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ABSTRACT: When droplets coalesce on a superhydrophobic
nanostructured surface, the resulting droplet can jump from
the surface due to the release of excess surface energy. If
designed properly, these superhydrophobic nanostructured
surfaces can not only allow for easy droplet removal at
micrometric length scales during condensation but also
promise to enhance heat transfer performance. However, the
rationale for the design of an ideal nanostructured surface as
well as heat transfer experiments demonstrating the advantage
of this jumping behavior are lacking. Here, we show that

silanized copper oxide surfaces created via a simple fabrication method can achieve highly efficient jumping-droplet condensation
heat transfer. We experimentally demonstrated a 25% higher overall heat flux and 30% higher condensation heat transfer
coefficient compared to state-of-the-art hydrophobic condensing surfaces at low supersaturations (<1.12). This work not only
shows significant condensation heat transfer enhancement but also promises a low cost and scalable approach to increase
efficiency for applications such as atmospheric water harvesting and dehumidification. Furthermore, the results offer insights and

an avenue to achieve high flux superhydrophobic condensation.
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C ondensation is a ubiquitous phase-change process that is
an essential natural phenomenon and widely used in
various industries. Enhancement of condensation heat and mass
transfer promises considerable savings in energy and natural
resources for applications including water harvesting, "
desalination,® thermal managernent,4 industrial power gener-
ation,® and building heating and cooling.é’7 As a result,
dropwise condensation with nonwetting substrates has
attracted much attention since its discovery by Schmidt et al.
in the early 1930s due to the potential for higher phase-change
heat transfer performance when compared to filmwise
condensation.*” To achieve efficient dropwise condensation,
however, condensate droplets must be rapidly removed from
the surface because the increasing droplet size acts as a thermal
barrier.'® For traditional dropwise condensing surfaces, such a
removal typically relies on gravity, where droplet sizes have to
approach the capillary length (~2.7 mm for water) to overcome
the contact line pinning force.'""

A recent study on structured superhydrophobic surfaces,
however, demonstrated that, when small droplets (~10—100
um) merge on suitably designed superhydrophobic surfaces,
they can undergo coalescence-induced droplet ejection or
“jumping” independent of gravity'® due to the release of excess

- ACS Publications  © 2012 American Chemical Society 179

surface energy. The nanostructured surface beneath the
coalescing droplets reduces the droplet adhesion to the
substrate by minimizing the solid fraction'* and breaks the
symmetry of the coalesced droplet."® As a result, the droplet
accelerates and departs perpendicular to the surface. Such
droplet jumping offers an avenue to further enhance
condensation heat transfer over conventional dropwise
condensation by increasing the time-averaged density of small
droplets, which transfer heat more efliciently from the vapor to
the substrate."*™** While a considerable amount of work has
focused on understanding and fabricating structured surfaces to
sustain droplet jumping,m’ls_m’zo_27 heat transfer measure-
ments that quantify the amount of enhancement possible using
these surfaces are lacking. In addition, past studies have utilized
surfaces that are relatively expensive to fabricate, typically
require the use of a cleanroom environment and generally are
not applicable to arbitrarily shaped surfaces, which presents
challenges in the eventual scale-up for large scale thermal
applications.
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Figure 1. Nanostructure characterization. Field emission scanning electron microscopy (FESEM) images of a S min CuO surface with (a) top view,
no silane, (b) side view, no silane, (c) high magnification showing the blade structure of the oxide, no silane, and (d) high magnification after silane
deposition. Due to imperfect monolayer formation, silane deposition thickens the oxide blades but maintains the general nanostructure morphology.
The sharp, knife-like CuO structures have characteristic heights, h ~ 1 um, solid fraction, ¢ = 0.023, and roughness factor, r ~ 10.

