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ABSTRACT
The coalescence-induced jumping of liquid droplets on superhy-
drophobic structured substrates is investigatednumerically using
a three-dimensional multiphase lattice Boltzmann method. The
numerical experiments on evolution of droplets during jumping
process show higher jumping velocity and height from superhy-
drophobic substrates structured with a periodic array of square
pillars, than flat superhydrophobic substrateswith an equilibrium
contact angle of 180◦. The results further reveal a strong effect
of pillars on the vertical jumping velocity and the final quasi-
equilibrium height of the merged droplet as a function of air and
liquid viscosity, as well as air inertia. As for substrate wettability, it
is found that, compared to the flat superhydrophobic substrate,
the critical contact angle where the merged droplet jumps away
from substrate is reduced for pillared substrate and is about
120◦. It is also observed that the droplet initial placement on
a substrate with a square array of pillars has an important effect
on the spontaneous jumping of the coalesced droplet, and a
Wenzel–Cassie wetting transition upon coalescence is observed
for droplets that are initially immersed within the pillars.
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1. Introduction

Quite recently, considerable attention has been paid to spontaneous motion
of droplets from superhydrophobic substrates due to its importance in various
biological and industrial applications such as self-cleaning surfaces, phase change
heat exchangers and anti-icing. The focus of recent studies has been on the rapid
removal of dropwise condensation from non-wetting substrate to improve the
phase change heat transfer performance (Chen et al., 2007; Chen et al., 2011;
Feng et al., 2012; Miljkovic, Enright, & Wang, 2012). Coalescence-induced self-
propelled jumping of condensed droplets is a good candidate for an efficient
condensationmechanism in the phase change heat exchangers where no external
force is preferred. In this newly discovered physical mechanism, which was first
reported byBoreyko andChen (2009), the superhydrophobic nature of substrates
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help the condensed droplets approach each other, merge upon coalescence
and eventually jump away from the substrate due to energy conversion from
surface energy to the kinetic energy. This enhanced self-propelled jumping
would be promising for frost layer removal from industrial facilities such as heat
exchangers suffering from frost formation in cold winter. Recently, an effective
superhydrophobic aluminium substrate was fabricated that can slow the growth
rate of frost formation and delay its propagation more than 4 times than that
on a smooth aluminium substrate (Kim, Lee, Kim, & Kim, 2015). However, the
self-propelled jumping behaviour of droplets has not been observed for droplet
sizes comparable to or larger than the capillary length, where gravitational
force becomes effective. Furthermore, such non-wetting substrates presenting
self-propelled jumping of droplets were shown insensitive to the contact angle
hysteresis (less than 5%) (Miljkovic, Enright, & Wang, 2013), which is due to
the spontaneous removal of the merged droplet at length scales well below the
capillary length.

Numerous studies have presented both quantitative and semi-quantitative
investigations of this new physical mechanism of droplet removal from superhy-
drophobic substrates, which are either flat or geometrically rough using exper-
imental, theoretical and numerical methods (Chen, Patel, Weibel, & Garimella,
2016; Liu & Cheng, 2015; Farokhirad, Morris, & Lee, 2015; Liu, Ghigliotti, Feng,
& Chen, 2014; Liu, Sun, Sun, & Ai, 2012; Miljkovic et al., 2013; Nam, Kim &
Shin, 2013; Peng et al., 2013; Shi, Tang, & Xia, 2015; Wang, Yang, & Zhao, 2011;
Wisdom,Watson, Liu,Watson, &Chen, 2013). However, all physical behaviours
of this autonomous motion reported on flat superhydrophobic substrates are
also dependent on the shape and structure of the substrate which can be het-
erogeneous or pillared in real applications. To the authors’ best knowledge, few
numerical studies can be found in the literature addressing the self-propelled
jumping of droplets on microstructured substrates (Liu & Cheng, 2015; Shi et
al., 2015).

Liu and Cheng (2015) adopted a three-dimensional lattice Boltzmannmethod
(LBM) based on the pseudo-potential multiphase LBM, to study the effects of
periodic pillar arrays on the self-propelled jumping of droplets. It was concluded
that depending on the size of the droplets, there exists an optimal spacing between
the consecutive pillars where the maximum jumping height can be achieved.

