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V
apor condensation is an essential
part of energy conversion,1,2 water
harvesting,3,4 and thermal manage-

ment systems.5�10 When water vapor con-
denses on high or low surface energy
surfaces, the condensate forms a liquid film
or distinct droplets, respectively. The latter,
termed dropwise condensation, is desired
since the condensate can be more easily re-
moved from the surface, which significantly
increases heat and mass transfer.11�13 Re-
search has focused on using a combination
of roughness and chemical functionalization
to create superhydrophobic surfaces14,15 for
dropwise condensation, whereby droplets

easily roll off the surface due to gravity
upon reaching a critical size (∼2 mm for
water).13,16�19

A recent study showed that when small
droplets (∼10�100 μm) merge on super-
hydrophobic nanostructured surfaces, drop-
lets can spontaneously eject via the release
of excess surface energy irrespective of
gravity.20 Droplet removal by this jumping
mechanism is highly desirable due to the
increased number of small droplets,21

which more efficiently transfer heat to
the surface.1,22�25 A number of works have
since fabricated superhydrophobic nano-
structured surfaces to achieve spontaneous
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ABSTRACT When condensed droplets coalesce on a superhy-

drophobic nanostructured surface, the resulting droplet can jump

due to the conversion of excess surface energy into kinetic energy.

This phenomenon has been shown to enhance condensation heat

transfer by up to 30% compared to state-of-the-art dropwise

condensing surfaces. However, after the droplets jump away from

the surface, the existence of the vapor flow toward the condensing

surface increases the drag on the jumping droplets, which can lead to complete droplet reversal and return to the surface. This effect limits the possible

heat transfer enhancement because larger droplets form upon droplet return to the surface, which impedes heat transfer until they can be either removed

by jumping again or finally shedding via gravity. By characterizing individual droplet trajectories during condensation on superhydrophobic nanostructured

copper oxide (CuO) surfaces, we show that this vapor flow entrainment dominates droplet motion for droplets smaller than R≈ 30 μm at moderate heat

fluxes (q00 > 2 W/cm2). Subsequently, we demonstrate electric-field-enhanced condensation, whereby an externally applied electric field prevents jumping

droplet return. This concept leverages our recent insight that these droplets gain a net positive charge due to charge separation of the electric double layer

at the hydrophobic coating. As a result, with scalable superhydrophobic CuO surfaces, we experimentally demonstrated a 50% higher overall condensation

heat transfer coefficient compared to that on a jumping-droplet surface with no applied field for low supersaturations (<1.12). This work not only shows

significant condensation heat transfer enhancement but also offers avenues for improving the performance of self-cleaning and anti-icing surfaces as well

as thermal diodes.

KEYWORDS: condensation . wetting . superhydrophobic . nanostructured design . heat transfer enhancement . droplet charging .
electric field . vapor entrainment
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droplet removal9,26�46 for a variety of applications in-
cluding self-cleaning,47 condensation heat transfer en-
hancement,13,21,24,48�54 thermal diodes,55,56 and anti-
icing.57�64 Improvements of 30% in condensation heat
transfer coefficients with jumping droplets as com-
pared to state-of-the-art dropwise condensation have
been demonstrated.48

However, heat transfer enhancement can be limited
by droplet return due to (1) gravitational force (i.e.,
horizontally aligned condensing surface with jumping
occurring on top),20,24,48,65,66 (2) entrainment in a bulk
convective vapor flow occurring adjacent to the con-
densing surface (i.e., due to buoyancy effects on vapor
near the surface), and (3) entrainment in the local
condensing vapor flow toward the surface (i.e., the
flow required for mass conservation of the condensing
vapor).56 Although previous studies have experimen-
tally shown droplet return by gravity,20 characteriza-
tion of the vapor flow entrainment on droplet return
and its effect on heat transfer is needed. An improved
understanding will not only enhance heat transfer but
prevent progressive surface flooding and extend high-
performance condensation operational time due to
the reduction in large pinned droplets on the conden-
sing surface.
Meanwhile, we can exploit our recent discovery

of positively charged jumping droplets as they leave
the condensing surface due to electric double layer
charge separation on the hydrophobic coating.67 This
insight provides a unique opportunity to utilize exter-
nal electric fields to enhance droplet removal from
superhydrophobic nanostructured condensing sur-
faces. Although external electric fields cannot increase
the jumping droplet frequency because electrostatic
charging occurs after droplet coalescence and depar-
ture,67 they can limit droplet return to the surface
caused by the three limiting mechanisms described
above.
In this work, we first show via experiments on

