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W
hen two or more droplets coalesce
on a ultra-low adhesion nanostruc-
tured surface, the resulting droplet

can jump away from the surface in a process
that has been termed “coalescence-induced
droplet jumping”.1�6 Droplet jumping has
recently received significant attention due
its fundamental relevance in understanding
dynamic droplet processes,7�19 evolved sur-
face structures found in nature,20 and surface-
charge separation.3 Jumping droplets have
also been used to enhance performance in a
varietyof applications includingcondensation
heat transfer,2,21�23 self-cleaning surfaces,24

thermal diodes,25,26 anti-icing surfaces,6,27,28

and energy harvesting.29 Beyond these de-
monstrated applications, droplet jumping
also has potential for use in thermally driven
water desalination systems,30 in combination
with acoustophoretic droplet manipulation to
realize novel microfluidic platforms31 and in
mitigating environmentally polluting gas and
particle emissions by providing a convenient
waste-heat-driven source of microscopic
water droplets for wet scrubbing systems.32

At the basic level, droplet jumping is
a process governed by the conversion of

excess surface energy into kinetic energy
when two or more droplets coalesce7,33 and
involves a symmetry-breaking surface.8 For
the simplest case of two, equally sized
inviscid spherical droplets coalescing on a
surface with no adhesion, an energy-balance
gives a characteristic jumping speed that
follows an inertial-capillary scaling7

U∼
ffiffiffiffiffiffiffiffiffiffi
γ=FR

p
(1)

where R, γ, and F are the initial radii, surface
tension, and density of the droplets, respec-

tively. Previous water condensation experi-

ments on a hierarchical superhydrophobic

surface have shown an approximately con-

stant scaled jumping speed of ≈0.2U for

jumping droplets with diameters larger than

≈100 μm. For smaller diameters, jumping

speeds rapidly decreased with no droplet

jumping observed below diameters of

≈20 μm.7 Several subsequent studies have

attempted to explain these observations by

adding terms to theenergy-balance approach

to account for viscous dissipation, surface

adhesion effects and participating velocity

components,9,13,16 but have demonstrated
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ABSTRACT Surface engineering at the nanoscale is a rapidly developing field that promises to impact a range of

applications including energy production, water desalination, self-cleaning and anti-icing surfaces, thermal management

of electronics, microfluidic platforms, and environmental pollution control. As the area advances, more detailed insights of

dynamic wetting interactions on these surfaces are needed. In particular, the coalescence of two or more droplets on ultra-

low adhesion surfaces leads to droplet jumping. Here we show, through detailed measurements of jumping droplets

during water condensation coupled with numerical simulations of binary droplet coalescence, that this process is

fundamentally inefficient with only a small fraction of the available excess surface energy (j6%) convertible into

translational kinetic energy. These findings clarify the role of internal fluid dynamics during the jumping droplet

coalescence process and underpin the development of systems that can harness jumping droplets for a wide range of

applications.

KEYWORDS: nanostructured surface design . coalescence . droplet jumping . microfluidics .
condensation . wetting . superhydrophobic
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limited success. While a recent numerical simulation
replicated experimental observations,1 this study was
limited to a single droplet diameter. Despite the sig-
nificant research efforts, there continues to be a lack of
quantitative experimental data characterizing droplet
jumping and the precise mechanism governing dro-
plet jumping remains not well-understood.
In this work, we studied the process of coalescence-

induced droplet jumping over a wide parameter space
using a combination of water condensation experi-
ments on nanostructured superhydrophobic surfaces
and detailed numerical simulations. To experimentally
isolate the fundamental energy conversion process
associated with droplet jumping, we fabricated surfaces
demonstrating apparent contact angles approaching
180� and almost zero contact angle hysteresis, thus
mitigating the influence of surface adhesion.4,11 Using
high-speed imaging, we measured droplet-jumping
speeds normal to the condensing surface as high as
1.4 m/s for jumping droplet diameters as small as
≈10 μm. However, while the measured velocities were
up to approximately six times larger than the highest
velocities previously reported,7,9 they were still approxi-
mately one-fifth of the speed indicated by eq 1.
Meanwhile, using 2D axisymmetric numerical simu-

lations, we obtained detailed information on the internal
flow momentum generated during droplet coalescence.
By recognizing that only unbalanced momentum com-
ponents can contribute to droplet translational motion, a
fact neglected in the derivation of eq 1, we found that
coalescence-induced droplet jumping is an inherently
inefficient process with only a small fraction of the avail-
able excess surface energyΔE (j6%) being converted to
useful internal flow momentum to provide the jump-
ing droplet with translational kinetic energy Ej, i.e.,
ηj = Ej/ΔEj 0.06. Contrary to previous conclusions drawn
from theoretical estimates,9,13 we found that internal
viscous dissipation plays a limited role in the jumping
process for the experimentally accessible lowOh number
regime studied (Oh = μ/(FγR)1/2 j 0.1, where μ is the
droplet dynamic viscosity).34 With our developed under-
standing, we determined a dimensionless droplet-size-
dependent correction to eq 1 that demonstrated good
agreement with our experimental data. Our results eluci-
date the coupled nature of surface-mediated symmetry
breaking and the internal flow momentum on jumping
droplet dynamics. Furthermore, our mechanistic frame-
work provides a starting point for more detailed analysis
involving complicating factors such as finite surface
adhesion, unequal coalescing droplet geometries and
complex surface architectures.

