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Abstract

When condensed droplets coalesce on a superhydrophobic 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 towards 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 that impede 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 surfaces, we show that this
vapor flow entrainment dominates droplet motion for droplets smaller than R = 30 um at
moderate heat fluxes (¢” > 2 W/cm?). Subsequently, we demonstrate electric-field-enhanced
(EFE) 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
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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

Vapor condensation is an essential part of energy conversion,? water harvesting,** and
thermal management systems.”° When water vapor condenses 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 removed from the
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surface, which significantly increases heat and mass transfer.

Research has focused on using
a combination of roughness and chemical functionalization to create superhydrophobic
surfaces'* ' for dropwise condensation, whereby droplets easily roll off the surface due to
gravity upon reaching a critical size (~2 mm for water).'> 1"

A recent study showed that when small droplets (~10 — 100 um) merge on
superhydrophobic nanostructured surfaces, droplets can spontaneously eject via the release of
excess surface energy irrespective of gravity.*’ Droplet removal by this jumping mechanism is
highly desirable due to the increased number of small droplets®' which more efficiently transfer
heat from the surface.” **** A number of works have since fabricated superhydrophobic
nanostructured surfaces to achieve spontaneous droplet removal® 2* for a variety of
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applications including self-cleaning,*’ condensation heat transfer enhancement,'* 2" 2% 48

55,56 57-64

thermal diodes, and anti-icing. Improvements of 30% in condensation heat transfer
coefficients with jumping droplets as compared to state-of-the-art dropwise condensation have
been demonstrated.*®

However, a significant mechanism that can limit heat transfer enhancement is droplet
return to the surface due to: 1) gravitational force (i.e., horizontally aligned condensing surface
with jumping occurring on top),”" ** *%- %% 2 entrainment in a bulk convective vapor flow
occurring adjacent to the condensing surface (i.e., due to buoyancy effects on vapor near the
surface) and 3) entrainment in the local condensing vapor flow towards the surface (i.e., the flow
required for mass conservation of the condensing vapor).”® Although previous studies have

experimentally shown droplet return by gravity,” characterization 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 condensing
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.®” This insight provides a unique opportunity to utilize external electric
fields to enhance droplet removal from superhydrophobic nanostructured condensing surfaces.
Although external electric fields cannot increase the jumping droplet frequency because
electrostatic charging occurs after droplet coalescence and departure,’ 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 surfaces and theory that, during condensation, local vapor flow entrainment dominates
droplet motion for droplets smaller than R ~ 30 um at moderate heat fluxes (¢” > 2 W/em?).

This process limits the condensation heat transfer coefficient for superhydrophobic 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 copper oxide superhydrophobic surfaces with EFE condensation
compared to conventional 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 approaches for
enhancing jumping-droplet surface performance via EFE condensation. For example, an external

electric field can enhance 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.”” However, if the surface is oriented in such a manner as to allow

jumping to occur against gravity (i.e., horizontally facing upwards), 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 parallel (horizontally facing downwards) to the plate. However, other
mechanisms dictate the return, which we experimentally investigated.

We first characterized droplet jumping away from the surface in the direction opposite to
the gravitational force. We condensed water vapor on copper tubes coated with functionalized
copper oxide (CuO) nanostructures (Figure 1a, see Methods) and observed droplet jumping. The
radial geometry of the tubes allowed for simultaneous high speed imaging of the top (against
gravity) and bottom (with gravity) surfaces. To visualize the behavior, the CuO tubes were tested
in a controlled condensation chamber interfaced with a high speed camera (see Supplementary
Information, 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 which
traveled upwards (i.e., due to buoyancy), or that a local mass-conserving radial vapor flow
moving towards 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-induced bulk vapor flow was not the mechanism of droplet return (see
Supplementary Information, section S4 and Movie 4)

The second possible mechanism capable of causing droplet return is from entrainment of
droplets in the local vapor flow towards 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 towards the tube to obtain the drag on departing droplets. The model was
simplified by assuming that a jumping droplet departs normal to the surface directly downward

in the direction of gravity. We also assumed that, due to the relatively small size of departing



droplets (~10 um), the shape of droplets remained spherical during flight. This assumption is
justified given that the vapor density is small compared to the density of the liquid droplets
(pv << py) and Bo = py-g-R*/y << 1, where Bo and R are the droplet Bond number and radius
(~10 um), respectively, p,, and y are the water density (<1000 kg/m®) and surface tension
(=72 mN/m), respectively, and g is the gravitational constant. In addition, We = (p,-U,**R)/y << 1
and Ca = u,-Uy/y << 1, where We and Ca are the Weber and Capillary numbers, respectively,
U, is the characteristic vapor velocity (~ 0.1 m/s), and py is the vapor density (=0.02 kg/m?), and
wy is the vapor dynamic viscosity (~9.8 uPa-s).*® 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 (F,, second term), and the drag force due to vapor flowing in the reverse
direction (Fp, third term) is:

4 dv 4
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where R is the droplet radius, v is the droplet velocity, ¢ is time, g is the gravitational constant,
Cp is the Reynolds number dependent drag coefficient on a sphere,” and u, is the velocity of the
vapor flow past the spherical jumping droplet. To determine the vapor velocity, mass
conservation is applied to the condensing vapor. The tube heat transfer rate, g (measurable

quantity), is then balanced by the energy released via vapor-to-liquid phase change:
by, = q, @)

where A, and T are the latent heat of vaporization and the mass flow rate towards 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:
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where R; is the condensing tube outer radius, x is the distance from the tube surface, and ¢” is the

heat flux (heat transfer per unit area).



In order to obtain the droplet trajectory, the initial condition relating the jumping velocity
(U) of the droplet leaving the tube surface to the droplet radius (R) is needed. Although a
previous study experimentally determined the initial droplet velocity as a function of radius,” a
carbon nanotube surface with droplets condensing at atmospheric pressure was studied, which is
distinct form our experiments carried out at low vapor pressures (< 4 kPa). To minimize
uncertainties associated with the different experimental conditions, we experimentally
determined the initial droplet velocity as a function of departing droplet radius. For water
droplets of radii R = 2 pm, coalescence is governed by an inertially-limited viscous regime at
low neck radii (Ryin/R) < Oh, where Ry, 1s the radius of the neck connecting the two coalescing
droplets, and O# is the characteristic droplet Ohnesorge number defined by Oh = wl(py-o-R)"?
and by an inertial regime at larger neck radii (Rmin/R > Oh).”® Due to the relatively low
Ohnesorge number, Oh = 0.02 to 0.1, the majority of droplet coalescence (> 90% for R =2 um)
occurs in the inertial regime’® where the time scale is governed by a capillary inertial scaling.”' "

Balancing the excess surface energy and kinetic energy of the jumping droplet,”® we obtain the

characteristic scaling for the droplet velocity:

U~.Y/pR. “

This characteristic velocity corresponds to a value of unity for the droplet Weber number,

We = (pw U*R)/y = 1. To account for the incomplete conversion of excess surface energy to
kinetic energy not captured by the scaling, we introduce a proportionality constant C, on the right
hand side of equation (4).”* For our experiments on CuO at low vapor pressure (P, < 4000 Pa),
equation (4) best fits the experimental data with C = 0.23 (see Supplementary 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 (¢) for varying droplet
radius (R) and condensing tube heat flux (¢”) (Figure 2b,c). Figure 2b shows that when the vapor
flow velocity towards the surface is much smaller than the droplet jumping velocity (¢” = 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

qg’ =1 W/em? (Figure 2c), droplet entrainment in the condensing vapor flow becomes significant,



with droplets smaller than R = 19 pm returning to the surface against gravity. In contrast,
droplets larger than R = 19 um have enough gravitational 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 calculated the
maximum distance that the largest entrained 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 condensing tube (Figure 1c) at a heat flux of ¢” ~ 0.8 + 0.2 W/cm? using high speed
imaging. For each departing droplet which 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 interaction lengths measured during the
experiment. The maximum distance a droplet traveled away from the tube before returning to the
surface was Limaxexp = 2.4 mm, which is in excellent agreement with the model solution shown in
Figure 2d, which predicted Lyay ~ 2.5 mm at a heat flux of ¢” = 0.8 W/cm?®. The agreement
between experiments and theory indicates that droplet return (Figure 1c¢) is due to vapor flow
entrainment.