In this work, we experimentally demonstrated that a 25%
higher overall heat flux and 30% higher condensation heat
transfer coeflicient can be achieved using silanized copper oxide
(CuO) superhydrophobic surfaces compared to conventional
dropwise condensing copper (Cu) surfaces at low super-
saturations (S < 1.12). We show that these CuO surfaces offer
ideal condensation behavior in terms of emergent droplet
morphology and coalescence dynamics and a significant
enhancement in heat transfer performance when compared to
state-of-the-art condensing surfaces. Furthermore, the chemical-
oxidation-based CuO fabrication process provides a simple and
readily scalable method to create superhydrophobic condensa-
tion surfaces that can sustain droplet jumping behavior.
Accordingly, these surfaces are attractive for applications such
as atmospheric water harvesting' and dehumidification® where
the heat fluxes are relatively low and droplets can be maintained
in a highly mobile state.

We investigated the heat transfer behavior of Cu tubes, which
are representative of a typical heat exchanger geometry and
material,**** coated with functionalized CuO nanostructures.
Figure 1a, b, and ¢ show top, side, and high resolution images of
the CuO nanostructures, respectively. Chemical-oxidation-
based CuO nanostructuring was chosen as the ideal fabrication
method due to its self-limiting growth behavior and low
characteristic oxide thickness (h ~ 1 um, Figure 1b), promising
a low parasitic conduction thermal resistance (kc,o & 20 W/
m-K).*® In addition, the knife-like nanostructure features (<10
nm, Figure 1c) ensure nucleation within the structure (as
opposed to the tips of the structure) due to the increased
energy barrier associated with nucleation on features similar in
size to the critical nucleation radius (r. < 35 nm for water and
typical conditions). Therefore, the formation of partially
wetting droplet morphologies, which are essential to minimiz-
ing individual droplet thermal resistance,'®*! are favored since
Gibb’s criterion can be satisfied.****> Furthermore, the small
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characteristic length scale of the nanostructure spacing (~1 um,
Figure la) allows for higher nucleation densities, and thus
higher supersaturations prior to surface flooding, typically seen
on larger scale microstructured surfaces.” From an industrial
perspective, this fabrication method has several additional
advantages: (i) it can be applied to arbitrarily shaped surfaces,
(i) the nanostructures can be formed over large areas, (iii) the
nanostructures form at low temperatures and do not require
any high temperature annealing or drying processes, and (iv)
the oxide growth mechanism is self-limiting, creating a uniform
and thin nanostructure layer independent of oxidation time.**
Once the CuO surface is chemically functionalized (Figure 1d,
Table 1), coalescence induced droplet jumping is stable and
frequent.

Table 1. Sample Wetting Characteristics®

oxidation
time, 7 silanization advancing receding
sample ID (min)  time (min) angle (deg) angle (deg)

hydrophilic Cu 0 0 14.6 + 6.6 <3
hydrophobic Cu 0 60 1234 + 2.5 812 + 84
CuO S 60 169.2 + 2.6 164.1 + 5.2
CuO 10 60 1712 + 3.1 1672 + 3.2
CuO 20 60 1723 £ 2.9 168.5 + 3.1
CuO 45 60 172.0 + 3.2 167.8 + 3.2

“Silane chemistry, tridecafluoro-(1,1,2,2-tetrahydrooctyl)-1-trichlorosi-
lane was used.

We used commercially available oxygen-free Cu tubes (99.9%
purity) with outer diameters, Do, = 6.35 mm, inner diameters,
Dyp = 3.56 mm, and lengths, L = 131 mm as the test samples
for the experiments. Each Cu 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
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Figure 2. Droplet growth dynamics. Time-lapse images captured via environmental scanning electron microscopy (ESEM) of steady state water
condensation on a 10 min CuO surface. A large viewing area was used to avoid electron beam heating effects. Condensing droplets underwent
spontaneous droplet jumping and surface renewal. Light blue dotted circles highlight areas of the surface with droplets just prior to coalescence and
subsequent jumping, while red dotted circles highlight areas of the surface right after droplet jumping (P, = 860 + 43 Pa, T, = 4.5 + 1.5 °C, S = 1.02,

see Supporting Information, video S1).