RESULTS AND DISCUSSION

Experiments. To minimize the influence of the
underlying substrate on the droplet jumping process,
we prepared fluoropolymer-coated carbon nano-
tube (CNT)-based superhydrophobic surfaces with a

structure spacing length scale of l ∼ 100 nm that was
much smaller than the typical jumping droplet radius
(l/R ∼ 0.01 , 1) (see Methods). The coated CNTs had
typical diameters of d ≈ 40 nm (Figure 1a) and atomic
force microscopy scans of the surface in soft tapping
mode showed a maximum height variation of 820 nm,
consistent with the height measured from scanning
electron microscope images of the surface (Figure 1b).
Measurements of the advancing macroscopic contact
angle demonstrated highly nonwettingbehavior,θa

app =
170.2�(cos θaapp = �0.985 ≈ �1) (Figure 1c). Moreover,
the measured contact angle hysteresis of macroscopic
droplets was found to be small (Δ cos θ = cos θa

app �
cos θr

app = �0.0154 ≈ 0). Condensed droplets with di-
ameters as small as 2 μm demonstrated large apparent
contact angles (Figure 1d) similar to themacroscopically
measured value (Figure 1e). A conservative estimate of
the droplet radius-dependent advancing angle, θa

app(R),
indicated that all measured droplet jumping events
were in a constant contact angle growth mode.4 We
also fabricated and tested fluoropolymer-coated CuO
nanostructures, which we have previously shown to
demonstrate good jumping droplet behavior,2�4 with
macroscopic advancing contact angle and contact
angle hysteresis behavior similar to that of the function-
alized CNT surfaces (see Methods). Since the character-
istic roughness spacing length scales of the surfaces

Figure 1. Hydrophobic CNT turf. (a) SEM image of CNT
surface with P2i hydrophobic coating. (b) AFM scan in
soft-tapping mode of the P2i-coated CNT surface. The scan
revealed a maximum height variation of ∼820 nm consis-
tent with the height measured from SEM images. (c) Macro-
scopic droplet in the receding state on the P2i-coated CNT
surface (θr

app = 166� ( 2�). (d) ESEM image of condensed
droplets taken at an inclination angle of 8� from the
horizontal plane. (e) Advancing contact angles on the P2i-
coated CNT turf measured from the ESEM images (open
circles). The solid curve is definedbyθapp = cos�1(rp/R)þ 90�
with a conservatively estimated pinned base radius under
the droplet of rp = 100 nm. The horizontal dashed line
represents themacroscopicallymeasured advancing appar-
ent contact angle, θa

app = 170.2� ( 2.4�.
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(l ≈ 0.1�1 μm) were significantly smaller than the
smallest droplet jumping diametermeasured (≈10 μm),
wewere able access adroplet growth regimewell above
the flooding limit with droplets growing in a constant
apparent contact angle mode.2,4,5 Since the work of
adhesion scales as W � (1 þ cos θ), the contact angle
measurements suggested that the effect of surface adhe-
sion on the droplet jumping process could be neglected.

Condensation experiments were carried out under
humid atmospheric conditions using a two-camera
arrangement and in a pressure-regulated environmen-
tal chamber using a single-camera arrangement (see
Methods, Supporting Information S2�S4). In the for-
mer experimental setup, an overhead CCD camera was
used to capture images of the droplets prior to coales-
cence to provide the initial conditions, i.e., the droplet
radii and number of droplets involved in the jumping
event. Knowledge of these initial conditions allowed us
to isolate binary droplet jumping events for droplets of
equal radii with near surface-normal trajectories that
maximized the jumping velocity.7,11 The latter experimen-
tal setup allowed us to study droplet jumping at conden-
sing surface temperatures higher than the laboratory
ambient conditions and under varying gas densities to
rule out thepossibility that external dragplays a significant
role during the droplet coalescence process before jump-
ing, as assumed in our numerical simulations. In both
experimental setups, a high-speed camera was used to
capture the out-of-plane jumping droplet trajectory.

Figure 2a shows representative time-lapse images
capturing a jumping droplet following the coalescence
of two equally sized droplets (R ≈ 19.5 μm) obtained
using the two-camera arrangement. The center of the
streak was taken as the average y position of the
jumping droplet in each frame relative to the initial

location of the droplets on the condensing surface
(y = 0), while the average velocity of the jumping
droplet was found by measuring the length of the
streak and dividing this by the shutter speed of the
camera. These two measures together defined the
experimental trajectory of the jumping droplets. To
obtain an accurate estimate of the jumping velocity
associated with the converted excess surface energy,
the theoretical droplet trajectory was calculated (see
Supporting Information S5).

