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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 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
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shows significant condensation heat transfer enhancement, but 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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condensation heat transfer

LETTER:

Condensation 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 management,”* industrial power generation,’ and building
heating and cooling.®’” As a result, dropwise condensation with non-wetting substrates has
attracted much attention since its discovery by Schmidt ez 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 removal typically relies on gravity,
where droplet sizes have to approach the capillary length (=2.7 mm for water) to overcome the
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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 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 efficiently from the vapor to the
substrate.'”'* While a considerable amount of work has focused on understanding and
fabricating structured surfaces to sustain droplet jumping,'>'>"®**% heat transfer measurements
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.

In this work, we experimentally demonstrated that a 25% higher overall heat flux and
30% higher condensation heat transfer coefficient can be achieved using silanized copper oxide
(CuO) superhydrophobic surfaces compared to conventional dropwise condensing copper (Cu)
surfaces at low supersaturations (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 condensation 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

1,2%? coated with functionalized CuO

typical heat exchanger geometry and materia
nanostructures. Figures 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 (4 = 1 um, Figure 1b), promising a low parasitic conduction thermal resistance

(kcwo = 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 (7. < 35 nm for water and typical conditions). Therefore, the formation of
partially wetting droplet morphologies, which are essential to minimizing individual droplet
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831 are favored since Gibb’s criterion can be satisfied.**** Furthermore, the

thermal resistance,
small characteristic length scale of the nanostructure spacing (=1 um, Figure 1a) allows for
higher nucleation densities, 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: 1) it can be applied to arbitrarily shaped surfaces,

i1) 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.

We used commercially available oxygen-free Cu tubes (99.9 % purity) with outer
diameters, Dop = 6.35 mm, inner diameters, Dip = 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
minutes and rinsed with ethanol, isopropyl alcohol and de-ionized (DI) water. The tubes were
then dipped into a 2.0 M hydrochloric acid solution for 10 minutes 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;PO4¢12H,0, and DI water
(3.75:5: 10 : 100 wt.%)."**>® During the oxidation process, a thin (<300 nm) Cu,O layer was
formed that then re-oxidized to form sharp, knife-like CuO oxide structures with heights of
h =1 um, solid fraction ¢ = 0.023 and roughness factor » =~ 10 (Figure 1a, b, and c, 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 minutes.

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,O, (hydrogen peroxide, Sigma-Aldrich) for 20 minutes to form a
thin (=300 nm) Cu,O layer (see Supporting Information, section S5).

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 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).*=**® Figure 2 shows time-lapse images
of condensation on the nanostructured CuO surface (see Supporting Information, videoS1).
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-cos6,) ~ 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.'**’

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 non-condensable gases.”**

Throughout the experiments, the chamber pressure and temperature were continuously



monitored 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°C - 27°C, which are very common
conditions for building energy, dehumidification and high efficiency industrial condenser

C e 49,50
applications.**”

Typical inlet to outlet tube 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, videoS2).”' Meanwhile, Figure 3¢ shows an
image during conventional 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, videoS3).”' 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,/Py). In contrast, condensation on the
nanostructured CuO surface showed significant dependence on the supersaturation. Figures 3d
and e show images during condensation on the nanostructured CuO surface for low (S = 1.08)
and high (§ = 1.54) supersaturations, respectively (see Supporting Information, videoS4 and S5).
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 S5). 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. Figures 4a 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, i.e., 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. 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 (S < 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
(§ > 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 um), and droplets, instead of
forming in the energetically favorable PW morphology, merged to form pinned liquid films due
to contact line de-pinning 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. It is important to note that the critical radius
for droplet nucleation at supersaturation conditions (1.02 < § < 1.2) which include jumping
(§<1.12) and flooding (S > 1.12) was 8 nm (S'=1.2) <r. <41 nm (§ = 1.02), which is much

smaller than the characteristic structure length scale (/ = 1 um). The length scale discrepancy



(re <<) implies that the flooding transition did not occur due to further reduction in . as the
supersaturation was increased (S > 1.12), since the critical nuclei were already well below the
structure length scale.