Shi et al. (2015) simulated self-propelled jumping of the coalesced droplet
on flat substrates covered with conical posts using three-dimensional multiple
relaxation time pseudo-potential LBM. They focused on the effects of the height
and the spacing of the substrate’s conical posts, aswell as the substratewettability,
on the jumping behaviour of droplet. The numerical results showed that with
increasing the height of the conical posts and decreasing the spacing between
them, the merged droplet reaches a higher distance from the substrate. Their
results also demonstrated that the jumping height of the merged droplet can be
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enhanced further by increasing the contact angle between the textured substrate
and the droplet.

The objective of this study is to investigate the effect of the ambient en-
vironment on the jumping removal process of droplets on microstructured
superhydrophobic substrates using a recently developed multiphase LBM (Lee,
2009; Lee & Liu, 2010). The implemented LBM method is based on the Cahn–
Hilliard diffuse interface theory for binary fluids and is capable of eliminating
parasitic currents at equilibrium, thus can employ components with sufficiently
large density differences (Zhang, Farokhirad, Lee,&Koplik, 2014).A recent study
of coalescence-induced jumping of droplet on flat superhydrophobic substrates
revealed that the inertia of surrounding air has no dynamic role prior to jumping
of the merged droplet (Farokhirad et al., 2015). However, the air inertia was
shown to play a key role at later stages of the jumping process where the merged
droplet has already left the substrate (Farokhirad et al., 2015). Moreover, a
liquid droplet on a structured superhydrophobic substrate can exhibit either
a suspended or an immersed state. It was also observed that both suspended
and immersed wetting regimes can coexist on the same substrate (Forsberg,
Nikolajeff, & Karlsson, 2011). In the current study, it will be shown that the self-
propulsion mechanism can be employed to promote rapid removal of droplets
trapped in the immersed state.

The rest of this paper is organised as follows. Firstly, we briefly review the
implementation of the multiphase LBM used in our simulations in Section 2.
Secondly, numerical results for jumping of droplets on microstructured super-
hydrophobic substrates are discussed in Section 3. Finally, a brief conclusion is
drawn in Section 4.

2. LBM for binary fluids

In our numerical simulations, we implement the LBM for binary immiscible
fluids developed by Lee (2009) and Lee and Liu (2010), which is based on the
Cahn–Hilliard diffuse interface theory. In the Cahn–Hilliard equation (Cahn,
1977), the interface between binary fluids evolves so that the total free energy of
the system (�) is minimised. The total free energy encompasses both local and
non-local terms (�b), and a surface term (�s), which controls the interaction
between the solid surface and the interface of binary fluids, and is written as
follows:

� = �b + �s =
∫
V

[
E0(C) + κ

2
|∇C|2

]
dV

+
∫
S

[
φ0 − φ1Cs + φ2C2

s − φ3C3
s + . . .

]
dS, (1)

where V is the volume of the system and S is the surface area of the substrate.
The local part of the bulk free energy, namely the mixing energy, is E0(C) =
βC2 (C − 1

)2, where β is a constant, and C is the composition or the order
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parameter, indicating the local concentration of each species. The coefficient
κ in the non-local term controls the surface tension and interfacial thickness.
In the surface integral, Cs denotes the composition at the solid surface and the
φi’s (i = 0, . . . , 3) are constant coefficients. Given the composition, the mixture
density of the system is obtained by ρ = Cρ1 + (1 − C)ρ2, where ρ1 and ρ2
are the bulk densities of the two fluids. The integral of the free energy on solid
boundaries (�s) employs a cubic boundary condition (Liu & Lee, 2009) which
specifies the parameter sets: φ0 = φ1 = 0, φ2 = φc/2, and φ3 = φc/3, where φc
is chosen to recover the desired contact angle at equilibrium.

The out of equilibrium binary system advances towards its minimum energy
configuration according to the Cahn–Hilliard equation:

∂tC + ∇ · (uC) = ∇ · (M∇μ
)
, (2)

where u is the volume-averaged mixture velocity and M is the mobility pa-
rameter. The chemical potential μ is obtained from the total free energy, upon
variation (Cahn, 1977) and is written as μ = μ0 − κ∇2C, with μ0 = ∂E0/∂C
being the classical part of the chemical potential.