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 into a hot (96 + 3 °C) alkaline solution
composed of NaClO,, NaOH, Na;PO,-12H,0, and DI water
(3.75:5:10:100 wt %)."”**73® During the oxidation process, a
thin (%300 nm) Cu,O layer was formed that then reoxidized to
form sharp, knife-like CuO oxide structures with heights of h =
1 pm, solid fraction ¢ = 0.023, and roughness factor r = 10
(Figure 1a, b, and ¢, see Supporting Information, section S5).
To verify the independence of oxide thickness on chemical
oxidation time, four separate samples were made using
oxidation times, 7 = 5, 10, 20, and 45 min.

In addition to the nanostructured CuO tubes, we tested
smooth Cu tubes silanized to be hydrophobic (dropwise) or
plasma cleaned to be hydrophilic (filmwise) for benchmark
comparisons. Smooth oxidized Cu surfaces were achieved by
immersing the cleaned tubes into a room temperature solution
of H,0, (hydrogen peroxide, Sigma-Aldrich) for 20 min to
form a thin (=300 nm) Cu,O layer (see Supporting
Information, section SS).

Hydrophobic functionalization of both the nanostructured
CuO and smooth Cu tubes was obtained by depositing a
fluorinated silane (trichloro(1H,1H,2H,2H-perfluorooctyl)-
silane, Sigma-Aldrich) in the vapor phase. This self-assembled
coating had a typical advancing angle of 6, ~ 120° when
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measured on a smooth reference surface (Table 1). While the
silane deposition step thickens the nanostructures by ~10 nm
(due to polycondensation of chlorosilanes),” the general
morphology was left unchanged (Figure 1d).

Individual droplet growth on the nanostructured CuO
surfaces was characterized using environmental scanning
electron microscopy (ESEM).>>3%74 Figure 2 shows time-
lapse images of condensation on the nanostructured CuO
surface (see Supporting Information, video S1). Droplets
nucleated within the nanostructures and, while growing beyond
the confines of the structures, their apparent contact angle
increased as they developed a balloon-like shape with a liquid
bridge at the base.'” This pinning behavior is consistent with
the calculated preferred wetting state E* = —1/(r-cos 6,) ~ 0.2
< 1.”! Furthermore, this formation of partially wetting droplets
is crucial for maximizing individual droplet growth rates by
minimizing the droplet-base thermal resistance.”* Once
droplets grew to diameters large enough to coalesce with
neighboring droplets (R =~ 7 um), frequent out-of-plane
jumping droplets were observed."> In addition to the removal
of coalescing droplets, smaller droplets located near the
coalescing pair were also removed (Figure 2). This sweeping
behavior created by coalescing droplet pairs is attributed to the
inertially driven shape change generated during coalescence
which can stretch the droplet and result in coalescence with
multiple neighboring droplets."*’
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Figure 3. Test setup and experimental images of condensation. (a) Schematic showing experimental setup. The tube sample (Dgp = 6.35 mm, Dy, =
3.56 mm, L = 131 mm) was cooled via chilled water flowing inside the tube at 5 + 0.1 L/min. Images of (b) filmwise condensation on a smooth
hydrophilic Cu tube, (c) dropwise condensation on a silane coated smooth Cu tube, (d) jumping-droplet superhydrophobic condensation on a
nanostructured CuO tube (10 min oxidation) (inset: magnified view of the jumping phenomena, scale bar is S00 #m), and (e) flooded condensation
on a nanostructured CuO tube. The tube dimensions are identical for each case (chamber vapor pressure P, = 2700 + 68 Pa).

