree
of curvature increases. Figure 14 confirms the striking difference in
non-dimensional momentum, which is due to the underlying sub-
strate curvature, and that the curvature of κ = 5/r0 exhibits almost
double the maximum momentum ratio maxP∗z = 0.56 compared to
that of the flat substrate maxP∗z = 0.25.

In Fig. 15, the flat surface has the lowest kinetic energy in the
z-axis direction and the magnitude of kinetic energy is higher on
the wedge with a larger curvature. In addition, the coalesced drop
detaches from the wedge substrates much earlier than from the flat

FIG. 16. z-axis velocity contours on the surfaces with different curvatures.

FIG. 17. Final droplet height achieved with different curvatures, κ = 5/r0,
κ = 5/(2r0), κ = 1/r0, and κ = 0.

FIG. 18. Drops traveling in the z-axis direction due to coalescence on substrates
with different curvatures (κ = 5/r0, κ = 5/(2r0), and κ = 1/r0).

FIG. 19. Relationship between the achievable trajectory height and the curvature
of the wedged substrate.
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FIG. 20. Comparison of the z-axis velocity on the surfaces with the same curvature
of κ = 5/r0 but different contact angles during the drop jumping process.

surface, confirming a similar characteristic of enhanced capability
of drop detachment during the impact and bounce of a single drop
discussed earlier (Fig. 16).

To investigate how the jumping motion changes over time, the
z-axis velocity contours are plotted on the y–z plane at three time
instants: (1) t∗ = 1.8, (2) the moment of maximum surface area
contact by the spread of the lobe region, and (3) the moment at
which drop detachment occurs. In conjunction with Fig. 12, it is
clear that a larger curvature leads to a higher velocity, which is fur-
ther evident in the velocity contours shown above. At t∗ = 1.8, the
negative z-axis velocity appears on the contour plot at the bottom
of the drop. Later, the positive velocity appears near the bottom
of the drop due to the pressure difference resulting from the large
curvature area of the lobe region. The drop starts to accelerate at
the bottom, and the time instants for the four cases are 2.2, 2.05,
2.0, and 2.0, respectively. At the instance of drop detachment, the
upward velocity near the wedge is higher when the curvature is
larger.

FIG. 21. Comparison of z-axis momentums on the surfaces with the same
curvature of κ = 5/r0 but different contact angles during the drop jumping process.

The kinetic energy plot, along with the velocity contour plots
for the examined surfaces, indicates that the drop coalescence-
induced jumping phenomena can be greatly enhanced with the
increase in the substrate surface curvature.

The final height achieved through our investigation of different
substrates shows the clear advantage of having substrate curvatures.
The wedge curvature enables the coalescing drops to come into less
contact with the substrate. Figures 17 and 18 show that κ = 5/r0
achieves a maximum height of hz = 0.435 μm, followed by κ = 5/(2r0)
reaching hz = 0.360 μm and κ = 1/r0 reaching hz = 0.290 μm.

With the increase in curvature, the coalesced drop can stay
suspended in the air for a longer period of time, with κ = 5/r0,
κ = 5/(2r0), and κ = 1/r0 taking 27.3 ms, 24.4 ms, and 21.03 ms,
respectively, to reach the maximum height. The evidence of the cur-
vature substrate enhancing the final jumping height is prominent
when compared to the flat substrate κ = 0, which could only achieve
a jumping height of hz = 0.1025 μm and much shorter traveling time
of 7.74 ms to reach the maximum height.

FIG. 22. Dimensionless z-axis velocity
contours on the surfaces with the same
curvature of κ = 5/r0 but different contact
angles.
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We propose the following correlation between the surface cur-
vature and the achievable jumping height based on our findings:

HTRAJECTORY = 0.0894 ln(κ) + 0.2864. (27)

Figure 19 shows the correlation.

D. Surface adhesion effect on the wedged surfaces
(κ = 5/r0)

To understand the effect of surface adhesion, we simulate drop
self-jumping on surfaces with the same curvature (κ = 5/r0) but dif-
ferent contact angles (90○, 110○, and 180○). Our simulation shows
that the drop on a surface at a contact angle of 90○ lacks self-
propelling capability. The dimensionless z-axis velocity profile is
plotted in Fig. 20 and shows that the z-axis velocity increases with the
angle of contact during the whole coalescence process. The momen-
tums in the positive z-axis direction are plotted in Fig. 21. It can be
seen that a higher contact angle leads to a higher momentum in the
z-direction.

The contour plots of the z-axis velocity at different contact
angles are plotted in Fig. 22. The drop with a contact angle of θ
= 90○ has more lobe region attachment with the substrate (a higher
magnitude of the substrate–droplet contact). At t∗ = 1.8, the case of
θ = 90○ shows a higher velocity in the negative z-axis direction. At
t∗ = 2.18, a higher velocity in the positive z-axis is observed for the
180○ contact angle case. The detaching moment of θ = 110○ and θ
= 180○ is t∗ = 4.07 and t∗ = 2.56, respectively. The detaching velocity
is much higher on the surface of θ = 180○. The drop of θ = 90○ is
unable to detach from the substrate.

IV. CONCLUSIONS
Numerical simulations were conducted to investigate the cur-

vature effect on the self-propelled behavior during drop coales-
cence. The Navier–Stokes equations were solved using the projec-
tion method on Cartesian grids, and the moment of fluid method
was used to capture the interfaces. The code was validated first by
comparing the numerical results with the experimental results, and
good agreement was achieved. The curvature effect was investigated
by varying the curvatures. The adhesion effect was also studied.

The following important conclusions can be made from the
present study: (i) Substrates with curvature allow impact and bounc-
ing drops to detach faster compared to flat substrates. There is 40%
less contact time of the drop to the substrate for the curved surface
than the flat surface. (ii) The curvature of the substrate surface also
affects the coalescence-induced drop jumping velocity and trajectory
height. On the curved wedge, the drops contact the substrate earlier,
preventing the development of negative jumping speed at an earlier
stage. The coalesced drops form a lobe-shaped area near the curved
wedge, and this region is smoothed out in the later stage releasing
more surface energy and accelerating the drop in the jumping direc-
tion. The jumping velocity increases with the increase in curvature.
Due to a higher jumping velocity, the drops’ trajectory height also
increases significantly. (iii) The adhesion of the substrate affects the
self-propelled behavior on the substrate during the whole coales-
cence process. More negative jumping velocity is formed within the
lobe region releasing the surface energy at higher contact angles. The

adhesion, thus affects the amount of kinetic energy released to help
the jumping process.

Our study revealed the curvature effect of the surface on
the drop bounce and self-propelled behavior. The curved surface
changes the deforming shape of the drops and has a positive effect
on accelerating the jumping velocity by converting more surface
energy to kinetic energy and transferring into the jumping direc-
tion. The substrate adhesion also changes the deforming shape of
drops and generates more negative jumping velocity. The adhesion
prevents the drop from releasing surface energy, and more energy is
consumed by the adhesion.
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