superhydrophobic nanostructured copper oxide
(CuO) surfaces and theory that, during condensation,
local vapor flow entrainment dominates droplet mo-
tion for droplets smaller than R ≈ 30 μm at moderate
heat fluxes (q00 > 2 W/cm2). This process limits the
condensation heat transfer coefficient for superhy-
drophobic jumping-droplet surfaces. Consequently,
we used electric-field-enhanced (EFE) condensation,
whereby an external electric field limits droplet
return to the condensing surface, further enhancing
heat transfer. We experimentally demonstrated
that a ≈50% higher overall heat transfer coefficient
can be achieved on scalable CuO superhydrophobic
surfaces with EFE condensation compared to con-
ventional jumping-droplet condensation, which
translates to a ≈100% higher overall heat transfer
coefficient compared to dropwise condensing copper
surfaces at low supersaturations (S < 1.12). This

work is a starting point for more advanced ap-
proaches via EFE condensation to improve, for
example, anti-icing, self-cleaning, and thermal diode
performance.

RESULTS AND DISCUSSION

Jumping-Droplet Return. When a pair of equal-sized
droplets coalesce and jump on a superhydrophobic
nanostructured surface, they travel away from the
surface in a trajectory perpendicular to the surface.20

However, if the surface is oriented in such a manner as
to allow jumping to occur against gravity (i.e., horizon-
tally facing upward), the returning droplet may
either (1) coalesce and undergo another jump (see
Supplementary Movie 1) or (2) pin to the surface and
form a stationary droplet until coalescence occurs
again (see Supplementary Movie 2). To eliminate
gravitational return, these condensing surfaces can
be oriented such that the gravitational force does
not act opposite to the droplet motion; rather, it can
act transverse (i.e., vertical plate) or in parallel
(horizontally facing downward) to the droplet. How-
ever, other mechanisms dictate the return, which we
experimentally investigated.

We first characterized droplet jumping away from
the surface in the direction opposite the gravita-
tional force. We condensed water vapor on copper
tubes coated with functionalized CuO nanostructures
(Figure 1a; see Methods) and observed droplet jump-
ing. The radial geometry of the tubes allowed for
simultaneous high-speed imaging of droplet jumping
against gravity (tube top) and with gravity (tube
bottom). To visualize the behavior, the CuO tubes were
tested in a controlled condensation chamber inter-
faced with a high-speed camera (see Supporting In-
formation, sections S2 and S3).

Figure 1b shows a long exposure time image
(50 ms) obtained during steady-state condensation
on the CuO tube (see Supplementary Movie 3), where
the white streaks show the trajectories of the droplets.
As one might expect, droplets departing from the top
of the tube returned to the tube surface, presumably
due to gravitational force. However, droplets leaving
the tube bottom (with gravity) sometimes returned to
the bottom surface as well (Figure 1c). This return of
droplets against gravity implies that either a bulk vapor
flow was present that traveled upward (i.e., due to
buoyancy) or a local mass-conserving radial vapor
flow moving toward the tube entrained droplets
and caused them to return to the surface. To study
the potential effect of a buoyant flow, we modified the
experiment to include a flow blockage beneath the
tube. Return of droplets from the bottom surface was
as frequent as before, indicating that buoyancy-in-
duced bulk vapor flow was not the mechanism of
droplet return (see Supporting Information, section
S4 and Movie 4).
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The second possiblemechanism capable of causing
droplet return is from entrainment of droplets in the
local vapor flow toward the tube due to condensate
mass conservation (i.e., water vapor supplied to the
condensing surface). To examine this hypothesis, we
first modeled the radial vapor flow toward the tube to
obtain the drag on departing droplets. The model was
simplified by assuming that a jumping droplet departs
normal to the surfacedirectly downward in thedirection
of gravity. We also assumed that, due to the relatively
small size of departing droplets (∼10 μm), the shape of
droplets remained spherical during flight. This assump-
tion is justified given that the vapor density is small
compared to the density of the liquid droplets (Fv,Fw)
and Bo = FwgR2/γ, 1, where Bo and R are the droplet
Bond number and radius (≈10 μm), respectively, Fw
and γ are the water density (≈1000 kg/m3) and
surface tension (≈72 mN/m), respectively. In addition,
We= (FvUv

2R)/γ, 1 andCa=μvUv/γ,1,whereWeand
Ca are theWeber and capillary numbers, respectively,Uv

is the characteristic vapor velocity (∼ 0.1 m/s), Fv is the
vapor density (≈0.02 kg/m3), and μv is the vapor
dynamic viscosity (≈9.8 μPa 3 s).

68 Figure 2a shows
a cross-sectional schematic of the developed model
with a magnified view showing the force balance on a
departing droplet.