The solution to Equation (2) requires two boundary conditions. The boundary
condition for ∇2μ ensures no mass flux due to the non-zero chemical potential
gradient in the direction normal to the solid surface (n · ∇μ|s = 0), where n
is the normal unit vector to the surface. The boundary condition for ∇2C, is
established by minimising the surface free energy subject to the specified wall
free energy (Liu & Lee, 2009). As mentioned, this study uses a cubic boundary
condition at equilibrium. Therefore, the boundary condition for ∇2C becomes
n · ∇C|s = φc

κ

(
Cs − C2

s
)
. The equilibrium profile for a planar interface is then

obtained by minimising the local term of Equation 1 and is given by C(z) =
.5 + .5 tanh (2z/ζ ), where z is the coordinate normal to the interface and ζ is
the interface thickness. Given the surface tension and interface thickness, β and
κ can be specified as β = 12σ/ζ and κ = βζ 2/8, respectively.

In LBM, one follows the evolution of a density probability distribution func-
tion for fictitious particles moving on a lattice. Two particle distribution func-
tions, gα and hα , are used for binary fluids (Lee & Liu, 2010). The former is used
for the calculation of pressure andmomentumof a two-componentmixture, and
the latter is used as a phase field function for the transport of order parameter. The
discrete Boltzmann equations for pressure evolution and momentum equations,
and advective phase field equation (Lee & Liu, 2010) are, respectively:

∂gα
∂t

+ eα · ∇gα = − 1
λ

(
gα − geqα

)
+ (

eα − u
) · [∇ρc2s

(
�α − �α

(
0
))+ μ∇C�α

]
, (3)

∂hα

∂t
+ eα · ∇hα = − 1

λ

(
hα − heqα

)+ ∇ · (M∇μ
)
�α
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+ (
eα − u

) ·
[
∇C − C

ρc2s
(∇p + μ∇C)

]
�α , (4)

where eα is the discretised velocity, cs is the speed of sound, λ is the relaxation
time and heqα , and geqα are the equilibrium distribution functions given by:

geqα = tαp + tαρc2s

(
eα · u
c2s

+
(
eα · u)2
2c4s

− u · u
2c2s

)
, (5)

heqα = tαC

(
1 + eα · u

c2s
+
(
eα · u)2
2c4s

− u · u
2c2s

)
, (6)

where tα is the weight corresponding to eα , and p is the pressure. The relaxation
time τ = λ/δt is related to the kinematic viscosity by ν = τ c2s δt and �α is
given as �α = �α(u) = heqα /C. The lattice Boltzmann equations (LBE) for
Equations (3) and (4) are obtained by applying a trapezoidal approximation
for integration along characteristics over time step δt (Lee & Liu, 2010). The
macroscopic variables such as C, ρu, and p are then computed from respective
moments of the distribution functions.

3. Results and discussion

In this section, the LBM method described in Section 2 is implemented to
simulate the coalescence-induced jumping of droplets on superhydrophobic
structured substrates. Realistic solid surfaces are not often smooth and a variation
in their roughness height is the general case. Here we consider a periodic array of
square pillars, since such surfaces can exhibit superhydrophobic behaviour that
are of special interest because of the interplay of suspended and immersed states
(Wenzel, 1936).

The problem geometry is given in Figure 1, and it consists of square pillars of
widthw and height h arranged in a square array. Two spherical liquid droplets are
initially placed very close to each other on the tip of square pillars. The simulation
parameters that define this problem are the dynamic viscosity and density of the
droplet (μd ,ρd) and air (μa,ρa), respectively, the droplet–air surface tension
(σ ), the droplet radius (rd) and the corresponding pillar geometries (w,s,h). The
dimensionless groups to describe the coalescence-induced jumping of droplets
on a structured substrate are the droplet–air viscosity ratio (μd/μa), droplet–air
density ratio (ρd/ρa) the Ohnesorge number (Oh = μd/

√
ρdσ rd), the contact

angle between the droplet and the textured substrate (θ), and pillar–droplet size
ratios (w/rd , h/rd , s/rd). The full set of simulation parameters that define the
system are listed in Table 1.

We describe the dynamics of themerged droplet, by defining its instantaneous
velocity as the y-component velocity of its mass centre:
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Table 1. The dimensionless simulation parameters for coalescence-induced jumping of droplet
problem.