To determine the overall condensation heat transfer
performance, the CuO nanostructured tubes were tested in a
controlled condensation chamber (Supporting Information,
section S2). Prior to performing the experiments, the vapor
supply of water was vigorously boiled, and the test chamber was
evacuated to a pressure P < 0.5 + 0.025 Pa to eliminate
noncondensable gases.”*® Throughout the experiments, the
chamber pressure and temperature were continuously moni-
tored to ensure saturated conditions. The temperature of the
tube was independently controlled via a cooling loop, and inlet
and outlet tube temperatures were measured to determine the
condensation heat flux (Figure 3a). The vapor pressure range
tested (2 kPa < P, < 3.6 kPa) corresponds to steam saturation
temperatures of 17.5—27 °C, which are common conditions for
building energy, dehumidification, and high efficiency industrial
condenser applications.*”*® Typical inlet to outlet tube
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temperature differences ranged from 0.5 to 2.5 °C depending
on the tube sample and vapor pressure.

Figure 3b shows an image obtained during filmwise
condensation on the clean, smooth hydrophilic Cu tube. As
expected, vapor condensed and formed a thin liquid film that
covered the entire surface (see Supporting Information, video
$2).5' Meanwhile, Figure 3c shows an image during conven-
tional dropwise condensation on the smooth hydrophobic Cu
tube where discrete droplets formed and grew to sizes
approaching the capillary length (%~2.7 mm) before being
removed by gravity (see Supporting Information, video $3).>!
The condensation mechanism on both of the smooth Cu tubes
(hydrophilic and hydrophobic) was independent of the
supersaturation S, defined as the ratio of the vapor pressure
to the saturation pressure corresponding to the sample surface
temperature (S = P,/P,). In contrast, condensation on the

dx.doi.org/10.1021/n1303835d | Nano Lett. 2013, 13, 179—187



Nano Letters

Figure 4. Jumping and flooded condensation. Time-lapse images of initial water condensation on a 10 min oxidized CuO sample undergoing (a)
jumping (S = 1.08, ATy = 4 K, P, = 2700 = 68 Pa) and (b) flooded condensation (S = 1.54, ATy = 12 K, P, = 2700 + 68 Pa). Low
supersaturations (S = 1.08) led to highly mobile partially wetting droplet formation and subsequent droplet jumping. High supersaturations (S =
1.54) led to surface flooding and the formation of highly pinned Wenzel droplet morphologies.

nanostructured CuO surface showed significant dependence on
the supersaturation. Figure 3 parts d and e show images during
condensation on the nanostructured CuO surface for low (S =
1.08) and high (S = 1.54) supersaturations, respectively (see
Supporting Information, videos S4 and SS5). At the low
supersaturation (Figure 3d), the CuO surface showed very
efficient droplet removal via the jumping mechanism, with
numerous microscale droplets (R ~ 8 um) populating the
surface (see Supporting Information, section SS). However, as
the supersaturation was increased to 1.54 (by lowering the
cooling water temperature), the emergent droplet morphology
transitioned from highly mobile jumping droplets to highly
pinned Wenzel droplets, which completely wet the cavities of
the nanostructure. Figure 4 parts a and b show time-lapse
images of the jumping and flooding condensation mechanisms,
respectively, during initial transient condensate formation. Note
that the transition from jumping to Wenzel droplets on the
surface was not reversible, that is, once flooding initiated,
reduction of the supersaturation did not revert the behavior to
droplet jumping. The only means to recover the droplet
jumping mode was to increase the cooling water temperature
enough to re-evaporate all of the condensate and then re-
initiate condensation at a low supersaturation. This observed
hysteresis in the heat transfer behavior indicates that the
procedure used to obtain steady operation of the condensing
surface is extremely important.