The equation of motion for the departing droplet,
which includes inertia (first term), the gravitational
force (Fg, second term), and the drag force due to
vapor flowing in the reverse direction (FD, third term), is

4
3
πR3Fw

dv
dt

¼ 4
3
πR3gFw � 1

2
FvπR

2CD(vþuv(x))
2 (1)

where R is the droplet radius, v is the droplet velocity,
t is time, g is the gravitational constant, CD is the
Reynolds number dependent drag coefficient on a
sphere,69 and uv is the velocity of the vapor flow past
the spherical jumping droplet. To determine the vapor
velocity, mass conservation is applied to the conden-
sing vapor. The tube heat transfer rate, q (measurable
quantity), is then balanced by the energy released via

vapor-to-liquid phase change:

_mhfg ¼ q (2)

where hfg and _m are the latent heat of vaporization and
the mass flow rate toward the tube of the condensing
vapor, respectively. Therefore, relating the mass flow
rate to the vapor velocity gives an expression for the
vapor velocity as

uv(x) ¼ Rtq
00

Fv(Rt þ x)hfg
(3)

Figure 1. Nanostructure characterization and jumping-droplet vapor flow entrainment. (a) Field emission scanning elec-
tron micrograph (FESEM) of a 10 min oxidized CuO surface. The sharp, knife-like CuO structures have characteristic heights
h ≈ 1 μm, a solid fraction j ≈ 0.023, and a roughness factor r ≈ 10. (Inset: Water droplet advancing contact angle on the
superhydrophobic nanostructured surface, θa = 171 ( 3�. Scale bar is 20 μm.) (b) Long exposure time image (50 ms) of
jumping-droplet condensation on a nanostructured CuO tube showing droplet�droplet interactions and droplet return to
the bottom surface against gravity (see SupplementaryMovie 3). (c) Long exposure time (50ms) image beneath the CuO tube
showing droplets jumping in the downward direction. Some droplets leave the tube (blue dotted arrows), while others are
entrained by the vapor flow toward the tube surface and return (black dotted arrows). Chamber vapor pressurePv = 2700( 68 Pa,
S≈ 1.02. The tube sample (outer diameterDOD = 6.35mm, inner diameterDID = 3.56mm, and lengthW= 131mm)was cooled
via chilled water flowing inside the tube at 5 ( 0.25 L/min; see Supporting Information, section S2).
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where Rt is the condensing tube outer radius, x is the
distance from the tube surface, and q00 is the heat flux
(heat transfer per unit area).

In order to obtain the droplet trajectory, the initial
condition relating the jumping velocity (vo) of the
droplet leaving the tube surface to the droplet radius
(R) is needed. Although a previous study experimen-
tally determined the initial droplet velocity as a func-
tion of radius,20 a hierarchical carbon nanotube surface
with droplets condensing at atmospheric pressure was
studied, which is distinct from our experiments carried
out at low vapor pressures (<4000 Pa). To minimize
uncertainties associated with the different experimen-
tal conditions, we experimentally determined the in-
itial droplet velocity as a function of departing droplet
radius. For water droplets of radii RJ 2 μm, coalescence
is governed by an inertially limited viscous regime at low
neck radii (Rmin/R) e Oh, where Rmin is the radius of the
neck connecting the two coalescing droplets, and Oh is
the characteristic droplet Ohnesorge number defined by
Oh = μ/(FwσR)1/2 and by an inertial regime at larger neck
radii (Rmin/R>Oh).70 Due to the relatively lowOhnesorge
number, Oh ≈ 0.02 to 0.1, the majority of droplet

coalescence (>90% for R = 2 μm) occurs in the inertial
regime70 where the time scale is governed by a capillary-
inertial scaling.71�73 Balancing the excess surface energy
and kinetic energy of the jumping droplet,20 we obtain
the characteristic scaling for the droplet velocity:

vo �
ffiffiffiffiffiffiffiffiffiffi
γ=FR

p
(4)

This characteristic velocity corresponds to a value of
unity for thedropletWeber number,We= (Fwvo2R)/γ=1.
To account for the incomplete conversion of excess
surface energy to kinetic energy not captured by the
scaling,we introduce a proportionality constantC, on the
right-hand side of eq 4.74 For our experiments on CuO
at low vapor pressure (Pv < 4000 Pa), eq 4 best fits
the experimental data with C ≈ 0.23 (see Supporting
Information, section S5).

