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Coalescence-induced droplet jumping on superhydrophobic surfaces:
Effects of droplet mismatch
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On low-adhesion surfaces, coalescing droplets can spontaneously jump off, known
as coalescence-induced droplet jumping. It is observed on a variety of synthetic and
natural superhydrophobic surfaces, and gives rise to a range of applications, such
as self-cleaning condensers, anti-icing coatings, and thermal diodes. Through three-
dimensional simulations, this paper demonstrates the fluid dynamics of droplet jumping
upon binary unequal-sized-droplet coalescence. Parametric studies show the influence
of droplet mismatch, viscosity, and contact angle on jumping velocities, where liftoff
regimes are defined on the basis of Ohnesorge number and droplet size ratio. Because
of the strong asymmetric flow behavior, the well-known small conversion efficiency for
equal-sized-droplet jumping, where around 6% of the released surface energy is convertible
into translational kinetic energy, is further reduced for unequal-sized-droplet jumping. The
findings offer insights into their fluid dynamics and give a starting point for further modeling
of dropwise condensation on superhydrophobic surfaces.
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I. INTRODUCTION

On low-adhesion surfaces, droplet coalescence can induce a translational motion directed away
from the solid surface [1,2]. Such coalescence-induced droplet jumping was first recorded during
experiments with condensed mercury drops by Kollera and Grigull in 1969 [1]. Recently, droplet
jumping has attracted renewed attention in the context of material sciences and the development of
synthetic and natural superhydrophobic surfaces [2–4].

Figure 1 illustrates the different stages of droplet jumping. At the onset of coalescence, droplets
form a capillary bridge, which extends due to capillary forces and results in an oscillatory motion
[5]. The solid surface breaks the axisymmetric motion, accelerating the merged droplet away from
the solid surface. Depending on the ratio of surface energy to viscous dissipation, the upward motion
may cause droplets to detach from the solid surface. This self-propelled mechanism can remove
droplets with diameters much smaller than the capillary length, enhancing efficiency in a range of
applications, such as condensers [6,7], self-cleaning surfaces [8,9], anti-icing coatings [10,11], and
thermal diodes [12]. In addition, jumping droplets may gain a net positive charge [13], which can
be used for energy harvesting [14] or for electric-field-enhanced droplet jumping [15,16].

The fluid dynamics of droplet coalescence on solid surfaces is governed by a balance of surface
energy, kinetic energy, and viscous dissipation, neglecting gravitational effects. During coalescence,
the overall droplet surface area is reduced and surface energy is released. On low-adhesion surfaces
and for vanishing viscous forces, the excess energy may propel the merged droplet away from the
solid surface. The energy balance for the fundamental case with two inviscid spherical droplets with
different radii R1 and R2 on a surface with no adhesion gives a characteristic jumping velocity,

U =
√

σ

ρlR1

f (k)

f (1)
, (1)
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FIG. 1. Mechanism of coalescence-induced droplet jumping. The coalescence of droplets leads to the
release of surface energy, which is converted into translational motion. The static pressure field is scaled with
the capillary pressure.

where σ is the surface tension and ρl is the density of the liquid droplets [2]. The function f (k) is a
geometry parameter describing the effect of droplet mismatch,

f (k) = 1 + k2 − (1 + k3)2/3

1 + k3
, (2)

with the droplet size ratio

k = R2

R1
, (3)

where R2 is the radius of the smaller droplet. For R1 = R2 = R and k = 1, this definition simplifies to
U = [σ/(ρlR)]1/2, which is consistent with the terminology in literature used for equal-sized-droplet
jumping [2,17,18]. Unsteady motion is governed by the capillary-inertial time scale of coalescence
[19,20]:

τ =
√

ρlR
3
1

σ
(4)

By introducing capillary-inertial scaling from Eqs. (1) and (4), coalescence-induced droplet jumping
can be characterized in terms of dimensionless time scales t∗ = t/τ and velocities u∗ = u/U .
Similarly, the influence of viscous damping and gravity is given by appropriate dimensionless
numbers, i.e., Ohnesorge number

Oh = μ√
R1ρlσ

(5)

and Bond number Bo = (ρlgR2
1)/σ , where μ is the dynamic viscosity of the droplet and g is the

gravitational acceleration. In this study, the influence of gravity is neglected (Bo = 0). Finally,
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wall adhesion is described on the basis of contact angle θ , which is a dimensionless quantity of
its own.