Figure 5a shows the measured heat flux with the log mean water-to-vapor temperature
difference (ATimtp = [(Ty — Tin) — (Ty — Tou) V/In[(Ty — Tin))/(Ty — Tow)], where Ty, Tin, and Ty are
the vapor, cooling water inlet and cooling water outlet temperatures, respectively) as a function
of the condensation heat flux (¢”) at a vapor pressure P, = 2700 £+ 68 Pa. To maximize the tube
internal heat transfer coefficient, the cooling water mass flow rate was held constant at
54 0.1 L/min for all experiments (1.02 <S<1.6, 10 < 75 < 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”/ATvtp, Was obtained from the slope. As expected, the Cu tube with filmwise behavior
showed the worst overall HTC (Ugimwise = 8.92 + 1.14 kW/mzK) 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

(Udropwise =13.15+0.73 kW/mzK) 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 (jumping or flooded), as
discussed previously. When the jumping droplet removal mechanism was favored (star symbols,
S§<1.12, AT mrp < 5 K), the CuO tube showed the highest heat transfer performance

(Usumping = 16.5 £2.20 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 (Upooded = 10.1 £ 0.98 kW/mZK) 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 5b shows the steady state condensation HTC at the tube
surface, /., 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.
(imwise = 19 = 1.1 kW/m°K)*>* and Marto et al. (haropwise = 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 (/jumping = 92 + 12 kW/mzK). Meanwhile, flooding of the
surface at higher supersaturations led to a 40% degradation compared to dropwise condensation
on the smooth Cu tube (/gooded = 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, emergent droplet wetting morphology, and droplet distribution

17,54

theory (see Supporting Information, section S7). The results from the model (lines) shown in

Figure 5b are in excellent agreement with the experiments (symbols). For the jumping and

10



flooded performance, the model results were obtained using experimentally determined droplet
departure radii R (I@dmpwise ~ 1.3 mm, Rjumping ~7 um, Ritooded = 2 mm), contact angles, and a
nucleation density N estimated based on previous ESEM studies of condensation on these CuO
surfaces (Nnanostructured = 3Nsmooth)- ' 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 + 2.2 um (see Figure 2 and Supporting Information, section S5), 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 Wenzel droplets inhibits
jumping and gravity is required to shed droplets from the surface. Accordingly, these droplets
need to grow to sizes two 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 (Iéﬂooded =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
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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 um), 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,”’ became
comparable to the conduction resistance. Therefore, the heat transfer coefficient 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 shedding) 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
superhydrophobic 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 non-condensable gasses (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
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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.”’

In summary, we experimentally demonstrated that by using readily scalable
nanostructured CuO surfaces, water condensation 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
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 performance 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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Figure and table legends

Figure 1 — Nanostructure characterization. Field emission scanning electron microscopy
(FESEM) images of a 5 minute 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, # = 1 um, solid fraction, ¢ = 0.023, and
roughness factor, » = 10.

Figure 2 — Droplet growth dynamics. Time-lapse images captured via environmental scanning
electron microscopy (ESEM) of steady state water condensation on a 10 minute 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, videoS1).

Figure 3 — Test setup and experimental images of condensation. (a) Schematic showing
experimental setup. The tube sample (Dop = 6.35 mm, Dip = 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 minute
oxidation) (Inset: magnified view of the jumping phenomena, scale bar is 500 pm), and (d)
flooded condensation on a nanostructured CuO tube. The tube dimensions are identical for each
case (Chamber vapor pressure P, = 2700 = 68 Pa).

Figure 4 — Jumping and flooded condensation. Time-lapse images of initial water
condensation on a 10 minute oxidized CuO sample undergoing (a) jumping, (S = 1.08,
ATimmp =4 K, P, =2700 + 68 Pa) and (b) flooded condensation (S = 1.54, ATymm = 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.

Figure 5 — Heat transfer performance as a function of supersaturation and vapor pressure.
(a) Experimental steady state log mean water to vapor temperature difference (ATrimTp) as a
function of overall surface heat flux (¢ ”) for tube surfaces undergoing filmwise, dropwise,
flooded, and jumping condensation (CuO chemical oxidation time T = 10 minutes, chamber
vapor pressure P, = 2700 £+ 68 Pa, 1.02 < § < 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) was obtained by flooding the surface and decreasing
ATimtp. Due to hysteresis, the jumping behavior was not recovered. (b) Experimental and
theoretical steady state condensation coefficient (%) as a function of saturated vapor pressure
(Py) for tube surfaces undergoing filmwise, dropwise, flooded (t = 5, 10, 20 and 45 minutes), and
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jumping (t = 10 minutes) 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

(x 0.2 K) and pressure measurement (£ 2.5 %). The jumping surface error bars are the largest
due to the relatively low heat fluxes measured (¢ < 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).