Combining the initial condition (eq 4) and the
vapor flow velocity (eq 3) with the droplet equation
of motion (eq 1) (using a numerical discretization with
a Runge�Kutta method), we determined the droplet
position beneath the tube (x) as a function of time (t)
for varying droplet radius (R) and condensing tube heat
flux (q00) (Figure 2b,c). Figure 2b shows that when the

Figure 2. Jumping-droplet vapor flow entrainment model and experiments. (a) Schematic showing the condensing vapor
flow velocity uv(x) toward the condensing tube as a function of radial position x. The model considers only droplets traveling
downward in the direction of gravity (as shown in the close-up schematic). The forces acting on the droplets are gravity (Fg),
buoyancy (FB), and drag due to vapor flow (FD) (Rt = 3.16mm). Note, FB, Fg due to the large density difference between liquid
water and water vapor (Fv , Fw). The model was used to calculate the droplet position x beneath the tube as a function
of time t for a condensing heat flux of (b) q00 ≈ 0 W/cm2 and (c) q00 = 1 W/cm2. Results show that droplets below a certain size
(R ≈ 19 μm, for q00 = 1 W/cm2) became entrained in the condensing vapor flow and return to the tube surface. (d) Maximum
travel distance, Lmax, a droplet can travel away from the tube prior to being returned, as a function of condensation heat flux
q00. Inset: Maximum droplet radius Rmax, corresponding to Lmax, being returned to the condensing tube as a function of heat
flux q00. At larger heat fluxes, larger droplets return due to faster condensing vapor flow and a larger drag force FD toward the
tube surface. (e) Histogramof experimentallymeasured droplet interaction lengths for a condensation heat flux of q00 ≈ 0.8(
0.2 W/cm2. The interaction length is defined as the maximum distance a droplet travels before being returned to the
condensing surface due to vapor flow entrainment. The experimentally measuredmaximum travel distance Lmax,exp≈ 2.4 mm,
which is in good agreement with the theoretically calculated value of Lmax ≈ 2.5 mm (shown in (d)).
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vapor flow velocity toward the surface is much smaller
than the droplet jumping velocity (q00 ≈ 0), all droplets
depart from the surface and do not return. In the
absence of vapor drag, the gravitational force ensures
that all droplets are removed. However, if the tube heat
flux is increased to q00 = 1 W/cm2 (Figure 2c), droplet
entrainment in the condensing vapor flow becomes
significant, with droplets smaller than R ≈ 19 μm
returning to the surface against gravity. In contrast,
droplets larger than R ≈ 19 μm have enough gravita-
tional body force acting on them to depart from the
surface such that they do not return from entrainment
in the vapor flow. To further characterize the effects of
condensate vapor flow on droplet departure, we cal-
culated the maximum distance that the largest en-
trained droplets travel downward away from the
tube prior to being returned to the surface (Lmax) as
a function of condensation heat flux (Figure 2d). As
the condensation heat flux increased, the maximum
distance also increased due to the entrainment of
progressively larger departing droplets (Figure 2d
inset).

To experimentally verify our developed model, we
analyzed droplet trajectories directly below the con-
densing tube (Figure 1c) at a heat flux of q00 ≈ 0.8 (
0.2 W/cm2 using high-speed imaging. For each depart-
ing droplet that returned to the surface against gravity,
we measured the maximum vertical distance traveled
beneath the tube prior to droplet return (interaction
length). Figure 2e shows a histogram of droplet inter-
action lengths measured during the experiment.
The maximum distance a droplet traveled away from
the tube before returning to the surface was Lmax,exp

≈ 2.4 mm, which is in excellent agreement with the
model solution shown in Figure 2d, which predicted
Lmax ≈ 2.5 mm at a heat flux of q00 = 0.8 W/cm2. The
agreement between experiments and theory indi-
cates that droplet return (Figure 1c) is due to vapor
flow entrainment.

Our experimental and model results suggest a
fundamental limit to jumping-droplet condensation.
Due to entrainment of departing droplets, there is a
maximum attainable heat flux since larger heat fluxes
result in faster vapor flow andmore droplet return. As a
result, this limitation presents an opportunity to utilize
external body or surface forces to further aid droplet
removal from the surface at high fluxes, whether from
forced convection,75�77 Marangoni stresses,78 or elec-
trostatic fields.67 We have chosen to use electric fields
due to our recent discovery that jumping droplets also
gain a positive electrostatic charge as they leave the
condensing surface due to electric double layer charge
separation on the hydrophobic coating.67 Exploiting
this electrostatic charge using external electric fields
provides a unique and easily implementable approach
to enhance droplet removal from superhydrophobic
nanostructured condensing surfaces.

Electric Field Manipulation of Charged Jumping Droplets.
With our new understanding of the limitations for
droplet removal due to vapor flow entrainment, we
developed EFE condensation. Our recent study on
charged jumping droplets provides an avenue for
creating an external body force on departing droplets
in opposition to the drag force. To prevent entrain-
ment, we used an external electrode biased to attract
positively charged departing droplets.67 Figure 3a and
b depict the EFE condensation concept, where a
copper electrode placed beneath the tube was voltage
biased with 0 and 500 V (electrode is negative, tube is
grounded, 40 ms exposure time), respectively, to form
an electric field in order to prevent the return of
jumping droplets (see Supporting Information, section
S6). Under the no-field condition, droplets smaller than
Rmax jumped downward and then returned to the
surface, as seen by the changing trajectories in the
long exposure time image (Figure 3a). However, when
the field strength was large enough, droplet reversal
was completely eliminated (Figure 3b) and potentially
higher heat transfer could be attained due to the
reduction in average droplet size distribution on the
condensing surface.24,48,66,79

To study the effect of external electric fields, we
modified our experimental setup to include a copper
wire cage electrode surrounding the condensing
superhydrophobic CuO tube (Figure 3c�e). By apply-
ing a voltage between the grounded tube and wire
cage, droplets jumping from the surfacewere attracted
toward the cage and away from the surface, limiting
droplet return due to entrainment.