In condensation experiments on superhydrophobic surfaces, coalescence of microdroplets with
diameters between 10 and 300 μm has induced jumping velocities below the characteristic velocity,
ranging from u∗ = 0.18 to u∗ = 0.24 [2,18]. Similar droplet jumping velocities with u∗ = 0.21
were measured on a heated substrate, exploiting the Leidenfrost effect to achieve nonwetting
conditions [21]. Despite larger Ohnesorge numbers, nanodroplet coalescence with diameters around
0.6 μm can also induce droplet jumping [22,23]. Because of the small scale of the phenomenon,
experimental studies cannot reveal the wetting state, which strongly influences the jumping velocity
[24]. In addition to experimental studies, numerical investigations reveal insights into the jumping
mechanism of equal-sized-droplet coalescence, as illustrated in Fig. 1 [17,25]. Liu et al. divide
the jumping process into four stages [17]: In stage I, the capillary bridge between the droplets
extends as in the case of droplet coalescence in free flow. The axisymmetric motion is broken as
the capillary bridge reaches the wall, initiating stage II. In this stage, the solid surface forces the
droplet into an upward motion, which is maintained by the contraction of the merged drop. In stage
III, the upward motion leads to a reduction of contact area, while the droplet decelerates. If viscous
dissipation and adhesive forces dominate over inertia, the droplet loses its kinetic energy and adheres
to the surface; otherwise, the droplet detaches and jumps off the surface, initiating a free motion
in the gas phase, stage IV. Note that at the time of detachment the kinetic energy consists of an
oscillatory part and a translational part [17]. Recently, Enright et al. derived a semiempirical model
based on energy conservation, demonstrating that the jumping velocity toward the inviscid limit is
approximately u∗ = 0.28 [18]. Consequently, coalescence-induced droplet jumping is fundamentally
ineffective, as only 6% of the released surface energy is converted into translational kinetic energy.
As viscous forces damp coalescence, no jumping is observed for droplets with Ohnesorge numbers
above Oh > 0.4 on ideal, nonwetting surfaces [17]. Likewise, adhesive forces limit the jumping
phenomenon to wetting conditions with contact angles of θ > 150◦ [26,27].

Previous studies focused on jumping induced by coalescence of equal-sized droplets only, whereas
this study examines droplet jumping upon binary unequal-sized-droplet coalescence using three-
dimensional fully resolved numerical simulations. In Sec. II A, a theoretical energy balance is
presented that introduces an absolute criterion for droplet jumping of unequal-sized droplets. In
Sec. III, the applied numerical methodology is described. The results in Sec. IV are subdivided
into three subsections. Section IV A illustrates the fluid motion for an exemplary case of unequal-
size droplet jumping. Section IV B provides data for the jumping velocity and the jumping angle
depending on droplet size ratio, Ohnesorge number, and contact angle. Finally, Sec. IV C discusses
the transition from the regime of adhering to jumping based on energy balances. In Sec. V, our
conclusion is presented.

II. STATIC ENERGY BALANCES

A fundamental balance of surface energies during the process of droplet coalescence and droplet
jumping allows us to identify a hard condition under which droplet jumping can occur. For this, the
surface and adhesion energy of three different static states as shown in Fig. 2 are considered. In state
1, two sessile droplets are attached to the surface with a given contact angle. In state 2, a stationary
merged droplet appears and, finally in state 3, a detached droplet. The total liquid volume is equal
in all three cases.

During coalescence, the change in surface energy is described by

�Es,merge = σ [�Alg − �Alscos(θ )], (6)

where �Alg is the change in area between liquid (l) and gas (g) phases and �Als is the change in
contact area between liquid and solid (s) phases. This yields

�Es,merge = σ [AD,1 + AD,2 − AD,1+2 − (AC,1 + AC,2 − AC,1+2)cos(θ )], (7)
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FIG. 2. Surface and adhesion energy of three different static states.

with

AD,i(r,θ ) = πr2[(1 − (cos θ )2) + (1 − cos θ )2] (8)

and

AC,i(r,θ ) = πr2[1 − cos2 θ ]. (9)

The excess in surface energy is released, leading to a droplet motion (kinetic energy) and to an
oscillation with droplet deformation (energy stored in surface energy).

Detaching the joint sessile drop from the surface results in an increase in surface area and thus
requires energy. The energy difference between the sessile drop and the free drop is as such given
by

�Es,adhesion = σ [AD,sessile − AD,free − AC,sessilecos(θ )], (10)

where the surface area of the sessile droplet and the contact area are equal to AD,1+2 and AC,1+2,
respectively.