Table 1 — Sample wetting characteristics. Silane chemistry, tridecafluoro-1,1,2,2-
tetrahydrooctyl)-1-trichlorosilane was used.
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Figure 1 — Nanostructure characterization. Field emission scanning electron microscopy (FESEM)
images of a 5 minute 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, # = 1 um, solid fraction, ¢ =~ 0.023, and roughness factor, » = 10.
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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 minute 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,
videoS1).
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Figure 3 — Test setup and experimental images of condensation. (a) Schematic showing experimental
setup. The tube sample (Dop = 6.35 mm, D;p = 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 minute oxidation) (Inset: magnified
view of the jumping phenomena, scale bar is 500 pm), and (d) flooded condensation on a nanostructured
CuO tube. The tube dimensions are identical for each case (Chamber vapor pressure P, = 2700 + 68 Pa).
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Figure 4 — Jumping and flooded condensation. Time-lapse images of initial water condensation on a 10
minute oxidized CuO sample undergoing (a) jumping, (S = 1.08, ATt =4 K, P, =2700 £ 68 Pa) and
(b) flooded condensation (S = 1.54, AT v = 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.
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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 (A7 up) as a function of
overall surface heat flux (¢ ”) for tube surfaces undergoing filmwise, dropwise, flooded, and jumping
condensation (CuO chemical oxidation time t = 10 minutes, chamber vapor pressure P, = 2700 + 68 Pa,
1.02 < §<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) was obtained by flooding
the surface and decreasing AT} yvrp. Due to hysteresis, the jumping behavior was not recovered.

(b) Experimental and theoretical steady state condensation coefficient (/) as a function of saturated vapor
pressure (P,) for tube surfaces undergoing filmwise, dropwise, flooded (t =5, 10, 20 and 45 minutes),
and jumping (t = 10 minutes) 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 (¢” < 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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Table 1 — Sample wetting characteristics. Silane
trichlorosilane was used.

chemistry, tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-

Sample Oxidation Silanization Advancing Angle Receding Angle
ID Time, T Time [degrees] [degrees]
[minutes] [minutes]
Hydrophilic Cu 0 0 14.6 + 6.6 <3
Hydrophobic Cu 0 60 123.4+2.5 81.2+84
CuO 5 60 169.2+2.6 164.1+5.2
CuO 10 60 171.2+3.1 167.2+3.2
CuO 20 60 172.3+2.9 168.5+3.1
CuO 45 60 172.0+3.2 167.8+3.2
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S1. ESEM AND HIGH SPEED VIDEOS

VideoS1. Steady state condensation on the flat nanostructured CuO surface captured with an environmental
scanning electron microscope, ESEM (Carl Zeiss EVO 50). Droplet removal via coalescence-induced ejection was
observed once droplets reached a size large enough to begin coalescing. The video was captured at 0.5 fps and is

played back at 1 fps. The field of view is 407 um x 304 pum.

VideoS2. Steady state condensation on the clean smooth hydrophilic Cu tube captured with a high speed camera
(Phantom v7.1, Vision Research). The tube is oriented in the horizontal direction with cooling water flowing inside
the tube at 5 L/min. The vapor pressure is =2.7 kPa. A thin liquid water film covers the surface. A droplet slides
across the tube due to a small tilt in the tube angle with respect to the horizontal. The video was captured at 90 fps

and is played back at 30 fps. The field of view is 160.1 mm x 120.1 mm.

VideoS3. Steady state condensation on the smooth hydrophobic Cu tube captured with a high speed camera
(Phantom v7.1, Vision Research). The tube is oriented in the horizontal direction with cooling water flowing inside
the tube at 5 L/min. The vapor pressure is ~2.7 kPa. Discrete liquid droplets form on the surface of the tube.
Droplets grow and begin to rapidly coalesce with neighboring droplets before being removed by gravity at length
scales approaching =3 mm. The video was captured at 90 fps and is played back at 90 fps. The field of view is
160.1 mm x 120.1 mm.

VideoS4. Steady state condensation on the nanostructured CuO tube captured with a high speed camera (Phantom
v7.1, Vision Research). The tube is oriented in the horizontal direction with cooling water flowing inside the tube at
5 L/min. The vapor pressure is =2.7 kPa and AT ytp = 4 K. Droplet removal via coalescence-induced ejection
occurs once droplets reach sizes large enough to begin coalescing. The video was captured at 90 fps and is played
back at 30 fps. The field of view is 160.1 mm x 120.1 mm.