Our experimental and model results indicate a fundamental limit to jumping-droplet
condensation. Due to the entrainment of departing droplets, the maximum attainable heat flux is
limited since larger heat fluxes result in faster vapor flow and more 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,”>”’ Marangoni
stresses,78 or electrostatic fields.®” 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.®’
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 entrainment,
we used an external electrode biased to attract positively charged departing droplets.®’ 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 Supplementary Information, section S6). Under the no-field condition, droplets smaller than
Riax 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.**
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
(Figures 3c-¢). By applying a voltage between the grounded tube and wire cage, droplets
jumping from the surface were attracted towards 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 voltages resulted in decreasing
droplet return as shown by fewer parabolic trajectories on top of the tube surface which indicate
droplets returning to the condensing surface. At low voltages (AV <100 V), droplet return was
decreased when compared to no-field condensation, but was still present (Figures 4, a, b, c).
Droplet return was not eliminated until a critical voltage of AV’ = 130 V was reached,
corresponding to a critical electric field strength of approximately £ = AV/(R,-R;) = 75 V/cm,
where R, is the cage radius (=2 cm).

To theoretically estimate the critical electric field and better understand the EFE droplet
removal mechanism, we can compare the forces on a departed droplet just as it reaches the crest

of its motion and is about to reverse direction (v, = 0, where vy is the droplet velocity).



The gravitational force acting on the droplet can be estimated by F, = (4/ 3R pug ~
0.04 nN, where R is the characteristic jumping droplet radius (R ~ 10 pm)."***® The vapor drag
force can be estimated by considering conservation of condensate vapor mass to calculate the
vapor velocity U, = ¢”/(phs,), where U, is the characteristic vapor flow velocity towards the
tube, ¢” is the characteristic heat flux (¢” ~ 0.5 W/cm?), and hs, 1s the water latent heat of
vaporization (hg = 2260 kJ/kg). By substituting values in for our experimental conditions, we
obtain a characteristic water vapor velocity of U, = 0.1 m/s.

To determine the characteristic drag force on the droplet due to the vapor, the Stokes flow
approximation was used which is appropriate due to the low Reynolds numbers, Re, of the
droplet motion. The Re = [p,Uy(2R)]/uy = 0.005, where R is the characteristic jumping droplet
radius (R ~ 10 pm). Using the Stokes approximation yields a characteristic Stokes drag,*

Flarag = 6mu,U,R ~ 0.19 nN. In order to calculate our minimum critical electric field, we equate
the difference 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,

Euit= (Farag — Fg)/q, where q is the electrostatic charge on the droplet®’ (¢ = 15 fC). Substituting
in our values, we obtain a critical field strength of E;; = 100 V/ecm which is in reasonable
agreement with the experimentally determined critical value of <75 V/cm.

It is important to note, the estimated characteristic electric field in these experiments is
assumed to equal the form of two uniformly spaced parallel plates, £ = AV/(R,-R;). Although a
reasonable approximation, the field between the wire cage and tube is better represented by a
radially depended electric field encountered between two concentric cylinders, which can be
expressed as E. = AV/[In(R,/R;)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 < £, <222.5 V/cm,
which bounds the estimated critical electric field of £ =~ AV/(R,-R;) = 75 V/cm.

Figures 5a and b show long exposure (40 ms) time-lapse images of no-field and EFE
condensation, respectively. We found that as the condensation time approached 8 minutes, the
no-field jumping-droplet condensation mode (Figure 5a) had a larger population of pinned liquid
droplets on the surface. Although droplet jumping was still present at later times
(t > 10 minutes), progressive flooding of the surface due to return of departing droplets from

vapor flow entrainment created a larger average droplet size (Rmaxno-field = 145 =29 um,



Figure 5c¢). In contrast to no-field droplet jumping, the EFE condensing mode (Figure 5b)
showed little increase in average droplet size on the surface through the experiment
(Rmax.ere < 25 + 8 um, Figure 5¢). This observation implies that EFE condensation provides a
means to further increase jumping-droplet heat transfer by minimizing the average droplet size
and increasing the population of small droplets on the surface which are more effective at
transferring heat during condensation.®® ™