Dimensionless parameters Symbol Value

Droplet-Air density ratio ρr = ρd/ρa 100–800
Droplet-Air viscosity ratio μr = μd/μa 15–60
Ohnesorge number Oh .02–.4
Substrate equilibrium contact angle θ 110◦–160◦
Pillar width/Droplet radius w/rd .28
Pillar height/Droplet radius h/rd .6
Pillar separation/Droplet radius s/rd .4

v =
∫
V CvydV∫
V CdV

, (7)

where y is the vertical direction normal to the substrate and C localises the
calculation to the droplet. The jumping time and velocity of the merged droplet
are scaled by the characteristic merging time and velocity, respectively, and are
given as follows:

τci =
√

ρdr3d
σ

, (8)

uci =
√

σ

ρdrd
. (9)

3.1. Capillary-inertial jumping process of suspended droplets

Figure 2(a) shows the evolution of two initially suspended droplets (rd = 16μm
corresponding to 25 lattices) during coalescence and jumping processes on
a superhydrophobic substrate structured with regularly spaced pillars. At the
beginning of the evolution (t∗ = 0) the coalescence is initiated due to interface
overlapping of droplets with each other. Then a tiny liquid bridge is formed
between coalescing droplets and expands rapidly due to interfacial tension of
droplets.

The expanding bridge at t∗ = .96 reaches the tip of the pillar structure and the
merged droplet starts an upward motion and gradually reduces its contact area
with the pillar surface around t∗ = 1.44. This contact area eventually becomes
zero at the point of departure, when the bottom of the merged droplet leaves
the tip of pillar structure (t∗ = 2.88 − 4.80). The detached droplet experiences
oscillations between the oblate and prolate shapes, while moving in upward
direction and relaxes to a larger spherical shape, after several oscillations (t∗ =
5.76 − 63.2).

In Figure 2(b), the capillary-inertial jumping process of droplet on a flat
substrate (FS) with an equilibrium contact angle of θ = 180◦ is illustrated
and is compared with that of droplets on a pillared substrate (PS), shown in
Figure 2(a). The initial evolution including formation and expansion of liquid
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bridge occurs faster on aPSdue to a smaller contact area between the droplets and
the substrate. Therefore, compared to a FS, less amount of the released surface
energyduring coalescence on aPS is suppressedby the viscous dissipation energy.
Self-propelled jumping occurs only when the excess amount of the released
surface energy overcomes the adhesion of coalesced droplets to the substrate. In
the case of a PS, the adhesion between the droplet and the pillars is reduced by
introducing more droplet–air interface and the merged droplet is more likely to
jump away directly and reach out to a higher distance from the PS.

Similar to the droplet removal upon coalescence on an FS (Liu et al., 2014), the
jumping process for droplets on a PS is divided into four stages, as illustrated in
Figure 3: (I) formation and expansion of the liquid bridge between the coalescing
droplets; (II) acceleration of the merged droplet on the substrate towards its
maximum velocity; (III) detachment of the merged droplet from the substrate;
and (IV) reduction of the upwardmotion of droplet in the air due to the presence
of air friction. The droplet eventually relaxes to a larger spherical shape, after
several oscillations in stage IV.

To further illustrate the comparison of jumping processes shown in Figure 2,
we plot the temporal evolution of the instantaneous droplet vertical velocity
defined in Equation 7 in Figure 4. Based on this figure, the merged droplet on a
PS attains a smaller maximum velocity prior to departure. The total droplet–air
interfacial area in PS is smaller than FS which results in the release of less surface
energy during coalescence. However, compared to FS, a small amount of the
released surface energy in PS is surpassed by the energy consumed through the
viscous dissipation prior to droplet departure from the substrate, which is due
to the air entrapped among the gaps between pillars. Therefore, more energy is
available for the self-propelled motion of droplet from the PS, and it leaves the
PS sooner and attains a higher quasi-equilibrium jumping velocity.

It must be noted that the spacing between pillars on a structured superhy-
drophobic substrate can play a substantial role on the jumping of coalesced
droplets. By increasing the spacing between the pillars, lower portion of the
droplet can touch the bottom of the substrate, and as a result, the interaction
time increases (Liu & Cheng, 2015). Therefore, more of the released surface
energy can be overcome by the viscous dissipation energy, so that the merged
droplet attains its spherical shapewithout jumping from the structured substrate.