An absolute criterion for droplet jumping is given by �Es,merge > �Es,adhesion. Figure 3 (left)
illustrates the ratio between the energy of droplet merging and the adhesion energy of droplet
detachment. For large differences in droplet size (small values of k), �Es,merge is not sufficient
for droplet jumping. The contact angle significantly influences the energy for droplet detachment.
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FIG. 3. Ratio between the excess energy of droplet merging and the adherence energy depending on droplet
size ratio and contact angle (left). Regime diagram for the absolute jumping limit (right). Coinciding values are
marked by the red crosses.
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Figure 3 (right) shows the absolute border of adhesion depending on droplet ratio and contact angle.
For low values of k, the contact angle regime in which jumping is still possible approaches 180°.
For equal-size droplets, the minimum contact angle for droplet jumping is θ = 114.4◦. Beyond
this contact angle, the energy released by the merging droplet is smaller than the energy of droplet
detachment, irrespectively the droplet ratio. Note that this energy balance assumes that the entire
energy of droplet merging is available to detach the droplet from the surface. However, only a
small portion is converted into translational energy. A large amount of the released energy results in
droplet oscillation, not contributing to droplet detachment, as shown in the next chapter. Furthermore,
inviscid flow is assumed, thus neglecting viscous dissipation.

III. METHODS

Coalescence-induced droplet jumping is described by an incompressible two-fluid flow, where
the motion is governed by the Navier-Stokes equations. Interfacial forces originate from curvature
only. At the three-phase contact line, a constant contact angle is assumed to restrict the number of
influencing parameters.

A. Direct numerical simulation technique

The numerical simulation of coalescence-induced droplet jumping is performed with a modified
version of the volume-of-fluid (VOF) solver implemented in the open-field operation and
manipulation libary (openFOAM; see Jasak [28] and Rusche [29]). The VOF method describes
the flow of more than one fluid by cell-averaged volume fractions α [30]. In the conservation
equations, fluid properties such as density and viscosity depend on the volume fractions of the liquid
and gaseous phase such that ρ = αρl + (1 − α)ρg and μ = αμl + (1 − α)μg . The continuity and
momentum equations for the two-fluid flow are respectively

∂ρ

∂t
+ ∇(ρ × U) = 0 (11)

and

∂

∂t
(ρ U) + ∇(ρ U ⊗ U) = ∇τ − ∇p + f . (12)

Within the momentum equation, the left hand accounts for inertia effects, while the right side
accounts for viscous stresses τ and pressure p. Interfacial volume forces f are nonzero at the
interface and zero elsewhere. Since pressure and density are not coupled by state equations in
incompressible flows, the pressure field is obtained implicitly by a projection scheme to ensure mass
conservation by splitting of operators (the PISO algorithm).

For the two-fluid flow with constant densities, the volume fraction is a conservative scalar, and
its advection by the velocity field U is described by following transport equation:

∂α

∂t
+ ∇(α ⊗ U) = 0. (13)

As the finite-volume discretization defines cell-average volume fractions, the interface is
represented by mixed cells that contain both fluids. To avoid numerical diffusion of the interface, the
standard openFOAM VOF-solver interFoam introduces an artificial antidiffusive flux in the direction
normal to the interface, known as the interface compression method. In capillary-dominated flows as
considered here, interfacial forces must be obtained from the curvature of the interface. If the exact
interface location is not required, interface curvature κ can be reconstructed from the divergence of
the interface normal vector n̂ using vector field calculus

κ = −∇n̂. (14)
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FIG. 4. Shape of sessile drops at two different contact angles: present solver (· · · ) and theory (−). Errors
are in the order of ε ≈ 10−2, measured by the location of the droplet centroid.

The interface orientation n̂ is obtained from normalizing the gradient of the volume fraction

n̂ = ∇α

||∇α|| . (15)

This method is implemented in the interFoam solver. The resulting interfacial forces are converted
into cell-average volume forces by the continuum surface force method. Because of accuracy
limitations in interFoam [31], the interface compression scheme was amended by a limiter to avoid
artificial oversharpening of the interface [32,33]. Interfacial forces are calculated by the continuum
surface stress method [34].