VideoS5. Steady state condensation on the nanostructured CuO tube captured with a high speed camera (Phantom
v7.1, Vision Research). The tube is oriented in the horizontal direction with cooling water flowing inside the tube at
5 L/min. The vapor pressure is =2.7 kPa and AT yp = 12 K. Discrete liquid droplets form on the surface of the

tube. Droplets grow and begin to rapidly coalesce with neighboring droplets before being removed by gravity at


mailto:enwang@mit.edu

length scales approaching =<5 mm. The video was captured at 30 fps and is played back at 30 fps. The field of view
is 160.1 mm x 120.1 mm.

S.2 EXPERIMENTAL SETUP

The custom environmental chamber used for this work (Kurt J. Lesker) consists of a stainless steel frame with a
door (sealed with a rubber gasket), two viewing windows, and apertures for various components. Resistive heater
lines were wrapped around the exterior of the chamber walls to prevent condensation at the inside walls and then
insulated on the exterior walls. The output power of the resistive heater lines was controlled by a voltage regulator
(Variac). The chamber temperature was maintained at ~30°C for all experiments. Due to the much higher latent heat
of vaporization than the water vapor specific heat, a maximum vapor superheating of 5°C would result in a
negligible heat transfer increase of < 0.4%." Two insulated stainless steel water flow lines (Swagelok) were fed into
the chamber via a KF flange port (Kurt J. Lesker) to supply cooling water to the chamber from a large capacity
chiller (System III, Neslab). A flow meter (7 LPM MAX, Hedland) with an accuracy of + 2% was integrated along

the water inflow line.

A secondary stainless steel tube line was fed into the chamber via a KF adapter port that served as the flow line for
the incoming water vapor supplied from a heated steel water reservoir. The vapor line was wrapped with a rope
heater (60 W, Omega) and controlled by a power supply (Agilent). The vapor reservoir was wrapped with another
independently-controlled rope heater (120 W, Omega) and insulated to limit heat losses to the environment. The
access tubes were welded to the vapor reservoir, each with independently-controlled valves. The first valve
(Diaphragm Type, Swagelok), connecting the bottom of the reservoir to the ambient, was used to fill the reservoir
with water. The second valve (BK-60, Swagelok), connecting the top of the reservoir to the inside of the chamber,
provided a path for vapor inflow. K-type thermocouples were located along the length of the water vapor reservoir

to monitor temperature.

A bellows valve (Kurt J. Lesker) was attached to the chamber to serve as a leak port between the ambient and inside
of the chamber. In order to monitor temperatures within the chamber, K-type thermocouple bundles were connected
through the chamber apertures via a thermocouple feed through (Kurt J. Lesker). A pressure transducer (925 Micro
Pirani, MKS) was attached to monitor pressure within the chamber. The thermocouple bundles and the pressure
transducer were both electrically connected to an analog input source (RAQ DAQ, National Instruments), which was
interfaced to a computer for data recording. A second bellows valve (Kurt J. Lesker) was integrated onto the
chamber for the vacuum pump, which brought down the chamber to vacuum conditions prior to vapor filling.
A liquid nitrogen cold trap was incorporated along the line from the chamber to the vacuum which served to remove
any moisture from the pump-down process and ultimately assist in yielding higher quality vacuum conditions. A
tertiary bellows valve (Kurt J. Lesker) was integrated on a T fitting between the vacuum pump and liquid nitrogen
reservoir to connect the vacuum line to the ambient to release the vacuum line to ambient conditions once pump
down was achieved. In order to visually record data, a high speed camera (Phantom v7.1, Vision Research) was

placed in line with the 5” viewing windows on the chamber. In addition, a digital SLR camera (Cannon) was
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interchangeable with the high speed camera to obtain color images. The schematic of the exterior of the
environmental setup is depicted in Figure S1a. Photographs of the front and rear of the experimental setup are shown

in Figures S1b and c, respectively.
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Figure S1 — (a) Schematic of experimental setup (not to scale). (b) Photograph of the experimental setup shown
from the front (high speed camera and data acquisition system not shown). (c) Photograph of the experimental setup
from the rear of the chamber showing the cooling water inlet and outlet and water vapor reservoir.



The setup used to run experiments inside the chamber is shown in Figure S2. Stainless steel bellows tube lines
(1/4”, Swagelok) were connected to the external water flow lines (Figure Slc). T-connection adapters (Swagelok)
with bore through Ultra-Torr fittings (Swagelok) were used to adapt K-type thermocouple probes (Omega) at the
water inlet and outlet. Prior to experimentation, the thermocouple probes were calibrated using a high precision

temperature controlled bath (Lauda Brinkman) to an accuracy of + 0.2 K.