Figure 4 shows long exposure (40 ms) time-lapse
images of condensation with a positive surface voltage
bias (grounded tube, negative cage). Increasing vol-
tages resulted in decreasing droplet return, as shown
by fewer parabolic trajectories on top of the tube
surface which indicate droplets returning to the con-
densing surface. At low voltages (ΔV < 100 V), droplet
return was decreased when compared to no-field
condensation, but was still present (Figure 4a,b,c).
Droplet return was not eliminated until a critical vol-
tage of ΔV ≈ 130 V was reached, corresponding
to a critical electric field strength of approximately
E ≈ ΔV/(Ro � Rt) ≈ 75 V/cm, where Ro is the cage
radius (≈2 cm).

To theoretically estimate the critical electric field
and better understand the EFE droplet removal me-
chanism, we can compare the forces on a departed
droplet just as it reaches the crest of its motion and
is about to reverse direction (vv = 0, where v is the
droplet velocity).

The gravitational force acting on the droplet can be
estimated by Fg = (4/3)πR3Fwg≈ 0.04 nN,where R is the
characteristic jumping droplet radius (R ≈ 10 μm).13,48

The vapor drag force can be estimated by considering
conservation of condensate vapor mass to calculate the
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vapor velocity Uv ≈ q00/(Fvhfg), where Uv is the char-
acteristic vapor flow velocity toward the tube, q00 is the
characteristic heat flux (q00 ≈ 0.5 W/cm2), and hfg is the
water latent heat of vaporization (hfg = 2260 kJ/kg).
By substituting values for our experimental condi-
tions, we obtain a characteristic water vapor velocity
of Uv ≈ 0.1 m/s.

To determine the characteristic drag force on the
droplet due to the vapor, the Stokes flow approxima-
tion was used, which is appropriate due to the low
Reynolds numbers, Re, of the droplet motion. The Re =
[FvUv(2R)]/μv ≈ 0.005, where R is the characteristic
jumping droplet radius (R ≈ 10 μm). Using the Stokes
approximation yields a characteristic Stokes drag,80

Fdrag = 6πμvUvR ≈ 0.19 nN. In order to calculate our
minimum critical electric field, we equate the differ-
ence between the characteristic Stokes drag and
the gravitational force (droplet jumping downward,
Figure 2a) to the force imparted by an external field on
the charged droplet, Ecrit≈ (Fdrag� Fg)/q, where q is the
electrostatic charge on the droplet67 (q ≈ 15 fC).
Substituting in our values, we obtain a critical field
strength of Ecrit ≈ 100 V/cm, which is in reasonable
agreement with the experimentally determined critical
value of ≈75 V/cm.

It is important to note that the estimated character-
istic electric field in these experiments is assumed to
equal the form of two uniformly spaced parallel plates,
E≈ΔV/(Ro� Rt). Although a reasonable approximation,
the field between the wire cage and tube is better
represented by a radially dependent electric field
encountered between two concentric cylinders, which
can be expressed as Er ≈ ΔV/[ln(Ro/Rt)r], where r is the
radial distance from the tube centerline. To estimate
the accuracy of our approximation, we calculated the
two limits of electric field strength (at the CuO tube
surface and the copper wire mesh surface) and found
35.3 < Er < 222.5 V/cm, which bounds the estimated
critical electric field of E ≈ ΔV/(Ro � Rt) ≈ 75 V/cm.

Figure5aandbshow longexposure (40ms) time-lapse
images of no-field and EFE condensation, respectively.
We found that as the condensation time approached
8 min, the no-field jumping-droplet condensation
mode (Figure 5a) had a larger population of pinned
liquid droplets on the surface. Although droplet jump-
ing was still present at later times (t > 10 min),
progressive flooding of the surface due to return of
departing droplets from vapor flow entrainment cre-
ated a larger maximum droplet size (Rmax,no‑field ≈
145( 29 μm, Figure 5c). In contrast to no-field droplet