The new variant of interFoam has the following advantages over its original. First, capillary
pressures are predicted correctly. Second, predictions do not depend on the strength of the
antidiffusive flux. Third, the predictions are independent of the frame of reference, which is not
the case with the original interFoam formulation, but crucial to calculations of traveling waves in
falling liquid films, which can be considered steady-state problems in a frame of reference moving at
phase velocity [33]. A detailed description of the model together with a validation based on various
test cases is given in Ref. [32]. Results of a test case showing the shape of a sessile droplet and an
oscillating droplet are presented in Figs. 4 and 5 respectively.
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FIG. 5. Nonlinear droplet oscillations: present solver (◦), interFoam (×), and numerical reference data from
literature [35,36] (−). Dimensionless oscillation for high damping (Re = 10, left) and low damping (Re = 100,
right). Due to the imprecise calculation of capillary pressures, interFoam fails to predict droplet oscillations
accurately. The present solver agrees well with reference simulations.

123601-6



COALESCENCE-INDUCED DROPLET JUMPING ON . . .

  x-y plane

symmetry boundary

  y-z plane

  y  z

  x O

 O
contact boundary

fi
xe

d
 p

re
ss

u
re

,
z
er

o
 g

ra
d

ie
n

t 
ve

lo
ci

ty

fi
xe

d
 p

re
ss

u
re

,
z
er

o
 g

ra
d

ie
n

t 
ve

lo
ci

ty

fixed pressure,
zero gradient velocity

R1

R2
contact
 angle

8R1

5
R

1

3
R

1

FIG. 6. Simulation case with boundary conditions. The smallest cell size after dynamic mesh refinement is
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B. Contact angle boundary condition

The contact angle boundary condition is of specific importance for the phenomenon of droplet
coalescence on a substrate. It prescribes the orientation of the interface at the contact line (substrate-
droplet-gas) and requires the correct prediction of adhesion forces. In reality, contact angles also
depend on contact line movement such that different dynamic contact angle models exist. Accounting
for dynamic contact angles increases the parameter space and thus the complexity of the problem
significantly. Thus, this first study on the influence of droplet mismatch on droplet jumping is limited
to constant contact angles.

The surface energies of the interfaces between the different phases determine the contact angle
that is formed at the wall. The interface orientation at the wall obtained from the advection of the
volume fraction α does not obey necessarily this condition. To maintain the wettability condition
prescribed by the given contact angle θ , the interface orientation at the wall is corrected in each time
step. The uncorrected contact angle θu can be calculated from the uncorrected interface normal at
the wall n̂u and the normal vector of the wall n̂w with

n̂u · n̂w = cos θu. (16)

The uncorrected interface normal vector at the wall n̂u is corrected to n̂c, which is the vector that
fulfills the given contact angle boundary condition:

n̂c · n̂w = cos θ. (17)

An additional constrain is that the vector n̂w lies in the plane defined by the current normal vector
n̂u and the normal vector of the wall n̂w:

n̂c = a n̂u + b n̂w. (18)

The coefficients a and b can be determined with Eqs. (16) and (17).

C. Initialization

For coalescence-induced droplet jumping, a Cartesian mesh is used for spatial discretization with
adaptive mesh refinement near the interface to ensure sufficient resolution without inflating overall
computational cost. Time step is controlled dynamically to ensure the stability limits imposed by
the Courant number and capillary time scales. The simulation setup is sketched in Fig. 6. Physical
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properties and boundary conditions are defined by Ohnesorge number, droplet size ratio, and contact
angle. In this study, gravitational forces are neglected (Bond number equal to zero). Owing to the
small droplet size in experimentally observed droplet jumping [18], gravitational forces have a minor
influence on the droplet shape which is predominantly affected by surface tension. However, gravity
plays a major role in jumping height, which is beyond the scope of this study. Density and viscosity
ratio between liquid phase (l) and gas phase (g) are constant at ρl/ρg = 1000 and μl/μg = 60, which
are reasonable approximations for ambient water-air systems. As introduced before, the following
results are presented in terms of dimensionless time t∗ = t/τ and velocities u∗ = u/U .

D. Evaluation

Droplet velocities ū∗ are defined by mass averaging the respective velocity component u∗ over
the entire liquid volume Vl,

ū∗ =
∫
Vl

ρlu
∗ dV∫

Vl
ρl dV

. (19)

Note that the dimensionless jumping velocity ū∗
j is directly related to the conversion

efficiency of coalescence-induced droplet jumping with [2,18]

Etrans

�Es,merge,θ=180◦
≈ (ū∗

j )2

6 f (1)
, (20)

where Etrans is the translational kinetic energy of the droplet and �Es,merge is the theoretically
maximum excess surface energy. The kinetic energy of the droplet is calculated by integrating the
absolute velocity over the entire liquid volume with

Ek = 1

2

∫
Vl

ρlu
2 dV = Etrans + Eosc, (21)

where in the absence of any rotational motion, the kinetic energy consists of a translational part
Etrans and an oscillatory part Eosc.