The test samples, 6.35 mm diameter tubes with different surface treatments, were connected via a Swagelok
compression fitting onto the T-connection. Chilled water flows through the inlet bellows tube, along the inside of the
tube sample and through the outlet. Two supports were used to hold the sample and the entire configuration in place.
Two separate pieces of insulation were embedded with K-type thermocouple leads and used for wet bulb
temperature measurement during experimental runs. A third thermocouple was placed beside the sample to measure
the reference temperature inside the chamber. As the experiment progressed, the wet-bulb insulating wick collected
water from the bottom of the chamber to the embedded thermocouple. The temperature measured by this
thermocouple was compared to the reference temperature calculated from the saturation pressure. This allowed for a

high accuracy secondary measurement of saturation conditions inside the chamber.
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Figure S2 — (a) Schematic of experimental setup inside the chamber (not to scale). (b) Photograph of the
experimental setup inside the chamber showing a CuO nanostructured tube in place for testing.

S.3 EXPERIMENTAL PROCEDURE

For each experimental trial, a set of strict procedures were followed to ensure consistency throughout the
experiments. The first step of the process was to turn on the voltage regulator to heat up the environmental chamber
walls, which prevented condensation inside the chamber walls. Simultaneously, the water vapor reservoir was filled
with approximately 3.5 liters of DI water (99% full) using a syringe through the vapor release valve. After opening
the vapor inflow valve and closing the vapor release valve, the rope heater around the water vapor reservoir was
turned on with the heater controller set to maximum output. Then the rope heater connected to the vapor inflow
valve was turned on. The temperature of the water reservoir was monitored with the installed thermocouples; the
temperature at the top of the reservoir was higher than that of the middle/bottom of the reservoir due to the water
thermal-mass present at the middle/bottom section. Hence, we ensured that the regions of the water reservoir of
higher thermal capacity were brought to a sufficiently high temperature for boiling. During the boiling process,
aluminum foil was placed on the bottom surface of the inner chamber to collect any of the water leaving the vapor

inflow line. Once boiling was achieved and all thermocouples on the reservoir were > 95°C for at least 10 minutes,



the vapor inflow valve was closed. The excess water that spilled inside the chamber during de-gassing of the

reservoir was removed.

In order to install the samples onto the rig (Figure S2), the Swagelok female adapters at the ends of the tube samples
were connected to the 90 degree male elbow connecters on the rig. Before installing the entire sample setup in the
chamber, all adapters/connecters were tightened to ensure that there were no leaks that could affect vacuum
performance. The setup was then placed on top of the steel supports and the bellows tubes (for the water
inflow/outflow) were connected to the water lines. Then the insulating wet bulb wick was placed near the sample

and in contact with the bottom surface of the chamber.

The next step was to begin the vacuum pump-down procedure. Initially, the liquid nitrogen cold trap was filled to
about half capacity. The ambient exposed valves connecting the chamber and the vacuum pump were both closed
and the valve connected to the liquid nitrogen cold trap was opened. The vacuum pump was then turned on,
initiating the pump-down process. The pressure inside the chamber was monitored during the pump-down process
(Figure S3). This process took approximately one hour in order to achieve the target vacuum conditions
(0.5 Pa<P <1 Pa). The experimental operating pressure of non-condensable was set to be a maximum of 0.25% of
the operating pressure. Non-condensable gas content of above 0.5% (pressure) was shown to significantly degrade
performance during dropwise condensation.” * In our experiments, extreme care was taken to properly de-gas the
vacuum chamber and water vapor reservoir prior to experimental testing. In addition, the chamber leak rate was
characterized prior to each run in order to estimate the maximum time available for acquiring high fidelity data with

non-condensable content of less than 0.25%.
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Figure S3 — Chamber pressure as a function of time during a typical pump down operation. The kinks in the data
were due to evacuation of water vapor and ice left over in the chamber from a previous experimental run.

The setup of the water flow-loop is described as follows. The Neslab water pump reservoir was filled and turned on
to a flow rate of 5 L/min (0 < ATpymp < 15 K). The flow rate was monitored with the flow meter integrated in the
inflow water line. In order to bring the chilled water into the flow loop and to the tube sample, the external chilled
water lines were opened. The relatively high flow rate of 5 L/min was chosen to maximize the internal water heat

transfer coefficient and therefore reduce the total condenser thermal resistance.