In Figure 2b, the theoretical trajectory is shown
fitted to the experimental data to determine the
droplet jumping velocity as it departed the surface.
On the basis of the fitted trajectory, we determined a
jumping velocity of vj = 0.41 ( 0.01 m/s (inset of
Figure 2b), which was 0.21� the characteristic jumping
speed given by the capillary-inertial scaling, U ≈
[γ/(FR)]1/2 = 1.92 m/s (Figure 2c). This result was
generally repeatable over a number of experiments
for a wide range of droplet sizes and is consistent with
the previously identified size-independent region.7

To better understand the reason for jumping velocity
magnitudes significantly smaller than those given by
eq 1 in view of the ultra-low surface adhesion char-
acteristic of the condensing surfaces in our study, we
considered the nature of the droplet coalescenceprocess
and performed numerical simulations to determine the
jumping velocity in the absence of surface adhesion
effects. Analysis of the simulations improved our under-
standing of how the excess surface energy was trans-
ferred to the translational kinetic energy of the jumping
droplet by considering the details of the internal flow
developed during the coalescence process.

Theory and Simulations. A schematic of the coales-
cence process for two, equally sized, condensed

Figure 2. Jumping droplet trajectory. (a) High-speed time-lapse images capturing coalescence-induced droplet jumping
(wall temperature, Tw = 5 �C, water vapor pressure, pv = 0.87 kPa). Shutter speed: 185 μs. Scale bar: 100 μm. Inset: Overhead
view of droplets prior to jumping where R1 = 20.2 μm (left) and R2 = 19 μm (right) (Rj = 24.7 μm). Scale bar: 20 μm. (b) Droplet
velocity as a function of height above the surface. The line shows the fitted trajectory given by Supporting Information eq S1,
indicating a jumping velocity of vj = 0.41( 0.01m/s. Inset: Rootmean square error (RMSE) of the fit of Supporting Information
eq S1 to the measured velocities. The estimated jumping velocity was evaluated at the minima of the calculated RMSE.
(c) Jumping velocity in (b) scaled by the characteristic speed given by eq 1, indicating vj/U = 0.21 ( 0.01.
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droplets defined by a radius, R, resting on a surface
characterized by θa

appf 180� andΔ cos θf 0 is shown
in Figure 3a. Soon after the interfaces of the two
droplets make contact, a liquid bridge develops that
is accelerated radially from the point of contact due to
the curvature difference (in the longitudinal direction)
between the bridge radius (1/rb) and the droplets
(1/R). Initially, viscous forces control the bridge flow
dynamics. However, inertia begins to dominate the
flow dynamics when the bridge radius, rb, exceeds
the critical bridge radius rc = 64 μ2/(FγC4),34,35 where C
is a constant previously determined from simulation36

and experimental measurement35,37,38 to have a value
ranging between 1.39 and 1.62. For water at ambient
conditions and based on the range of C, rc ≈
165�311 nm. Considering the inertial regime, scaling
of the bridge flow yields a time-varying bridge radius
rb(t) formed during coalescence given by36,39

rb ¼ CR
ffiffiffiffiffiffiffi
t=τ

p
(2)

where τ = (FR3/γ)1/2 is the inertial-based time scale of
the coalescence process. Differentiating eq 2 with
respect to time gives

vb ¼ 1
2

CRffiffiffiffi
τt

p (3)

Noting the definition of τ, eq 3 shows that
vb∼ (γ/FR)1/2, corresponding to the scaling given by eq 1.
This equivalence between the energy state scaling and
the scaling behavior of the radial bridging flow high-
lights the link between the jumping droplet speed and
the excess surface energy being transferred to the
internal flow during the coalescence process. Specifi-
cally, by considering the symmetry of the system, we
seek to relate the internal flow to the jumping of the
droplet from the surface by finding the momentum
component of the internal flow normal to the symmetry-
breaking surface, i.e., y-coordinate in Figure 3a. Due
to symmetry considerations, the other two momentum
components parallel to the surface (x- and z-coordinates)

Figure 3. Internal flow field during droplet coalescence. (a) Schematic of two condensed droplets undergoing coalescence
defined by an initial radius R, a time-varying capillary bridge radius rb, and a time-varying capillary bridgewidthw = rb

2/R on a
superhydrophobic surface characterized by θa

app f 180�. A cylindrical coordinate system (r, z, β) is defined with the origin
at the point where the two droplets meet. The z-coordinate is parallel to the surface, while the radial r-coordinate is resolved
into y- and x-coordinates at β = π/2 (pointed to the top of the page) and β = 0 (pointed into the page), respectively.
(b�f) Numerically simulated flow field of the coalescence process for Oh = 0.012 (R = 100 μm) and 1/4 < rb/R e 21/3 in the
region of the droplet indicated by the dot-dashed box in (a). Simulated fluid properties: γ = 72� 10�3 N/m, F = 1� 103 kg/m3,
μ = 1 � 10�3 Pa 3 s. The contours depict the radial velocity component with red and blue coloring indicating flow away and
toward the z-axis, respectively. The gray lines depict the streamlines of the flow. At the earlier stage of coalescence (b), the
generated radial flow is restricted primarily to the local bridge region (z/R = 0). This flow is fed by a region of negative radial
flow that can be clearly seen in (c) due to the differences in the local curvature along the droplet interface. In (d), the positive
and negative radial flow regions expand as the capillary wave moves away from the bridge region. In (e), the negative radial
flow feeding the positive radial flow centered around z/R = 0 has arrived at the edge of the droplet. (f) The negative radial flow
has vanished and the entire upper portion of the droplet has a positive radial velocity driven by the curvature difference
between the interface at z/R ≈ 1.75 (r/R ≈ 0) and z/R ≈ 0 (r/R ≈ 21/3).
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give zero net momentum before and after the impact of
the bridging flow on the surface.