The hysteresis can be explained in terms of the interplay
between the characteristic structure length scale and droplet
nucleation density.'**" At low supersaturations (§ < 1.12, low
nucleation density), droplets formed with large spacings
between each other relative to the spacing of the nanostructures
such that the droplet could evolve into the energetically
favorable partially wetting (PW) Cassie-like morphology
(Figure 2)."” For higher supersaturations (S > 1.12), the
droplet nucleation density increased to the point where
droplet/droplet interactions occurred on a similar length scale
as the nanostructure spacing (~1 ym), and droplets, instead of
forming in the energetically favorable PW morphology, merged
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to form pinned liquid films due to contact line depinning at
their base. Further condensation on the “flooded” surface
resulted in the formation of Wenzel droplets which
demonstrated significant contact line pinning as evidenced by
the large droplet shedding diameters and irregular droplet
shapes. It is important to note that the critical radius for droplet
nucleation at supersaturation conditions (1.02 < S < 1.2) which
include jumping (S < 1.12) and flooding (S > 1.12) was 8 nm
(§=12) <r. <41 nm (S = 1.02), which is much smaller than
the characteristic structure length scale (I & 1 ym). The length
scale discrepancy (r. < I) implies that the flooding transition
did not occur due to further reduction in r. as the
supersaturation was increased (S > 1.12), since the critical
nuclei were already well below the structure length scale.
Figure Sa shows the measured heat flux with the log mean
water-to-vapor temperature difference (AT yrp = [(T, — Tin)
- (Tv - Tout)]/ln[(Tv - Tin)/(Tv - Tout)]) where Ty Tiw and
T, are the vapor, cooling water inlet, and cooling water outlet
temperatures, respectively) as a function of the condensation
heat flux (q”) at a vapor pressure P, = 2700 + 68 Pa. To
maximize the tube internal heat transfer coeflicient, the cooling
water mass flow rate was held constant at S + 0.1 L/min for all
experiments (1.02 < § < 1.6, 10 < T, < 25 °C, where T is the
extrapolated tube surface temperature, see Supporting
Information, section S6). Condensation on the filmwise
(diamond symbols) and dropwise (square symbols) Cu
surfaces served as baseline cases for comparing condensation
performance. The overall heat transfer coefficient (HTC), U =
q" /ATy, was obtained from the slope. As expected, the Cu
tube with filmwise behavior showed the worst overall HTC
(Ugimwise = 8:92 + 1.14 kW/m? K) due to the thin liquid film
acting as the dominant thermal resistance to heat transfer.>'
Meanwhile, the Cu tube with dropwise behavior showed
improved performance over the filmwise tube (Ugopyise = 13.15
+ 0.73 kW/m”K) because as discrete droplets roll off the
surface by gravity they also sweep other droplets to clean the
surface for re-nucleation.” The nanostructured CuO surface
heat flux was highly dependent on the condensation mode
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Figure 5. Heat transfer performance as a function of supersaturation
and vapor pressure. (a) Experimental steady state log mean water to
vapor temperature difference (AT} yrp) as a function of overall surface
heat flux (q") for tube surfaces undergoing filmwise, dropwise, flooded,
and jumping condensation (CuO chemical oxidation time 7 = 10 min,
chamber vapor pressure P, = 2700 + 68 Pa, 1.02 < S < 1.6). Rapid
droplet removal due to coalescence induced droplet jumping results in
the highest heat fluxes for the jumping sample (S < 1.12). However,
flooding of the surface at higher heat fluxes results in rapid
performance degradation and transition into the flooded condensation
mode (S > 1.12). Data for the flooded sample at low supersaturations
(S < 1.12, open triangles) were obtained by flooding the surface and
decreasing ATy yrp. Due to hysteresis, the jumping behavior was not
recovered. (b) Experimental and theoretical steady state condensation
coefficient (h_) as a function of saturated vapor pressure (P,) for tube
surfaces undergoing filmwise, dropwise, flooded (z = §, 10, 20, and 4S
min), and jumping (z = 10 min) condensation (see Supporting
Information, section S6). Jumping condensation shows the highest
condensation HTC for low supersaturations (S < 1.12). Error bars
indicate the propagation of error associated with the fluid inlet and
outlet temperatures (+0.2 K) and pressure measurement (+2.5%).
The jumping surface error bars are the largest due to the relatively low
heat fluxes measured (q” < 80 kW/m?), corresponding to the smaller
fluid inlet to outlet temperature difference. The theoretical predictions
(dotted lines) were obtained from the droplet growth and distribution
model (for model derivation and parameters, see Supporting
Information, section S7).
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(jumping or flooded), as discussed previously. When the
jumping droplet removal mechanism was favored (star symbols,
S < 112, AT yrp < S K), the CuO tube showed the highest
heat transfer performance (Ujymping = 16.5 £ 220 kW/m” K),
representing a 25% larger overall heat flux than the dropwise
condensing surface. However, when the supersaturation
increased to the point of flooding (empty and filled triangle
symbols, S > 1.12), the heat transfer performance reduced
below that of the dropwise Cu sample (Ugooqeq = 10.1 + 0.98
kW/m? K) due to droplet pinning but remained above that of
the filmwise sample. The significant performance hysteresis of
the CuO surface allowed for heat transfer measurements to be
obtained at low supersaturations (S < 1.12) for the flooded
regime (empty triangle symbols) by first flooding the surface
and then progressively increasing the cooling water temperature
to reduce the supersaturation.