Prior to beginning experiments, the high-speed camera was turned on for visual recording of the sample during
condensation. Afterwards, the rope heater around the water reservoir was turned off and the vapor inflow valve was
slowly turned open until the operating pressure was reached. Steady state conditions were typically reached after
2 minutes of full operation. Once at steady state, data was recorded over a 10 minute interval. After the data was

recorded, the pressure level was increased or decreased to a new level by opening or closing the vapor inflow valve.

S.4 FABRICATION DETAILS

Tube Cleaning Procedure

Experimental Cu tube samples were rigorously cleaned in a systematic manner prior to testing. All tubes were
interfaced with a female 4” Swagelok fitting on each end and capped with a %4 Swagelok nut. Capping of the tubes
ensured that no oxidation or functionalization occurred inside the tube to keep the same cooling water flow

conditions. Once capped, the tubes were cleaned in an ultrasonic bath with acetone for =10 minutes at room
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temperature. The tubes were then rinsed with ethanol, isopropyl alcohol (IPA) and de-ionized water (34877, Sigma)
(Figure S4). The tubes were then dried in a clean nitrogen stream and immediately dipped into a 2.0 M hydrochloric
acid solution for 10 minutes to remove the native oxide film on the surface. Once complete, the tubes were removed

from the HCI bath and vigorously triple-rinsed with DI water, and dried with a clean nitrogen stream.

Figure S4 — Images of smooth Cu test tubes during the cleaning process: (1) as-is Cu tube (not cleaned), (2) cleaned
Cu tube using solvents (acetone, IPA, water rinse), (3) cleaned Cu tube after 2M HClI step to remove oxide.

To study the fabricated tube surface morphology using FESEM, additional flat and small tube samples (Figure S5)

were fabricated during creation of the large tube test samples. After cleaning, the samples had a visibly brighter
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Figure S5 — Smooth Cu test sections with Cu plates during cleaning process (a) as-is Cu (not cleaned), (b) cleaned
Cu using solvents (acetone, IPA, water rinse), (c) cleaned Cu tube after 2M HCl step to remove oxide.
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Silane Deposition

The nanostructured CuO and smooth Cu tubes were functionalized using chemical vapor deposition of a fluorinated
silane (trichloro(1H,1H,2H,2H-perfluorooctyl)silane, Sigma). Prior to silane deposition, each tube was oxygen
plasma cleaned for 2 hours 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 30 minutes to a minimum pressure of =10 kPa. A valve was then
closed to isolate the pump from the desiccator and the sample was held in vacuum (=10 kPa) for another 30 minutes.
The silanated tubes were then rinsed in ethanol and DI water, and dried in a clean nitrogen stream. It is important to
note, the long plasma cleaning time creates heating of the sample and raises the sample temperatures to ~60°C. The
higher temperature is beneficial during vapor phase deposition of the silane due to the higher silane-substrate bond

formation at elevated temperatures.”

S.5 SURFACE CHARACTERIZATION

Oxide Thickness

To characterize the oxide thickness of the tested samples (smooth and nanostructured), we used focused ion beam
milling (FIB) (NVision 40 Dual Beam Focused lon Beam, Carl Zeiss GMBH) and SEM imaging. Milling was
performed with normal incidence of the ion beam (sample tilt of 54°), ion beam energy of 30 keV, and ion current of
300 pA. The structure cross-sections were obtained by milling 8 um deep x 20 pm wide trenches. Due to the good
milling response of copper, surface polishing was not required. All samples were imaged at 36° tilt using the in lens

detector with electron beam energies of 7 keV.

The Cu,O oxide thicknesses for both the smooth (hydrophobic and hydrophilic) and nanostructured samples were
~300 nm (Figure S6). With the additional CuO blades on the nanostructured samples, however, the total copper
oxide thickness was ~1.5 pm (Figure S6c,d), as expected.” It is important to note, Figures S6a,b show the presence
of grain boundaries beneath the oxide film. These grain boundaries should not be mistaken for the Cu,0 oxide layer,

which exists only adjacent to the surface of the sample as indicated by the arrows.
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Figure S6 — SEM images of FIB milled samples showing the a-b) smooth hydrophobic and hydrophilic sample
oxide thickness and ¢-d) 10 minute oxidized CuO nanostructured sample thickness. The smooth sample Cu,O
thickness was =300 nm while the nanostructured Cu,O + CuO layer was =1.5 um thick with a =300 nm thick Cu,O
layer. Images a) and b) were obtained on two separate FIB milled spots, as were images c) and d).