To determine the y-component of momentum, py,
generated during the coalescence process, 2D axisym-
metric numerical simulations were performed using a
finite-element code specifically designed to accurately
model unsteady microcapillary flows in which both
viscous and inertial forces are present in the liquid. This
code has previously been shown to accurately capture
the coalescence process,40 and was originally devel-
oped for dynamic wetting flows41 (see Methods).

In Figure 3b�f, the numerically simulated flow field
of the coalescence process forOh= 0.012(rc/R= 64Oh2/
C4 ≈ 2 � 10�3), corresponding to water droplets at
approximately ambient conditions with initial radii of
R = 100 μm, and 0.25e rb/Re 21/3 is shown in terms of
the radial velocity component, ur, and the flow stream-
lines (see Supporting Information S6 for flow fields
obtained for larger Oh). In the early stages of coalesc-
ence (rb/R = 1/4), flow enters the expanding liquid
bridge from the droplet bulk near the bridge due to the
low pressure region generated by the large longitudi-
nal bridge curvature.39 The bridging process generates
a capillary wave (Figure 4a) that propagates along the
interface away from the bridge region. The local pres-
sures associated with the capillary wave fluctuate
above and below the initial equilibrium pressure.
As the capillary wave propagates and disperses
(Figure 4b-d), there is a corresponding expansion in
both the positive and negative components of the
radial velocity (Figure 3c�e). Beyond rb/R = 1, the
negative radial flow decays until, at rb/R = 21/3

(Figure 3f), the radial flow component is positive every-
where. This result corresponds to a relatively large
pressure fluctuation as the capillary wave reaches the
end of the droplet and is reflected back toward the
coalescence symmetry plane. This increase in pressure,
as well as the inertia already obtained, generates a flow
with a significant positive radial component (Figure 3f).

Also shown in Figure 4 are the capillary wave
characteristics for larger Oh values of 0.037(rc/R ≈
2 � 10�2) and 0.118 (rc/R ≈ 0.13�0.24). As Oh in-
creases, the propagating capillary wave driving the
internal flow becomes significantly damped, a conse-
quence of theOh number representing the dimension-
less viscosity. The reduced amplitude of the pressure
fluctuations with respect to the initial equilibrium
pressure alongwith increased viscous dissipationwith-
in the droplet leads to a characteristic change in both
the interface shape evolution and internal flow field of the
coalescing droplet (see Supporting Information S6). As
we show later, this behavior correlates with the magni-
tude of the internal flow momentum generated during
coalescence to give an Oh-dependent jumping velocity.

The change in droplet shape evolution and internal
flow field was reflected in the cumulative viscous
dissipation of the flow during the coalescence process,

Ed(rb/R), normalized by the available excess surface
energy budget, ΔE, shown in Figure 5a. As expected,
an increasing proportion of the excess surface energy
budget was consumed by viscous losses with increas-
ing Oh. Figure 5b shows the normalized viscous dis-
sipation evaluated fromour simulations at rb/R= 21/3 as
a function of Oh and previous estimations.9,13 The
dissipation estimates are seen to either under-predict
or over-predict the viscous losses compared to our
simulations. More importantly though, both previous
estimates predict a linear increase in viscous dissipa-
tion with increasing Oh, which is due to the fact that
only a single inertial time scale was used to character-
ize droplet coalescence for all Oh.9,13 The simulation
results, however, show a decreasing rate of viscous
dissipation growth with increasing Oh. This can be
understood by considering the limiting case of a very
largeOhwhere the normalized viscous dissipationmust
asymptote to unity when evaluated up to rb/R = 21/3

resulting in a smooth transition to a sphere during
coalescence.40 As we show next, simply adding a
viscous dissipation term into the energy-balance analysis
cannot capture the subtle effect of viscosity on the
development of the internal flow momentum compo-
nent normal to the condensing surface with varying Oh.

To extract the y-component (surface-normal) of
momentum from the simulations, we considered

Figure 4. Capillary wave during droplet coalescence. Pres-
sure profiles at the liquid/vapor interface along the normal-
ized interface position, s(r,z)/R. The pressure difference
across the interface is normalized by the initial equilibrium
pressure of the two droplets, Δp(R) = 2γ/R. The light
horizontal solid line and dashed line correspond to Δp/
Δp(R) = 1 and Δp(21/3R)/Δp(R) ≈ 0.8, respectively. The solid
curve (black) depicts the pressure profiles obtained for
Oh = 0.012 corresponding to the flow fields shown in
Figure 3. The dashed (green) and dash-dot (red) curves
depict the pressure profiles obtained for Oh = 0.037 and
Oh = 0.118, respectively.
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axisymmetric motion about the z-axis of a cylindrical
coordinate system (r, z, β) for z > 0 due to the symmetry
between the two coalescing drops. The velocity com-
ponent perpendicular to the surface is uy = ur sin β,
where ur is the velocity in the radial direction and β is
the azimuthal coordinate. Accordingly, the momen-
tum perpendicular to the surface in the upper half of
the two coalescing droplets is

py ¼ 2F
ZZ π

0
rur sinβdβdrdz (4)

The first integral in eq 4 gives the y-component of the
radial velocity, while the second integral operates over
the r�zplane. The totalmomentumgivenby eq 4 canbe

further broken down into positive, py
þ, and negative, py

�,
contributions topy dependingonwhether theassociated
radial flow is moving away from or toward the z-axis.