We also investigated the effect of vapor pressure (2 kPa < P,
< 3.6 kPa) on the overall heat transfer performance to provide
further insight into the condensation process on these surfaces,
as well as to demonstrate the applicability of these surfaces for
systems requiring different operating conditions. Figure Sb
shows the steady state condensation HTC at the tube surface,
h. as a function of the chamber vapor pressure, P,. First, to
ensure the accuracy of our experimental results, we compared
our baseline measurements to literature values, and showed that
our measured filmwise and dropwise HTCs are in good
agreement to those of Young et al. (Agme = 19 £ 1.1 kW/m?
K)** and Marto et al. (hgropwise = 75 £ 15 kW/m* K).>?
Accordingly, with the jumping condensation, we demonstrated
a 30% higher HTC in comparison to dropwise condensation on
the smooth Cu tube (Ajymping = 92 + 12 kW/m? K). Meanwhile,
flooding of the surface at higher supersaturations led to a 40%
degradation compared to dropwise condensation on the
smooth Cu tube (hgoqeq = 44 + 6 kW/m? K).

To explain the experimental results and investigate the heat
transfer dependence on surface structure and vapor pressure,
we used our developed model that incorporates thermal-
resistance-based droplet growth, the emergent droplet wetting
morphology, and droplet distribution theory (see Supporting
Information, section S7)."”** The results from the model
(lines) shown in Figure Sb are in excellent agreement with the
experiments (symbols). For the jumping and flooded perform-
ance, the model results were obtained using experimentally
determined droplet departure radii R (Rdropwise ~ 1.3 mm,
Riumping & 7 Hm, Rggoqed & 2 mm), contact angles, and a
nucleation density N estimated based on previous ESEM
studies of condensation on these CuO surfaces (N, ostructared X
3N,noom)- . The significant enhancement of the condensation
heat transfer coefficient demonstrated with the jumping CuO
surface, compared to the smooth dropwise and flooded CuO
surfaces, is explained as follows. The increased number of
smaller droplets maintains a smaller conduction resistance and
~50% enhanced condensation heat transfer performance when
compared to smooth dropwise condensing surfaces.'”'® This
result was obtained by incorporating the average steady state
droplet size distribution for the jumping droplet surface, 2R =
7.6 + 22 pm (see Figure 2 and Supporting Information,
section S$), into our model. In addition, the formation of the
PW droplet morphology during condensation decreases the
composite thermal resistance beneath the droplet, and together
with the jumping removal mechanism further enhances the heat
transfer. However, after flooding, the heat transfer degrades
because the increased pinning force at the contact line of the
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Wenzel droplets inhibits jumping and gravity is required to
shed droplets from the surface. Accordingly, these droplets
need to grow to sizes 2 orders of magnitude larger than in the
jumping mode before being removed, leading to an increased
population of large droplets which have a higher conduction
thermal resistance and, consequently, reduce the heat transfer
coefficient. The modeling results for the flooded sample show
that the larger average droplet departure radius (Rggodeq = 2
mm) is primarily responsible for the ~#40% lower heat transfer
performance when compared to the dropwise sample.
However, there is also an additional effect associated with
large pinned droplets at the bottom of the tube sample that
effectively insulates up to 15% of the surface (Figure 3e), thus
contributing to the performance discrepancy of the flooded
sample compared to the dropwise sample. Finally, the jumping
surface showed stronger pressure dependence, in both the
model and experiment, when compared to the other surface
types. This result is due to the fact that during individual
droplet growth at small sizes (R < 7 pm), the droplet
conduction resistance is smaller than the interfacial mass
transfer resistance. Accordingly, in the case of jumping surfaces,
the majority of the condensing droplets sizes were small
enough (R < 7 pm) such that the interfacial mass transfer
resistance, which is sensitive to vapor pressure,SI became
comparable to the conduction resistance. Therefore, the heat
transfer coeflicient of the jumping surface varied more with
vapor pressure than that of the other surfaces.