Contact Angle Measurements

To test the wetting characteristics of the fabricated samples, micro-goniometric measurements (MCA-3, Kyowa
Interface Science Co., Japan) on each fabricated sample were obtained (Figure S7).
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Figure S7 — Micro-goniometer contact angle measurement images of a) smooth hydrophilic Cu, b) smooth
hydrophobic Cu, c¢) 5 minute oxidized CuO, d) 10 minute oxidized CuO, e) 20 minute oxidized CuO and f) 45
minute oxidized CuO. The images represent the advancing contact angles for each case. Refer to Table 1 for contact
angle measurement data.

ESEM Imaging Procedure

Condensation nucleation and growth were studied on these fabricated surfaces using an environmental scanning
electron microscope (EVO 55 ESEM, Carl Zeiss GMBH). Backscatter detection mode was used with a high gain.
The water vapor pressure in the ESEM chamber was 800 + 80 Pa. Typical image capture was obtained with a beam
potential of 20 kV and variable probe current depending on the stage inclination angle. To limit droplet heating
effects, probe currents were maintained below 2.0 nA and the view area was kept above 400 um X 300 pm. A

500 pum lower aperture was used in series with a 100 pm variable pressure upper aperture to obtain greater detail.
The sample temperature was initially set to 4 £ 1.5 °C and was allowed to equilibrate for 5 minutes. The surface
temperature was subsequently decreased to 3 £ 1.5 °C, resulting in nucleation of water droplets on the sample
surface. Images and recordings were obtained at an inclination angle of 45° from the horizontal to observe droplet

jumping. Cu tape was used for mounting the sample to the cold stage to ensure good thermal contact.

Droplet Size Distribution

To determine the mean coalescence length for condensed droplets on the CuO nanostructures, the droplet size
distribution was obtained from the ESEM images. Droplet number density and size were measured from multiple

images of the steady-state condensation process, accounting for inclination angle (Figure S8). As a result of the high
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nucleation density, N = 5x10° m™, the mean center-to-center spacing of the droplets was ~8 um and coalescence-

induced jumping maintained droplet sizes below 10 pum.
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Figure S8 - Droplet size distribution for steady state condensation at a supersaturation S = 1.1. The counting error
associated with the droplet distribution measurements from the ESEM images was estimated to be =5% at each size
range.

S.6 EXPERIMENTAL CALCULATIONS
Overall Heat Transfer Coefficient (0)

To calculate the condensation heat transfer, the energy applied to the tube sample was balanced by the change in

enthalpy of the cooling fluid:

Q = mcy (Tout — Tin) » (S1)

where Q is the total condensation heat transfer rate, #1 is the cooling water mass flow rate inside the tube, ¢, is the
liquid water specific heat, and Ty, and T, are the tube outlet and inlet temperatures, respectively. To obtain the
overall heat transfer coefficient, U from the experiment, the measured heat transfer rate (Q) was equated to an

equivalent form with the overall heat tranfer coefficient:
me, (Tout — Tin) = UAAT yrp , (S2)

where 4 is the tube outer surface area (4 = mdopl) and ATiyrp the log mean temperature difference (LMTD)

defined by®:
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(Tv - Tin) - (Tv - Tout)

(=) >

AT yrp =

The overall heat transfer coefficient is therefore

Tfle (Tout - Tin)

U = )
AATLMTD

(S4)

which is only a function of experimentally measured parameters.

Condensation Heat Transfer Coefficient (4,

The previously calculated U is a measure of the overall heat transfer performance from the vapor to cooling water.
This approach allows for a fair surface comparison since all of the thermal resistances in the heat transfer network
were considered including the temperature drop through the oxide layer, Cu tube, and convection heat transfer
coefficient to the cooling water flow. However, to quantify the condensation heat transfer coefficient, 4., (as

measured from the vapor to the tube outer surface), further calculations were performed.

To extract &, the overall surface heat flux was used in combination with the forced convection cooling water flow
heat transfer coefficient and the tube radial temperature drop to calculate the outer surface temperature. To
determine the forced convection internal flow heat transfer coefficient, the Gnielinski correlation was used which

has been shown to have an accuracy of + 5%:*

K, (g) (Re — 1000)Pr

h;

- dp f T 2 ' (S5)
1+12.7 <§) (Pr3—1)
vd
Re — ,0 1D ’ (86)
u
f =(0.790InRe — 1.64)72, (S7)

where #4; is the internal cooling water flow heat transfer coefficient, f is the pipe friction factor, Re is the cooling
water flow Reynolds number, Pr is the Prandtl number, p is the cooling water density, k; is the cooling water thermal

conductivity, and u is the cooling water dynamic viscosity.