Figure 5c shows the y-components of the momen-
tum extracted from the numerical simulations non-
dimensionalised by the characteristic momentum of
the system, mjU, for Oh = 0.012, 0.037, and 0.118. The
results are compared to the prediction of a simple
model description of the y-component of the bridging
flow momentum in the inertial limit (see Supporting
Information S7 for derivation) given by

pþ
y jrb=Rj1

mjU
¼ 3

2π
C2 rb

R

� �3

(5)

Figure 5. Viscous dissipation andmomentumgeneration. (a) Viscously dissipated energy scaled by the excess surface energy
budget during the coalescence process up to rb/R = 21/3 forOh = 0.012 (solid curve),Oh = 0.037 (dashed curve) andOh = 0.118
μm (dot-dashed curve). (b) Viscously dissipated energy at rb/R = 21/3 (circles) scaled by the excess surface energy budget as a
function of theOh number. The dashed and dot-dashed lines correspond to the viscous dissipation terms estimated in refs 13
and 9, respectively. (c) Numerically simulated positive and negative momentum y-components (y > 0) scaled by the
characteristic momentum as a function of the bridge radius for Oh = 0.012 (solid curve), Oh = 0.037 (dashed curve) and
Oh = 0.118 μm (dot-dashed curve). The dashed line corresponds to eq 5 with C = 1.3. The vertical solid line corresponds to
rb/R = 21/3. The simple inertial model of the bridging phase (dot curve) shows good agreement with the low Oh number data
up to rb/R ≈ 1. For increasing Oh number, we observe a deviation from the simple inertial model. (d) Maximum value of the
dimensionless y-componentmomentum in the upper portion of the droplets py

þ|max(rb/Rg21/3)/(mjU) contributing to the droplet
jumping velocity as a function of Oh number (squares). Sum of the dimensionless y-component momentum contributions
∑py/(mjU) to the droplet jumping velocitygivenbyeq6as a functionofOhnumber (circles). Both the y-componentmomentum in
the upper portion of the droplets and the total momentum scale approximately as �Oh.
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Despite the simplified nature of our analysis, we find
that a numerical prefactor of C = 1.3 inserted into eq 5
provides good agreement with the simulated py

þ up to
rb/R ≈ 1 for the smallest simulated Oh. This serves to
highlight the dominant role of the bridging flow in
generating internal flow momentum at this stage of
the coalescence process.

For Oh = 0.012 and rb/RJ 1, we observed a distinct
reduction in the growth of the numerically simulated
py
þ coincidingwith positive radial flow spreading to the

entire droplet and the commensurate decay of the
negative radial flow (Figure 3e,f) that can be observed
in Figure 5c in terms of the negative momentum, py

�,
that reached aminimumat rb/R≈ 1 before returning to
zero. The dwell in the positive momentum growth was
followed by a high rate of growth that was approxi-
mately three orders faster ∼(rb/R)

6 than during the
bridge phase (rb/R j 1) and reached a maximum at
rb/R = 21/3. This large increase in py

þ corresponds to the
entirely positive radial flow observed in Figure 3f.
Beyond this point in our simulations, py

þ began to
decay due to the inherent symmetry of the simulated
system with energy being stored in the stretched
interface as the momentum of the flow carried the
bridge radius past the final equilibrium position of
rb/R = 21/3. However, due to the breaking of symmetry
by the condensing surface, in our experiments this excess
momentum at rb/R = 21/3 is unbalanced and can con-
tributedirectly to themomentumof the jumpingdroplet.
Note that, for the analysis performed here, we have
defined the excess momentum as the maximum mo-
mentum at rb/Rg 21/3. This provides consistency for the
situationwhere thepeak inmomentummayoccur at rb/R
< 21/3 for Oh numbers larger than those simulated here
and in the viscous limit (rc/R J 1) where we expect all
momentum in the system to tend to zero as rb/Rf 21/3.