Figure 3. Electric-field-enhanced droplet removal. Long exposure time image (40 ms) of water vapor condensation on a
superhydrophobic CuO tube with a copper electrode located beneath with (a) zero bias voltage having significant
droplet�droplet interactions and return to the surface against gravity and (b) 500 V bias (electrode negative, tube ground,
green dotted arrows represent the electric field lines). The image shows the concept of electric-field-enhanced (EFE)
condensation with no droplet return to the surface and significant attraction of jumping droplets away from the surface
(Pv = 2700 ( 75 Pa, S ≈ 1.04). (c) Schematic of EFE condensation. The outer copper grid is biased negative relative to the
condensing tube, creating an electric field and attracting jumping droplets away from the surface and preventing droplet
return due to vapor flow entrainment. Images of the EFE condensation experiment showing (d) isometric and (e) front views
from the camera viewport. The outer copper grid is biased negative relative to the condensing tube, creating an electric field
and attracting jumping droplets away from the surface.
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jumping, the EFE condensing mode (Figure 5b)
showed little increase in maximum droplet size on
the surface through the experiment (Rmax,EFE < 25 (
8 μm, Figure 5c). This observation implies that EFE
condensation provides a means to further increase
jumping-droplet heat transfer by minimizing the aver-
age droplet size and increasing the population of small
droplets on the surface, which are more effective at
transferring heat during condensation.66,79

It is important to note that although charged
jumping droplets feel an attractive Coulombic force
toward the tube at all times (due to opposite charge
left on the hydrophobic coating), the magnitude of
the force is negligible compared to the drag force at
the length scales (∼1 mm) of droplet deceleration and
reversal.67 In addition, the progressive flooding me-
chanism is distinct from the nucleation-density-
mediated flooding mechanism48 (see Supporting In-
formation, section S7). Nucleation-density-mediated
flooding occurs due to nucleation site activation (at
elevated supersaturations, S > 1.12), droplet coales-
cence within the structure, and filling of the structure
with condensate. Progressive flooding occurs due to
the progressive return of jumping droplets back to the
surface due to vapor flow entrainment and gravity.
These returning droplets do not necessarily jump again

and remain adhered to the surface (see Supplementary
Movie 2), increasing the time average droplet size and
degrading overall heat transfer performance.

Heat Transfer Theory and Experiments. To study the
impact of the gradual increase in average droplet size
on the condensing surface, i.e., progressive flooding,
we used our previously developed model that incor-
porates thermal resistance-based droplet growth, the
emergent droplet wetting morphology, and droplet
distribution theory (see Supporting Information, sec-
tion S8).24,66 Figure 6a shows the normalized conden-
sation heat transfer coefficient (hRe/hRe=5μm) as a
function of maximum droplet departure diameter, Re.
The normalization factor is a condensation heat trans-
fer coefficient for a jumping droplet surface with a
departure diameter of Re = 5 μm, which serves as
an upper bound for heat transfer performance from
previously observed experiments where the mini-
mum droplet departure size on the CuO nanostruc-
tures is ∼5 μm.25,48 As the droplet departure radius
increased, the condensation heat transfer degraded
(Figure 6a inset) due to the presence of larger droplets
on the surfacewhose growth is heat conduction limited.66

The results show that increasing the departure size from
Re = 5 μm to Re = 10 μm degraded the condensa-
tion performance by as much as 20%, indicating the

Figure 4. EFE condensation droplet removal dynamics. Long exposure time images (40 ms) of EFE condensation with
(a) E=0V/cm, (b) E=25V/cm, (c) E=50V/cm, and (d) E=75V/cm. Theouter copper grid (Figure3c�e) is biasednegative relative
to the condensing tube. Increasing voltage results in fewer droplets returning to the condensing tube surface. This is shown via
the reduction in parabolic droplet streaks (trajectories) on the top of the tube surface from (a) to (d). Electric fields larger than
E≈ 75V/cmhad identical performance (all jumpingdropletswere removed), indicating that the critical electricfield force on the
droplet was reached and was large enough to overcome vapor drag at this particular heat flux (Pv = 2700 ( 75 Pa, S ≈ 1.04).
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importance of eliminating progressive flooding and dro-
plet return for optimum performance.

To experimentally quantify the effect of eliminating
droplet return and progressive flooding, we measured
the overall heat transfer coefficient (U) for varying
electric fields (E = 0, 25, 100, and 200 V/cm) (see
Supporting Information, section S2). Figure 6b shows
the overall surface heat flux as a function of the log-
mean-temperature-difference (ΔTLMTD) between the
saturated vapor and cooling water. Relatively low cool-
ing water flow rates of 0.5 ( 0.025 L/min were used in
the experiments to increase the temperature differ-
ence from inlet to outlet and obtain a greater signal-to-
noise ratio. However, reducing the flow rate led to
relatively low overall heat transfer coefficients due to
the larger convective resistance on the coolant side.