IV. RESULTS AND DISCUSSION

In the first part of this section, the fundamental fluid dynamics are investigated by presenting
time-evolution data of pressure contours and droplet velocities. Subsequently, jumping velocity and
jumping angle are discussed with a comparison to experimental data on superhydrophobic surfaces.
Finally, a detailed investigation of the transition from adherence to jumping is presented based on
energy arguments.

A. Exemplary case of droplet jumping

The fundamental fluid dynamics of coalescence-induced droplet jumping is presented in Fig. 7 for
nearly nonwetting and low-viscosity conditions of Oh = 0.01, k = 0.67, and θ = 170◦. Droplets are
initialized in their steady-state shapes, with the large droplet on the left (large droplet side [l.d.s.]), and
the small droplet on the right (small droplet side [s.d.s.]). The contours show the pressure field with
red and blue coloring, giving an intuitive illustration of the acting capillary forces and of traveling
capillary waves. In addition to these qualitative data, instantaneous wall-normal (n) and wall-parallel
(p) velocities of the coalesced droplet are shown in Fig. 8. Following Figs. 7 and 8, the considered
jumping motion can be divided into four stages, similar to binary equal-sized-droplet coalescence
[17]. In the first stage (I), the coalescing droplets form a capillary bridge, which extends due to strong
curvature and surface forces at the meniscus. For low-Ohnesorge-number regime with Oh � 1, the
bridge flow is dominated by capillary and inertial forces; for droplets with k > 0.6, the growth of
the bridge radius follows rb/R ∼ (t/τ )1/2 [19,20,37]. As the capillary bridge expands, two capillary
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FIG. 7. Time evolution of droplet shape for Oh = 0.01, k = 0.67, and θ = 170◦. The contours in the
symmetry plane show the static pressure (adimensionalized with the capillary pressure). Two acceleration
mechanisms are identified: impact of the capillary bridge and impingement of capillary waves. The droplet
detaches from the solid surface at t∗ ≈ 2.3, initiating free motion in the gas phase. A movie is provided in the
Supplemental Material [38].

waves are induced and travel along the interface away from the bridge region. The waves are char-
acterized by high- and low-pressure regions near the interface, which are noticeable in the pressure
contours in Fig. 7 between t∗ = 0.19 and t∗ = 0.57. In stage I, low interaction between the merged
droplet and the solid surface leads to near-zero wall-normal and wall-parallel velocities; see Fig. 8.

Stage IIa is initiated as the capillary bridge impacts on the solid surface, which forces the droplet
into an upward motion. The oblique capillary bridge induces an additional wall-parallel velocity
toward the s.d.s., as shown in Fig. 8, which is still by two orders of magnitude smaller than the
wall-normal velocity. Thus, the first acceleration mechanism is clearly associated with the expanding
bridge flow bounded by the solid surface.

Once the capillary waves reach the sides of the merged droplet, they are reflected on the s.d.s.
at t∗ = 0.76 and on the l.d.s. at t∗ = 1.3. In stage IIb, the returning capillary wave from the s.d.s.
runs into the solid surface, which is the second acceleration mechanism, observable at t∗ = 1.1. The
impinging wave is associated with strong curvatures and high pressures near the three-phase contact
line as shown in Fig. 7, which induces further acceleration in the wall-normal direction, as given
in Fig. 8. In stage IIc, both acceleration mechanisms (expanding bridge and impinging wave) come
to a stop, as shown in a short disruption in wall-normal velocity in Fig. 8. Finally, in stage IId, the
returning capillary wave from the l.d.s. runs into the solid surface, as seen at t∗ = 1.7, causing a
similar acceleration mechanism as in stage IIb.

A maximum wall-normal velocity with ū∗ = 0.18 is reached at t∗ = 2, initiating stage III. From
this stage, the droplet behaves similarly to a single droplet after an initial disturbance; i.e., it is
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Oh = 0.01, k = 0.67, and θ = 170◦. Coalescence-induced droplet jumping can be divided into four stages:
expansion of the capillary bridge (I), acceleration off the surface (II), deceleration (III), and free motion (IV).
Stage II can be divided into substages based on dominating acceleration mechanisms: impact of capillary bridge
(IIa), impingement of capillary wave on s.d.s. (IIb), no acceleration (IIc), and impingement of capillary wave
on l.d.s. (IId).

stabilized by wall adhesion, leading to a decreasing wall-normal velocity as given in Fig. 8. If the
initial momentum at the beginning of stage III dominates over wall adhesion, the droplet will detach.
In the given case, detachment occurs at t∗ ≈ 2.3, initiating free motion in stage IV with nearly
constant deceleration in the surrounding gas phase. At the time of detachment, the wall-parallel
velocity is by two orders of magnitude smaller than the wall-normal velocity, resulting in a jumping
direction approximately perpendicular to the surface, with a wall-normal velocity of ū∗ = 0.17.