As Oh was increased in the simulations, the mo-
mentum growth rate in the bridge phase slowed down
and the characteristic kink in momentum growth
beyond rb/R = 1 observed for smaller Oh (= 0.012)
was smoothed out. This correspondedwith a reduction
in the excess momentum obtained at rb/R≈ 21/3 and a
shift to smaller values of rb/R where the maximum
momentum occurred. In the py

� region, the minimum
found at rb/R≈ 1 for lowOh shifted to smaller values of
rb/R and decreased in magnitude. The change in
momentumgeneratedwith increasingOh is consistent
with the coalescence dynamics moving into the transi-
tion region between the inertially and viscously domi-
nated coalescence regimes as rc/R f 1.35

To complete the picture of flow momentum avail-
able for droplet jumping, we considered the lower
region of the coalescing droplets (y < 0) where the
sign of the momentum components are reversed.
Distinct from the upper region (y > 0), the bridging
flow interacts with the condensing surface. At the
momentwhen the bridge impacts the surface (rb/R≈ 1),

the flow in the negative y-direction has a momentum
�py

þ|rb/R=1. The bridge impact develops a region of high
pressure as the dynamic pressure of the flow is con-
verted to static pressure,1 imposing a force on the
liquid and the interface. For simplicity, we assumed
that the flow momentum induced by this pressure is
equal, but opposite, to the momentum in the negative
y-direction just prior to impact, py

þ|rb/R=1. We also
considered the contribution to the y-component of
momentum of the internal flow in the flow neighbor-
ing the bridge,�py

�|rb/R=1. While detailed analysis of 3D
simulations are required to confirm these assumptions,
we can bound the momentum available for jumping
by py

þ|max(rb/Rg21/3) and 2py
þ|max(rb/Rg21/3). Verification that

the experimental data lay between these bounds will
support our developed approach,with the specific expres-
sion derived below as a starting point for a more complex
description of the full three-dimensional dynamics.

Next, we balanced the y-momentum of the coales-
cing droplet system by summing the three identified
y-components of momentum generated by the inter-
nal flow and compared them to the total momentum
of the jumping droplet,

∑ py=(mjU) ¼ (pþ
y jrb=R¼ 1 þ pþ

y jmax(rb=Rg21=3)

� p�
y jrb=R¼ 1)=(mjU) ¼ vj

U
(6)

In Figure 5d, py
þ|max(rb/Rg21/3)/(mjU) and the summation

of contributing momentum y-components given by
eq 6 are plotted as a function of the Oh number. As Oh
increases, there is an approximately linear decrease in
available internal flowmomentum for droplet jumping
(∑py(mjU) ∼ �Oh), resulting in an approximately
2� reduction in dimensionless jumping velocity as
Oh increases from 0.01 to 0.12. In addition, the
py
þ|max(rb/Rg21/3)/(mjU) term contributes two-thirds of

the momentum to the jumping process, ≈67%, over
the range of Oh simulated (see Figure 5d and Support-
ing Information S8) with the remainder of the contri-
buting momentum originating from the bridge impact
region.1 A fit to the numerical data resulted in the
following expression for the jumping velocity

vj ¼ (3:4026Oh2 � 1:5285Ohþ 0:2831)U (7)

(see Supporting Information S9 for fit statistics). To-
ward the inviscid limit (Ohf 0), the jumping velocity is
vj≈ 0.28U. When we calculate the kinetic energy of the
jumping droplet based on this velocity and compare to
the available excess surface energy in the system (ΔE),
only ≈6% of the excess surface energy budget was
converted to the translational kinetic energy of the
jumping droplet (Ej). As Oh increased, the energy
conversion efficiency (ηj = Ej/ΔE) decreased further
reaching ηj ≈ 1.8% for Oh = 0.12 (see Supporting
Information S10). Interestingly, the conversion efficien-
cies of coalescence-induced droplet jumping are

A
RTIC

LE



ENRIGHT ET AL. VOL. 8 ’ NO. 10 ’ 10352–10362 ’ 2014

www.acsnano.org

10359

characteristically smaller than those of a solid disc
transitioning to a sphere as it melts, where ηj ≈ 20%
has been found.17 This characteristically larger ηj
further highlights the importance of the internal flow
momentum developed during the capillary-driven
jumping process, which is intimately linked to the
initial geometry of the system. Next, we compared
the results of the numerical simulations to the experi-
mentally measured jumping velocities.

Comparison to Experiment. In Figure 6a,b, our experi-
mentally measured droplet jumping velocities and the
predictions of our numerical simulations (eq 6 and
Figure 5d) are plotted as a function of the jumping
droplet diameter, 2Rj. Also shown in Figure 6a is a
previously obtained experimental data set.7 For experi-
ments performed under low pressure in the environ-
mental chamber (Figure 6b), where vapor density was
reduced, but viscosity remained approximately un-
changed such that the Reynolds number was small
(Ree 1), a simple linear fit was applied to themeasured
droplet trajectory to determine the jumping speed due
to the potential for molecular slip effects on the drag
force. Unlike the two-camera arrangement (Figure 6a),

the initial conditions before coalescence were difficult
to ascertain using a single-camera arrangement
(Figure 6b), especially with decreasing droplet radii.
However, we classified jumping events based on the
angular deviation of the droplet trajectories from the
surface normal, rejecting jumping events deviatingmore
than 5� from the normal. Also rejected from the analysis
were droplet jumping events triggered by incoming
droplets (see Supporting Information S1 for movie
details).7,9 In general, data obtained from the one-camera
arrangement showedmore scatter due to our inability to
completely filter coalescing droplets with nonequal radii
and jumpingevents triggeredbymore than twodroplets.