3.1.1. Effect of density and viscosity ratios on the jumping process
Effect of viscosity is illustrated by temporal evolution of the instantaneous droplet
vertical velocity for different Oh in Figure 5. The Oh is varied from .0217 to .375
corresponding to the variation of droplet and air viscosities while keeping all
other parameters including μr = 12.9 and ρr = 50 fixed.

As Oh increases, the maximum jumping velocity in stage II decreases and
the deceleration velocity during subsequent stages increases because of viscous
effect. With Oh > .3, the viscous effect becomes stronger and it dissipates the
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Figure 3. Temporal evolution of the instantaneous droplet vertical velocity during the jumping
process illustrated in Figure 2(a).
Note: The velocity and time are represented as dimensionless variables with an asterisk, v∗ = v(t)/uci , t∗ = t/τci ,
respectively.

Figure 4. Comparison of time evolution of droplet velocity on a FS (θ = 180◦) with that of the
droplet velocity on a PS (θ = 160◦) at Oh = .0375,μr = 60, and ρr = 800.
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Figure 5. Time dependence of instantaneous droplet vertical velocity on PS for various Oh with
μr = 12.9 and ρr = 50.

released surface energy and the self-propelled jumping does not occur on the PS.
It must be noted that the variation of the maximum velocity is due to the liquid
viscosity, whereas the velocity curve during droplet departure is affected by the
air viscosity which slows the jumping motion.

The maximum velocity of the merged droplet as a function of Oh prior to
jumping on both FS and PS is shown in Figure 6. As explained in the description
of Figure 4, the maximum velocity of the merged droplet on a FS is higher than
that on a PS. However, as Oh increases towards unity, the maximum velocity
becomes a strong function of the liquid viscosity and, consequently, there is no
distinction of the maximum velocity of the droplet on both FS and PS.

Once the droplet leaves the substrate, the velocity of the merged droplet is
strongly affected by the air viscosity. Figure 7 demonstrates the effect of air
viscosity on the temporal evolution of instantaneous droplet vertical velocity by
varying the viscosity ratio, and keeping all other parameters including the liquid
viscosity andOh fixed. The results in general indicate the significant effect of the
air viscosity on the detachment of the merged droplet from both FS and PS. The
strong viscous damping is also evident for lower viscosity ratio (i.e. μr = 15),
where the merged droplet is inhibited from jumping. The results of Figure 7
show that structure of the substrate has also a strong effect on the evolution of the
droplet velocity prior and after jumping. For the same air viscosity, the merged
droplet can reach to the higher jumping velocity and height on PS compared to
that on FS.
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Figure 6. A comparison of the maximum instantaneous vertical velocity of the merged droplet
on FS (θ = 180◦) and PS (θ = 160◦) prior to jumping as a function of Oh.

Figure 7. Time dependence of instantaneous droplet vertical velocity with Oh = .0375 and
ρr = 800 for various air viscosities (μr = 15, 60).

Aside from the air viscosity, the air interia has a significant effect on the
detachment of the merged droplet from the substrate at the later stages of the
jumping process, which was confirmed in a recent study (Farokhirad et al., 2015)
on a FS. The results of Figure 8 outlines that by decreasing the density ratio
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Figure 8. Time dependence of instantaneous droplet vertical velocity with Oh = .0375 and
μr = 60 for various air densities (ρr = 100, and 800).

Figure 9. Effect of droplet equilibrium contact angle on its instantaneous vertical velocity for
Oh = .0375, ρr = 800 andμr = 60 on a PS.

(i.e. increasing the air inertia) the droplet reaches to a higher quasi-equilibrium
jumping velocity and therefore to a higher vertical position, independent of the
substrate structure. However, the results indicate a strong effect of the air inertia
on the jumping velocity of the merged droplet on a PS, especially at the later
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Figure 11. A comparison of the quasi-equilibrium vertical position for the merged droplet with
initial IM and SM.

stages of jumping where the droplet leaves the substrate. When a droplet leaves a
FS at ρr = 100, it reaches approximately to the same quasi-equilibrium jumping
height as does a droplet on a PS at ρr = 800.