The timings of stages I and II substantially depend on droplet size ratio. For further investigation,
the time evolution of the wall-normal velocity for droplet size ratios k = 1, k = 0.67, and k = 0.5
is shown in Fig. 9.

In stage I, the expanding capillary bridge travels shorter distances for larger droplet mismatches
before reaching the solid surface; consequently, the onset of upward motion as caused by the
impacting capillary bridge occurs earlier for larger droplet mismatches.

In stages IIb–IId, droplet wall-normal acceleration is dominated by traveling capillary waves, as
discussed before. For equal-sized droplets, capillary waves travel synchronously and both reflections
impinge the solid surface simultaneously in stage IId, while stages IIb and IIc do not exist. For the
unequal-sized-droplet coalescence, capillary waves travel asynchronously on the s.d.s. and l.d.s., and
the impingement of the reflected waves on the solid surface is offset: First the wave on the s.d.s runs
into the solid surface in stage IIb; afterward the wave on the l.d.s runs into the solid surface in stage
IId, as discussed earlier. These stages are linked by stage IIc, where there is no droplet acceleration.
Because of reduced travel time, the impact of the capillary wave on the s.d.s in stage IIb occurs
earlier for larger droplet mismatches. Here, all dimensionless scales refer to the large droplet radius,
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FIG. 9. Time evolution of droplet wall-normal velocity for Oh = 0.01 and θ = 170◦, with droplet size
ratios of k = 1, k = 0.67, and k = 0.5. The scaling of the velocity axis is not uniform. As the travel times of the
capillary bridge and the capillary waves depend on droplet geometries, the stages of coalescence-induced droplet
jumping are shifted by droplet size ratio. Detachment and jumping velocity ū∗

j is defined by zero contact area (×).

the impact of the capillary wave on the l.d.s. in stage IId does not change significantly with droplet
mismatch, but stage IIc is extended for larger droplet mismatches.

In addition to the change of stages and of their timings, wall-normal velocities strongly depend
on droplet size ratio: Equal sized droplet coalescence reaches a maximum wall-normal velocity with
ū∗ = 0.29, while unequal sized droplets show decreasing maximum velocities with ū∗ = 0.18 for
k = 0.67 and ū∗ = 0.11 for k = 0.5.

To determine the onset of free motion, the start of stage IV is defined on the basis of contact area
between merged drop and solid surface; i.e., free motion starts once the contact area is zero. The
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FIG. 10. Dimensionless jumping velocities as function of Ohnesorge number with contact angle θ = 170◦

and droplet size ratio k = 1 from this work (o) in comparison with data from condensation experiments (•)
from Enright et al. for the “two-camera arrangement” [18], conducted on a superhydrophobic surface.

velocity at the beginning of stage IV is called jumping velocity ū∗
j in the following, as marked by

crosses in Fig. 9.

B. Jumping velocity and jumping angle

Numerical simulation results of the jumping velocity in comparison to experimental results of
Enright et al. [18] are presented in Fig. 10. The experiments were conducted on a superhydrophobic
surface, where condensed droplets show nearly nonwetting behavior with small contact angle
hysteresis, justifying the contact line modeling with constant contact angle in this study. The
coalescing droplets were smaller than 300 μm with Bond numbers less than 0.1, allowing us to
neglect the influence of gravitational forces. Because of the sensitive experimental setup, jumping
velocities are subject to large fluctuations. To allow for a comparison to simulation results, only
data from a “two-camera arrangement” (Figs. 6(a) and 6(c) in Enright et al. [18]) were selected,
which show less fluctuations than the “one-camera arrangement” (Figs. 6(b) and 6(c) in Enright
et al. [18]) used throughout most of the study. As shown in Fig. 10, simulation results with contact
angle θ = 170◦ and droplet size ratio k = 1 are consistent with experimentally measured jumping
velocities for the band of Ohnesorge numbers investigated [18].

In Fig. 11 (left), the influence of droplet mismatch and of viscosity on jumping velocity is
analyzed by variation of droplet size ratio and Ohnesorge number. Dimensionless jumping velocities
are presented for droplet size ratios of 0.33 � k � 1, Ohnesorge number within 0.001 � Oh � 0.6,
and a contact angle of θ = 155◦ and 170◦.