We demonstrated excellent agreement between our
numerical predictions and experimental data with the
latter well-bounded by the limits placed on the jumping
speed by py

þ|max(rb/Rg21/3) and 2py
þ|max(rb/Rg21/3), giving us

confidence in our interpretation of the physics. In addi-
tion, we found that the data measured using the two-
camera arrangement, which removes the ambiguity
surrounding the initial coalescence conditions asso-
ciated with the one-camera arrangement, followed the
numerical predictions exceptionally well. Indeed, for the

Figure 6. Comparison of experimental data to numerical predictions. Jumping velocities as a function of jumping droplet
diameter for (a) the two-camera arrangement and (b) the one-camera arrangement with properties evaluated at (a) Tw = 5 �C
and (b) Tw = 26 �C to correspond with the experimental conditions. The dimensionless jumping velocity is plotted as a
function of Oh in (c). In (a), the open circles are the data from the two-camera arrangement for the P2i�CNT surface and the
open triangles are the data from ref 7. In (b), the squares anddiamonds are the data from the one-camera arrangement for the
P2i�CNT and P2i�CuO surfaces, respectively. In (a�c), the closed circles show the prediction of the numerical simulations
(Figure 5d) and the solid line is given by eq 7. The dot-dashed lines in (a�c) represent the bounds of py

þ|max(rb/Rg21/3) and
2py

þ|max(rb/Rg21/3).
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experiment presented in Figure 2 using the two-camera
arrangement, the numerical simulations predicted
vj = 0.23U, which was within 10% of the experimental
jumping velocity of vj ≈ 0.21U. For the one-camera
arrangement, we measured jumping speeds as high as
1.4 m/s, approximately six times larger than previously
reported,7 due to a combination of the elevated tem-
perature of the environmental chamber with respect to
ambient and the smaller jumping droplet diameters
allowed by our nanostructured surfaces. Experiments
performed in the environmental chamber also con-
firmed that the surrounding gas pressure played no role
on the jumping speed (see Supporting InformationS11).

Interestingly, previous experimental data are well-
captured by our numerical results without the need to
introduce a surface adhesion term for 2Rj > 100 μm,7

indicating that droplets in this size range had reached a
constant contact angle growth wetting state charac-
terized by macroscopic contact angle measurements
on this surface, θ ≈ 170�, Δθ ≈ 0�.42 However, for
droplets smaller than 100 μm, there was an increasing
discrepancy in comparison to our numerical results.
While it has previously been suggested that the ob-
served peak and then decreasing jumping speed with
decreasing droplet size arises as a result of internal
viscous dissipation,7,9,13,43 the jumping speeds fall
off faster than our experimental and numerical data
in this range of Oh (Figure 6c). This observation im-
plicates a surface interaction mechanism rather than a
fundamental hydrodynamic limitation and highlights

that the details of the evolving droplet morphology
need to be carefully considered when interpreting
experimental data of droplet jumping. Indeed, com-
plex wetting interactions associated with condensed
droplet growth on hierarchical surfaces have been
shown to influence the ability of coalescing droplets
to jump,10 a fact not captured in our present analysis.
However, we believe that the mechanistic frame-
work we have developed to understand droplet
jumping can be readily extended to deal with these
nonidealities.

CONCLUSIONS

In summary, we demonstrated experimentally and
numerically that coalescence-induced droplet jump-
ing on ultra-low adhesion surfaces is fundamentally
inefficient. Through the use of detailed measurements
of jumping droplets during water condensation
coupled with numerical simulations of binary droplet
coalescence, we have elucidated that only a small
fraction of the excess surface energy (e6%) is conver-
tible into translational kinetic energy. These findings
clarify the role of internal fluid dynamics during the
jumping droplet coalescence process and underpin
the development of systems that can harness jumping
droplets for a wide range of applications. Furthermore,
this work offers fundamentally new insight into the
process of coalescence-induced droplet jumping and
has defined a fundamental upper bound for jumping
speeds on flat nonwetting surfaces.

METHODS

Surface Synthesis. Carbon nanotubeswere grownby chemical
vapor deposition (CVD).44 Silicon growth substrates were pre-
pared by sequentially depositing a 20 nm thick Al2O3 diffusion
barrier and a 5 nm thick film of Fe catalyst layer using electron-
beam deposition. Growth was performed in a 2.54 cm quartz
furnace tube. Following a 15min purge in a H2/He atmosphere,
the growth substrate was annealed by ramping the furnace
temperature to 750 �C followed by a 3 min anneal at tem-
perature, while maintaining a flow of H2 and He at 400 and
100 sccm, respectively. CNT growth was then initiated by
flowing C2H4 at 200 sccm. The flow of C2H4 was stopped
after a period of 1 min. The thermally grown CNT had a typical
outer diameter of d ≈ 7 nm. Due to the short growth time
(∼5min), the CNT did not form awell-aligned forest, but rather
a tangled turf.

To create the CuO nanostructures, commercially available
oxygen-free Cu tabs (20mm� 2mm� 1mm)were used (99.9%
purity), as the test samples for the experiments. Each Cu tabwas
cleaned in an ultrasonic bathwith acetone for 10min and rinsed
with ethanol, isopropyl alcohol and deionized (DI) water. The
tabs were then dipped into a 2.0 M hydrochloric acid solution
for 10 min to remove the native oxide film on the surface, then
triple-rinsed with DI water and dried with clean nitrogen gas.
Nanostructured CuO filmswere formed by immersing the cleaned
tabs into a hot (96( 3 �C) alkaline solution composed of NaClO2,
NaOH,Na3PO4 3 12H2O, andDIwater (3.75:5:10:100wt%).45During
the oxidation process, a thin (≈300 nm) Cu2O layer was formed
that then reoxidized to form sharp, knife-like CuO oxide structures
with heights of h≈ 1 μm, solid fraction j≈ 0.023 and roughness
factor r ≈ 10.