With 4; determined, a closed form solution can be obtained for 4. by combining all of the relevant temperature drops

(internal cooling water flow, radial conduction through the Cu tube, and radial conduction through the oxide):” "°
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dop\\ "
i (fez)
1.4 7, <)
U Aihi ankCu ’

he =

where 4 is the tube outter surface area (4 = ndopl), A; is the internal tube surface area (4; = ndipl), L is the tube
sample length, and k¢, is the Cu thermal conductivity (kc, = 401 W/mK). Note in this case, the Cu,O layers in the
samples are comparable (=300 nm). While the nanostructure samples have additional CuO blades, because the
droplets form in the partially wetting droplet morphology,'' the CuO blades do not contribute as an added thermal
resistance. For completeness, we also determined the temperature drop across the Cu,O layer. Since the Cu,O layer
in both cases are thin (=300 nm), and that the Cu,O has a relatively high thermal conductivity (=20 W/mK)'? when
compared to typical functional coatings (0.2 W/mK)'> ¥, the temperature drop across this layer is small. We
calculated the temperature drop in the case of maximum heat flux prior to flooding (%8 W/cm?) for the jumping
nanostructured surface as AT oxide = q  toxide/koxide = (8 W/cmz)(300x10'7cm) /(0.2 W/emK) < 0.0012 K, where ATyde
is the temperature drop across the oxide layer, ¢” is the heat flux (8 W/cm?), toxide is the Cu,O oxide layer

thickness (=300 nm), koy;q 1S the Cu,O oxide layer thermal conductivity (=20 W/mK)".

S.7 MODEL

For the model, 4, was obtained by incorporating the individual droplet heat transfer with droplet size distribution:'"
15

he= = | [ amemar + [ awnewa|, (9

Re

2Tsq:0
RZ <AT _ sat )
i Rhfgpw

1 RO 1 kpp + k(1 — )
Zhint(l cos 9) 4k sin @ kHC Sln2 0 6HCkP + thC 6HCkW + thC

qR) = (S10)

where ¢” steady state dropwise condensation heat transfer rate per unit area of the condensing surface, AT is the
temperature difference between the saturated vapor and sample outer surface (AT = (To(P) — Ty)), R* is the critical
radius for heterogeneous nucleation (R* = r.),'® R, is the droplet coalescence radius, g(R) is the individual droplet
heat transfer (Eq. S10), n(R) is the non-interacting droplet size distribution,'> N(R) is the coalescence dominated
droplet size distribution,]s’ 7R is the droplet radius, o is the condensate surface tension, /4, is the latent heat of phase
change, p,, is the condensate density (liquid water), @ is the droplet contact angle, %;, is the interfacial heat transfer
coefficient,'® k, is the condensate thermal conductivity, kyc is the hydrophobic coating thermal conductivity, ¢ is the
structured surface solid fraction (=0.023), /4 is the structured surface height (=<1 um), and dyc is the hydrophobic
coating thickness (=10 nm).
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The first integral in equation S9 represents the heat flux component from droplets smaller than the coalescence
length scale (R < R.), where direct growth by vapor accommodation at the liquid-vapor interface dominates, and
neighboring droplet coalescence is absent. The second integral represents the component of the heat flux from
droplets growing mainly by coalescence with other droplets (R > R,). These two components contribute to the total

surface heat transfer per unit area (g”).

For the jumping and flooded surfaces, the model results were obtained using experimentally determined droplet
departure radii R (Iédmpwise =1.5 mm, Iéjumpmg =10 um, Rivoded =3 mm) and contact angles, and assuming an effective
nucleation density N from previous ESEM studies of condensation on CuO surfaces (Nyanostructured = 3]\fsmomh).19 To
model the individual droplet growth more accurately (for the jumping surface), the variable contact angle during the

initial stages of growth was incorporated."

Filmwise Condensation

To model filmwise condensation on the smooth Cu tubes, the classical Nusselt model was used, given by™ '*:

1
gpw(pw - pv)kw3hfgl *
= 0.72
h. = 0.729 oo AT ) (S11)
heg' = hgg + 0.68c, AT, (S12)

where g is the gravitational acceleration (= 9.81m/s%), p, is the water vapor density, u., is the condensate dynamic
viscosity, Ay, is the modified latent heat of vaporization accounting for the change in specific heat of the condensate

. . 8,18
and ¢, is the condensate specific heat .
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