3.1.2. Effect of substrate wettability
Figure 9 shows the evolution of the instantaneous droplet vertical velocity for
different wettability properties of PS. Recently, it was shown that the critical
contact angle where the merged droplet jumps away from an FS is independent
of density ratio and is about θ ≈ 150◦ (Farokhirad et al., 2015). However, this
criterion for a PS is reduced and the merged droplet will not jump away from
a PS if the contact angle is smaller than θ ≈ 120◦. It is also clear that the
jumping velocity, and subsequently the jumping height, becomes larger as the
droplet contact angle on PS increases, as seen in Figure 9. In other words, a more
superhydrophobic substrate is beneficial to induce a higher jumping velocity.

3.2. Coalescence-inducedWenzel–Cassie wetting transition on structured
superhydrophobic substrates

In this section, we study wetting transition of coalesced droplets on a substrate
with square array of pillars. In 3.1, the results are presented for droplets that are
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Figure 12. Time evolution of the instantaneous droplet vertical velocity during the jumping
process with initial IM and SM at Oh = .053, ρr = 800,μr = 60, and θ = 160◦.

initially suspended on the tip of a pillar structure. To observe how the droplet’s
initial placement influences the jumping process, simulations with two droplets
that are initially immersed within the pillars, denoted as the immersed mode
(IM), are performed, as can be seen in Figure 10. The sequence of images shows
how the coalesced droplets in a PS translates from the IM to the suspendedmode
(SM) as the released surface energy is converted to the kinetic energy for the
upward motion.

Adirect comparisonof the quasi-equilibriumpositions of a jumpingdroplet in
both initial IMandSM(Figure 11(a)) is given inFigure 11(b). Themergeddroplet
with initial IM jumps higher than that with initial SM. The reason is the presence
of higher initial capillary pressure in IMwhich is generated at the bottom contact
area and makes the merged droplet jump higher from the substrate. The results
of Figure 12 indicates that the entire evolution of jumping velocity with initial
IM dramatically increases. The Wenzel–Cassie wetting transition in IM can be
explained by the upward capillary force, generated in the gaps between non-
wetting pillars. Therefore, compared to the droplet in SM, the combined effects
of the capillary force and larger amount of released surface energy due to the
larger contact area of droplet with PS in the IM, play roles in the enhancement
of vertical jumping of the merged droplet in IM.

Itmust benoted that pillars on the substrate penetrate into thedroplets initially
in IM and occupy small volume of the droplet. To compensate for that volume
and have exactly equal droplet volumes, the radius of the individual droplets in
IMneeds to be slightly larger than that in SM. This difference in the droplet initial
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radius depends on the pillar density. However, in this study the total reduced
volume of droplets in IM is less than 1% of the volume of droplets in SM and thus
a similar initial droplet radius were considered for both modes of initial droplet
placement.

4. Conclusion

We have adopted a recently developed three-dimensional LBM to describe the
enhanced self-propelled jumping upon droplets coalescence on superhydropho-
bic structured substrates by changing the air inertia, the air and liquid viscosity
and controlling the substrate wettability as well as the droplet initial placement.
The simulation results revealed that the coalesced droplet is more likely to jump
and reach a greater quasi-equilibrium height on a superhydrophobic substrate
with a periodic array of pillars than on a flat substrate with contact angle of
180◦, which is due to the reduction of adhesion between the droplet and the
pillared substrate. With increasing the contact angle between the structured
substrate and the droplet, the jumping height of the coalesced droplet becomes
higher. The critical contact angle for coalescence-induced jumping of droplets
on the structured superhydrophobic substrate is reduced compared to that for
the flat substrate with a contact angle of 180◦ and is about 120◦. Meanwhile, the
quasi-equilibrium jumping height increases correspondingly as the air inertia
increases or the air viscosity decreases. For the same air inertia or viscosity, the
merged droplet can reach a higher jumping velocity and height from a structured
superhydrophobic substrate than a flat superhydrophobic substrate. The study
further focused on the jumping comparison between droplets that are initially
immersed or suspended within the pillars. The results demonstrated that as long
as the size of the droplets is smaller than the capillary length, the self-propulsion
mechanism can be utilised to help overcoming the energy barrier for Wenzel–
Cassie transition further. When the kinetic energy imparted by the coalescence
of the immersed droplets can overcome the surface energy required to dewet the
surface, a wetting transition takes place and the droplet jumps higher than when
the droplet is initially suspended on the tip of the pillars.
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