To functionalize the surfaces, a proprietary fluorinated
polymer was deposited using plasma enhanced vapor deposi-
tion (P2i). The process occurs under low pressure within a
vacuum chamber at room temperature. The coating is intro-
duced as a vapor and ionized. This process allows for the
development of a highly conformal (≈30 nm thick) polymer
layer, which forms a covalent bond with the surface, making it
extremely durable. Goniometric measurements (MCA-3, Kyowa
Interface Science Ltd.) of ≈100 nL droplets on a smooth P2i
coated silicon wafer surface showed advancing and receding
contact angles of θa = 124.3� ( 3.1� and θr = 112.6� ( 2.8�,
respectively. Using the values of the advancing angles on the
rough and smooth P2i surfaces, we estimated the effective solid
fraction of both theCNT andCuO surfaces to bej= (cosθa

appþ 1)/
(cos θa þ 1) ≈ 0.03.

Jumping Droplet Experiments. Condensation experiments car-
ried out under humid atmospheric conditions used two cam-
eras that were orthogonally aligned and focused at the same
point in space (MCA-3, Kyowa Interface Science Ltd.) (see
Supporting Information S2). An overhead CCD camerawas used
to capture images of the droplets prior to coalescence to
provide the initial conditions. The out-of-plane trajectory of
the jumping droplets was captured using a high-speed camera
(Fastcam SA2, Photron) at frame capture rates of 5, 7.5, and
18 kHz corresponding to shutter speeds of 185, 133, and 56 μs,
respectively. Back illumination was provided by a fiber light
positioned behind the sample with respect to the high-speed
camera. The experiment was initiated by first cooling the surface
to a temperature of Tw = 5 �C, corresponding to a local saturation
pressure of pw = 0.9 kPa on a cold-stage under a dry N2 stream.
The dryN2 streamwas then shut-off to initiate condensation from
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the ambient atmosphere with a relative humidity of ≈55% and
a dry-bulb temperature of ≈20 �C corresponding to a vapor
saturation pressure of pv ≈ 1.28 kPa and a supersaturation of
S = pv/pw ≈ 1.42.

Condensation experiments were also carried out under
saturated conditions in a pressure regulated environmental
chamber using a single-camera arrangement (see Supporting
Information S3 and S4). The out-of-plane trajectory of the
jumping droplets was captured using a high-speed camera
(Phantom v7.1, Vision Research) at frame capture rates of 7.2,
10, and 20 kHz corresponding to shutter speeds of 139, 100, and
50 μs, respectively. The camera was mounted outside of the
environmental chamber and fittedwith an extendedmacro lens
assembly. Illumination was supplied by light emitting diodes
installed inside the chamber and providing back lighting to the
sample. The sample tabs were mounted to a flattened copper
tube connected to an external cooling loop andwasmaintained
at a temperature of Tw = 26 �C (pw = 3.33 kPa). The water vapor
supply was vigorously boiled before the experiments to remove
noncondensable gases. The experiment was initiated by first
evacuating the environmental chamber to medium-vacuum
levels (=0.5 ( 0.025 Pa). Water vapor was then introduced into
the environmental chamber via a bellows valve set to maintain
the chamber pressure at pv = 3.6( 0.175 kPa corresponding to a
supersaturation of S ≈ 1.05.

Numerical Modeling. A purpose-built finite-element-based
computational code was used to capture the dynamics of the
coalescence process. The bulk flow of the liquid is governed by
the incompressible Navier�Stokes equations, while the bound-
ary conditions are given by either the conventional model or by
the interface formation model, which generalizes the usual
boundary conditions for flows in which interfaces are formed
or destroyed.46 In the range of parameter space studied in this
paper, the differences in the predictions of the two models for
the global dynamics of the drops was small; however, larger
differences may be expected when considering smaller drops.

A full description of the models used, benchmark simula-
tions confirming the codes accuracy and a comparison to recent
experimental data are provided in ref 40. Furthermore, a step-
by-step user-friendly guide to the development of the code can
be found in ref 47 and the extension to interface formation
dynamics is in ref 41. Therefore, herewe only briefly recapitulate
the main details.

The code uses an arbitrary Lagrangian Eulerian approach, so
that the free surface dynamics are captured with high accuracy.
The mesh is based on the bipolar coordinate system, and is
graded so that exceptionally small elements can be placed near
the bridge front; consequently, in contrast to many previous
works, both local and global physical scales of the coalescence
process are properly resolved. Triangular finite elements of V6P3
type are used and the result of our spatial discretization is a system
ofnonlineardifferential algebraic equationsof index two,whichare
solved using the second-order backward differentiation formula
using a time step, which automatically adapts during a simulation
to capture the appropriate temporal scale at that instant.
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