The outcomes of this work support the findings that both the
droplet removal method (jumping versus gravitational shed-
ding) and the emergent droplet morphology are critical in
realizing enhanced condensation heat and mass transfer over
state-of-the-art dropwise condensing surfaces. Furthermore, the
experimental results suggest that nanostructured superhydro-
phobic surfaces have limitations for high heat flux applications
due to progressive flooding of the surface and the formation of
highly pinned liquid droplets. Although the presented results
show the CuO nanostructure are ideal in terms of creating
efficient droplet jumping and offer considerable heat transfer
enhancement, the identified flooding mechanism presents a
need for further reduction in the structure scale and/or
reduction and control of the nucleation density at elevated
supersaturations via engineering of the hydrophobic coating at
length scales on the order of 10 nm or less. In addition, the
CuO surfaces in this work present an opportunity to enhance
condensation in the presence of noncondensable gases (NCGs)
due to the potential for significant boundary layer mixing
created by high-frequency droplet jumping. Much work has
been done to show the importance of vapor flow and droplet
shedding on condensation heat transfer enhancement in the
presence of NCGs via boundary layer mixing.**>>*® These
surfaces therefore promise opportunities for applications such
as water harvesting, desalination or dehumidification, where the
relative driving potential for condensation is low and NCGs are
present.57

In summary, we experimentally demonstrated that, by using
readily scalable nanostructured CuO surfaces, water condensa-
tion with droplet jumping can be achieved while minimizing the
parasitic thermal resistances (oxide thickness). As a result, 25%
higher overall heat flux and 30% higher condensation heat
transfer coefficients compared to state-of-the-art dropwise
condensing Cu surfaces were realized at low heat fluxes and,
correspondingly, low supersaturations (S < 1.12). At high
supersaturations (S > 1.12), flooding of the nanostructured
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surfaces led to the formation of highly pinned Wenzel droplets,
which degraded the condensation heat transfer coefficient by
40% compared to the smooth dropwise condensing tube. These
results provide guidelines for the fabrication of high perform-
ance nanostructured CuO surfaces for low condensation heat
flux applications. Furthermore, the results underscore the
importance of the operating conditions for condensation heat
and mass transfer on nanostructured superhydrophobic surfaces
and also provide insights into the surface design requirements
for high heat flux applications.
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Five videos showing all condensation processes, as well as
further information on data collection methodology, the
experimental setup/procedure, and condensation modeling.
This material is available free of charge via the Internet at
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