Figure 6b shows that for the case of no electric field
the overall heat transfer coefficient was approximately
≈0.51 ( 0.14 W/cm2

3 K. However, by applying electric
fields of E = 100 V/cm and 200 V/cm, the heat transfer
coefficient increased by approximately 50% to 0.77 (

0.12 W/cm2
3 K for both cases. The independence of

heat transfer performance on electric field strength
(100 or 200 V/cm) was consistent with exceeding the
critical field strength (E ≈ 75 V/cm), which resulted in
efficient removal of all jumping droplets. Note that the
no-field overall heat transfer coefficient is lower than
the value previously reported (Ujumping = 1.65 (
0.22 W/cm2

3 K)
48 due to the lower internal cooling

water flow rate used in these experiments in order to
achieve a larger inlet-to-outlet temperature difference
and signal-to-noise ratio. In addition, higher condensa-
tion heat fluxes (S > 1.04, q00 > 1 W/cm2) were not
studied in order to minimize the effect of progressive
flooding due to vapor flow entrainment (which oc-
curred during no-field jumping-droplet condensation;
see Supporting Information, section S7) and allow for a
direct comparison between jumping-droplet conden-
sation with and without an external electric field. Fur-
thermore, at higher supersaturations (S > 1.12,
q00 > 8 W/cm2) for EFE condensation, nucleation-
density-mediated flooding of the surface remained,49 as

Figure 5. Progressive flooding due to vapor flow entrainment. Time-lapse (long exposure time, 40ms) images of steady state
(a) jumping-droplet condensation and (b) EFE condensation with E = 75 V/cm (Pv = 2700( 75 Pa, S≈ 1.04). Jumping-droplet
condensationwith no electric field shows significant droplet return to the surface due to vapor flow entrainment. As droplets
return, somemay coalesce and jump again (see Supplementary Movie 1), while others may remain pinned to the surface (see
Supplementary Movie 2). As time progressed (tf 8 min), the average droplet size on the surface increased and limited heat
transfer performance for jumping-droplet condensation with no applied electric field. (c) Maximum droplet radius on the
condensing surface as a function of time for jumping-droplet and EFE condensation. For EFE condensation, the efficient
removal of jumping droplets and prevention of return due to vapor flowentrainment via the electric field ensured a large and
steady population of small droplets (R < 25 μm), which are more effective at removing heat during condensation.

A
RTIC

LE



MILJKOVIC ET AL . VOL. 7 ’ NO. 12 ’ 11043–11054 ’ 2013

www.acsnano.org

11051

previously observed on superhydrophobic CuO sur-
faces.25,48 The nucleation-density-mediated flooding
mechanism was found to be independent of the
electric field strength, which indicates that, for the
voltage range explored, electric fields cannot remove
more droplets than would have already departed. This
result agrees well with theory since the electric field
can act on droplets only once they have attained an

electrostatic charge by coalescing and leaving the
surface.67 This result is in contrast to the progressive
flooding mechanism, which is governed by vapor
entrainment and is sensitive to both the condensation
heat flux (tube inlet-to-outlet temperature difference)
and electric field strength. The larger the tube inlet-to-
outlet temperature difference, the higher the conden-
sation heat flux and the larger the vapor flow rate and
entrainment of jumping droplets. To counter the larger
entrainment force, a larger electric field should be
applied to limit droplet return to the surface.

The outcomes of this work support the findings that
vapor flow entrainment is a performance-limiting phe-
nomena during jumping-droplet condensation and
that efficient droplet removal is critical in realizing
enhanced condensation heat and mass transfer over
state-of-the-art dropwise condensing surfaces. The ex-
perimental results suggest that, although EFE conden-
sation on superhydrophobic surfaces has the ability to
enhance condensation performance, these surfaces
cannot currently be used for high heat flux applications
due to nucleation-density-mediated flooding of the
surface.25,48,49

In the future, it would be interesting to investigate
different surface geometries with uniform vapor flow
velocities (i.e., flat plate heat exchangers) to identify
optimum EFE condenser designs. In addition, alternate
methods of creating electric fields via positively biased
embedded electrodes beneath the condensing sur-
face81 (which would repel jumping droplets as op-
posed to attracting them with an external electrode)
promise to be attractive alternatives to using external
electrodes to prevent potential condensate bridging
(short-circuiting). Furthermore, although not studied
here, condensate management and recycling after
reaching the external electrode needs to be consid-
ered. Two potential methods involve (a) the use of
highly wettable wicking electrode materials (i.e., a
porous copper grid), which can transport the condensate
toward the tube ends to a condensate reservoir,82�85

where it can be recycled, and (b) the use of geometry
(i.e., the condensing surface and electrode are parallel
vertical plates) such that gravitational removal of the
condensate from the electrode could be achieved.