Increasing the Ohnesorge number results in higher contribution of viscous dissipation, resulting
in a damped coalescence with decreasing jumping velocities. Depending on droplet size ratio, a
maximal Ohnesorge number is found under which droplet jumping occurs. For equal-sized droplets,
no jumping is observed for Ohnesorge numbers with Oh > 0.5. Other three-dimensional simulations
confirm similar viscous limits [17,27]. For θ = 150◦ and k = 1, there is a plateau in jumping velocity
in the range 0.02 < Oh < 0.06, where both dimensionless jumping velocity and dimensionless
departure time remain approximately constant (less than 5% variation). In this range, the contact
area quickly decreases during the first oscillation, reducing the adhesion energy that needs to be
overcome. In this manner, the effect of a decrease in jumping velocity (due to higher viscous
dissipation for increasing Ohnesorge number) is outweighed by a faster decrease in adhesion energy,
leading to a nearly constant jumping velocity in this range. For Oh > 0.06, there is a transition
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FIG. 11. Dimensionless jumping velocities (left) and departure angles with respect to the solid surface
(right) as a function of Ohnesorge number for different droplet size ratios with k = 1 (o), k = 0.67 (♦), k = 0.5
(x), and k = 0.33 (�) for contact angle of θ = 155◦ and θ = 170◦.

from jumping after one oscillation to departure after two oscillations, which causes a sharp decrease
in jumping velocity due to the additional viscous dissipation. For θ = 170◦, a similar plateau as
described before is not observed, since the adhesion energy plays a minor role with higher contact
angles.

The jumping velocity decreases with increasing droplet mismatch; its maximum of approximately
ū∗

j = 0.3 is observed for equal-sized droplet coalescence with k = 1. Similar inviscid jumping
velocities of ū∗

j = 0.28 are reported by Enright et al. [18]. From Eq. (20), the jumping velocity
is directly related to the conversion efficiency of the coalescence-induced droplet jumping. For
equal-sized droplet jumping with contact angle θ = 170◦, only 7% (ū∗

j = 0.3) of the released surface
energy is convertible into translational kinetic energy, despite the absence of viscous dissipation;
the remaining released energy fraction is converted into oscillatory kinetic energy. As unequal-
sized droplet coalescence causes strong asymmetric flow: Oscillatory motion is enhanced while
translational jumping motion is reduced. Hence, for contact angle of θ = 170◦, the conversion
efficiency drops from around 7% (ū∗

j = 0.3) for droplet size ratio of k = 1 to 2% (ū∗
j = 0.16)

for droplet size ratio of k = 0.67. Similarly, the conversion efficiency for contact angle θ = 155◦
decreases from around 7% (ū∗

j = 0.3) for k = 1 to 0.4% (ū∗
j = 0.07) for k = 0.67. Droplet adherence

occurs for k < 0.26 (θ = 170◦) and k < 0.59 (θ = 155◦); i.e., jumping is more restricted for smaller
contact angles, as expected.

While maximum jumping velocities are induced by coalescence of equal-sized droplets, jumping
velocities for unequal-sized droplets decrease with droplet mismatch, as shown in Fig. 11 (left) and
explained in detail in the next subsection. Because of symmetry, equal-sized droplet coalescence
shows departure angles of θ = 90◦ with respect to the solid surface, as presented in Fig. 11 (right). As
unequal-sized droplet coalescence induces motion obliquely to the solid surface, jumping directions
deviate from the normal direction. For Ohnesorge numbers of Oh < 0.01, unequal-sized droplets
depart in the normal direction with negligible deviations of θ = 90 ± 2◦; for larger Ohnesorge
numbers of Oh > 0.01, the deviation tends toward the s.d.s. with θ = 90 + 9◦. The deviation grows
with droplet mismatch, which is expected because of increasingly asymmetric flow. Overall, jumping
direction is nearly independent of droplet mismatch, as previously shown by other authors in
condensation experiments [39].

C. Transition from adhering to jumping

The static energy balance in Sec. II neglects the significant contribution of viscous dissipation
and oscillatory energy. The latter has already been found for equal-size drops to have a significant
influence, reducing velocity of the droplet far beyond the excess energy of droplet merging [17,18].
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FIG. 12. Temporal evolution of the translational kinetic energy for a contact angle of θ = 170◦ (left) and a
contact angle of θ = 155◦ (right) with a constant Ohnesorge number of Oh = 0.001. The gray areas indicate
the energy of adhesion needed to be overcome for droplet jumping.

The importance of translational energy in the process of droplet jumping is presented in Fig. 12,
illustrating its temporal evolution. The left plot presents results for a contact angle of θ = 170◦ and
different droplet size ratios. In the course of time, the kinetic energy of the droplet increases up to its
maximum value, which is prior to detachment. A rapid decrease in translational energy occurs up to
the point of detachment. This decrease in translational energy is found to be similar to the adhesion
energy required to be overcome for detaching a static sessile drop from the surface [Eq. (10)] and is
illustrated by the gray shaded area.

The adhesion energy increases with decreasing contact angle. Thus, the relative reduction in
translational kinetic energy is larger for a contact angle of θ = 155◦. Again, the reduction in
translational energy fairly agrees with the adhesion energy. For a droplet size ratio of k = 0.5, the
kinetic energy is not sufficient for droplet jumping, leading to an oscillation of the droplet’s center
of mass.

The ratio between translational and oscillatory energy depends on the droplet size ratio as
presented in Fig. 13 (left). The energy ratio is plotted for the point in time of maximal translational
energy. In addition, cases of droplet jumping and droplet adhesion are indicated by crosses and
circles, respectively. Increasing the droplet-size mismatch tends to decrease the relative translational
energy and thus the energy available to overcome the adhesion energy (�Eadhesion). While the contact
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energy depending on droplet size, contact angle, and Ohesorge number. Right: Comparison between the adhesion
energy of a static pending drop, the maximal translational energy, and the reduction in translational energy due
to droplet detachment.
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FIG. 14. Regime diagram, differentiating between lift-off and no lift-off regimes on the basis of Ohnesorge
number and droplet size ratio for two wetting conditions with contact angle θ = 170◦ and θ = 155◦,
approximated with Oh = 0.001.

angle has only a minor influence on the energy ratio, viscous forces expressed by the Ohnesorge
number affect the ratio significantly. For the inviscid limit (Oh = 0.001), the translational energy is
always far below the oscillatory energy (�Etrans/�Eosc < 0.3). In contrast, for the viscous case with
Oh = 0.1, the translational energy can overcome the oscillatory energy for similar droplet sizes.
However, the absolute value of kinetic energy is strongly reduced due to viscous dissipation.

Figure 13 (right) shows the relation between translational energy and adhesion energy. All
energies are related to the excess energy of droplet merging with the respective size ratio. Besides
the adhesion energy of a static drop Es,adhesion, the maximal translational energy Etrans,max and the
reduction in translational energy during the process of droplet detachment �Etrans are presented.
While the adhesion energy increases significantly with decreasing droplet size ratio, the maximal
translational energy decreases. Both effects oppose droplet jumping. Good agreement is found
between the adhesion energy of a static drop and the difference in translational energy.

The regime diagram in Fig. 14 differentiates between droplet jumping and adhesion. The limiting
Ohnesorge number is shown as a function of droplet size ratio for the contact angles of θ = 170◦ and
θ = 155◦. Of course, increasing viscous dissipation or decreasing the contact angle supports droplet
adhesion. Droplet-size mismatch also opposes droplet jumping because of the reasons named in the
previous paragraph.

V. CONCLUSION

In this study, the phenomenon of droplet jumping upon unequal-sized droplet coalescence was
analyzed by direct numerical simulations, including a discussion on the effects of viscosity, droplet
size ratios, and contact angle. For small Ohnesorge numbers, coalescence is dominated by capillary
forces, inducing high jumping velocities with a maximum of ū∗

j = 0.3. For large Ohnesorge numbers,
coalescence is damped by viscous forces, restricting the jumping phenomenon to droplet coalescence
with Ohnesorge number of Oh < 0.5. Droplet size mismatch, expressed in terms of droplet size ratios,
has a significant effect on the jumping velocity. Decreasing the droplet size ratio increases the ratio
between adhesion forces of the merged droplet to the excess energy released due to droplet merging.
In addition, the conversion in translational energy is reduced. It is shown by an evaluation of the
numerical results that the change in translational energy while droplet detachment is closely related
to the adhesion energy. As such, a reduced conversion rate of excess energy in translational energy
obviates droplet jumping. The flow asymmetry caused by droplet mismatch limits the jumping
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phenomenon: Coalescence-induced droplet jumping was observed for droplet size ratios of k > 0.3.
This limiting condition for nearly nonwetting properties is reduced for wetting properties with
stronger adhesive forces, i.e., smaller contact angles.

J.W. and P.F. contributed equally to this work.
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