CONCLUSIONS

In summary, we demonstrated that the vapor drag
toward the condensing surface acts as a barrier to
heat transfer performance of superhydrophobic sur-
faces with jumping droplets. Through experiments and
modeling, we showed that the entrainment and return
of jumping droplets results in the progressive flooding of
the condensing surface that is characterized by the
gradual increase in average droplet size and gradual
deterioration of condensation heat transfer performance.
To counteract the vapor drag, we leveraged our knowl-
edge of droplet charging in conjunction with external

Figure 6. Theoretical and experimental heat transfer per-
formanceof EFE condensation. (a) Theoretical condensation
heat transfer coefficient ratio (hRe/hRe=5μm) of a surface
undergoing jumping-droplet condensation as a function
of droplet departure radiusRe. Inset: Condensationheatflux
(qc00) as a function of surface to vapor temperature differ-
ence (ΔT) for different departure radii (5 μm< Re < 100 μm).
As expected, the heat transfer coefficient ratio and heat flux
decrease as Re increases due to the presence of larger
droplets on the surface, which are conduction limited. (b)
Experimental steady-state overall surface heat flux (q00) as a
function of log mean water-to-vapor temperature differ-
ence (ΔTLMTD) for tube surfaces undergoing jumping-
droplet condensation and EFE condensation (CuO chemical
oxidation time τ = 10 min, chamber vapor pressure
Pv = 2700 ( 68 Pa, 1.02 < S e 1.04, chilled water flow rate
inside the tube≈0.5( 0.025 L/min). Faster droplet removal
and reduction of droplet return when an external electric
field larger than the critical electric field (E ≈ 75 V/cm) was
applied resulted in the highest heat fluxes for the EFE
jumping samples. Error bars denote the propagation of
error associated with the inlet-to-outlet cooling fluid tem-
perature difference ((0.08 �C), mass flow rate ((5%), and
pressure ((2.5%).
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electric fields to demonstrate a new mode of condensa-
tion called electric-field-enhanced condensation. As a
result, 50% higher overall heat transfer coefficients were
obtained at electric fields of 100 and 200 V/cm compared
to typical (no-field) jumping-droplet surfaces. At high
supersaturations (S > 1.12), however, nucleation-density-
mediated flooding of the nanostructured surfaces still
led to the formation of highly pinned droplets, which

degraded the condensation heat transfer coefficient.
These results provide guidelines for the fabrication
of high-performance nanostructured surfaces for mod-
erate condensation heat flux applications. Furthermore,
this work demonstrates new opportunities for EFE
condensation to enhance heat transfer,48 anti-icing,57

self-cleaning performance,47 and thermal diode
efficiency.55,56

METHODS
Fabrication. To create the CuO nanostructures (Figure 1a),

commercially available oxygen-free copper tubes were used
(99.9% purity) with outer diameters DOD = 6.35 mm, inner
diameters DID = 3.56 mm, and lengthsW = 131 mm, as the test
samples for the experiments. Each copper tube was cleaned in
an ultrasonic bath with acetone for 10 min and rinsed with
ethanol, isopropyl alcohol, and deionized (DI) water. The tubes
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 films were formed by immersing the
cleaned tubes (with ends capped) into a hot (96( 3 �C) alkaline
solution composed of NaClO2, NaOH, Na3PO4 3 12H2O, and DI
water (3.75:5:10:100 wt %).86 During the oxidation process, a
thin (≈300 nm) Cu2O layer was formed that then reoxidized to
formsharp, knife-likeCuOoxide structureswithheights ofh≈1μm,
a solid fraction j ≈ 0.023, and a roughness factor r ≈ 10.

Functionalization. TFTS (trichloro(1H,1H,2H,2H-perfluorooctyl)-
silane, Sigma) was deposited from the vapor phase. Prior to
silane deposition, each tube was oxygen plasma cleaned for 2 h
to remove organic contaminants on the surface. Once clean, the
tube samples were immediately placed in a vacuum desiccator
(06514-10, Cole Parmer) with a small amount of liquid silane.
The desiccator was evacuated by a roughing pump for 2 min to
a minimum pressure of ∼2 kPa. A valve was then closed to
isolate the pump from the desiccator, and the sample was held
in a vacuum (∼2 kPa) for another 7 min. The functionalized
tubes were then rinsed in ethanol and DI water and dried in a
clean nitrogen stream. The coating had a typical advancing
angle of θa ≈ 120� when measured on a smooth reference
surface and typical advancing/receding angles of θa/θr ≈ 171�/
167 ( 3� when measured on the nanostructured CuO surface.

Surface Characterization. Advancing and receding contact an-
gles for all samples were measured and analyzed using a
microgoniometer (MCA-3, Kyowa Interface Science Co., Japan).
Field emission electron microscopy was performed on a Zeiss
Ultra Plus FESEM (Carl Zeiss GMBH) at an imaging voltage of 3 kV.
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