It is important to note that although charged jumping droplets feel an attractive
Coulombic force towards 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.®’ In addition, the progressive flooding mechanism
is distinct from the nucleation-density-mediated flooding mechanism* (see Supplementary
Information, section S7). Nucleation-density-mediated flooding occurs due to nucleation site
activation (at elevated supersaturations, S > 1.12), droplet coalescence 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 in a partially
wetting (Cassie type) morphology (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 incorporates thermal resistance-based droplet growth, the emergent droplet
wetting morphology, and droplet distribution theory (see Supporting Information, section S8).**
% Figure 6a shows the normalized condensation heat transfer coefficient (Age /Mo sum) @S @

function of maximum droplet departure diameter, R.. The normalization factor is a condensation
heat transfer coefficient for a jumping droplet surface with a departure diameter of Re =5 pum,
which serves as an upper bound for heat transfer performance from previously observed
experiments where the minimum droplet departure size on the CuO nanostructures is ~5 pm.” **
As the droplet departure radius increased, the condensation heat transfer degraded (Figure 6a
inset) due to the presence of larger droplets on the surface whose growth are heat conduction

limited.®® The results show that increasing the departure size from R, =5 pm to R. = 10 pm
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degraded the condensation performance by as much as 20%, indicating the importance of
eliminating progressive flooding and droplet 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,
100, and 200 V/cm) (see Supplementary Information, section S2). Figure 6b shows the overall
surface heat flux as a function of the log-mean-temperature-difference (A7 vrp) between the
saturated vapor and cooling water. Relatively low cooling water flow rates of 0.5 £ 0.025 L/min
were used in the experiments to increase the temperature difference 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/ecm*-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/em?-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/em*-K)* 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 condensation heat fluxes (S > 1.04, ¢” > 1 W/cm®) were not studied in order to
minimize the effect of progressive flooding due to vapor flow entrainment (which occurred
during no-field jumping-droplet condensation, see Supplementary Information, section S7) and
allow for a direct comparison between jumping-droplet condensation with and without an
external electric field. Furthermore, at higher supersaturations (S > 1.12, ¢” > 8 W/cm?) for EFE
condensation, nucleation-density-mediated flooding of the surface remained, as previously

observed on superhydrophobic CuO surfaces.” **

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 only act on droplets once
they have attained an electrostatic charge by coalescing and leaving the surface.®’ This result is

in contrast to the progressive flooding mechanism, which is governed by vapor entrainment and
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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
condensation 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 phenomena 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 experimental results suggest that, although EFE condensation
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.” ***

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 surface® (which would repel jumping droplets as
opposed 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 considered. Two potential methods involve: a) the use of highly
wettable wicking electrode materials (i.e. a porous copper grid) which can transport the

. 82.85
condensate towards the tube ends to a condensate reservoir

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 towards the condensing surface acts as
a barrier to heat transfer performance of superhydrophobic surfaces with jumping droplets.
Through experiments and modeling, we showed that the entrainment and return of jumping

droplets result in the progressive flooding of the condensing surface that is characterized by the
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gradual increase in average droplet size and gradual deterioration of condensation heat transfer
performance. To counteract the vapor drag, we leveraged our knowledge of droplet charging in
conjunction with external electric fields to demonstrate a new mode of condensation called
electric-field-enhanced (EFE) 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 CuO surfaces for moderate
condensation heat flux applications. Furthermore, this work demonstrates new opportunities for
EFE condensation to enhance heat transfer,” anti-icing,”’ self-cleaning performance,*’ and

thermal diode efficiency.”> *°
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Methods

Fabrication. To create the CuO nanostructures (Figure 1a), commercially available oxygen-free
copper tubes were used (99.9 % purity) with outer diameters, Dop = 6.35 mm, inner diameters,
Dip = 3.56 mm, and lengths, W =131 mm, as the test samples for the experiments. Each copper
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 (with ends capped) into a hot (96 + 3 °C) alkaline
solution composed of NaClO,, NaOH, Na3;PO4¢12H,0, and DI water (3.75:5: 10 : 100 wt.%).86
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 # =~ 1 um, a solid fraction ¢ =~ 0.023

and a roughness factor » = 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 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 2 minutes 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 vacuum (=2 kPa) for another 7 minutes. 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 6, = 120° when measured on a smooth reference surface and typical
advancing/receding angles of 8,/6; =~ 171/167 + 3° when measured on the nanostructured CuO

surface.

Surface characterization. Advancing and receding contact angles for all samples were
measured and analyzed using a micro-goniometer (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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Figure and table legends

Figure 1. Nanostructure characterization and jumping-droplet vapor flow entrainment.
(a) Field emission scanning electron micrograph (FESEM) of a 10 minute oxidized CuO surface.
The sharp, knife-like CuO structures have characteristic heights, 2 = 1 um, a solid fraction,

¢ = 0.023, and a roughness factor, » = 10. (Inset: Water droplet advancing contact angle on the
superhydrophobic nanostructured surface, 8, = 169 + 3°. Scale bar is 20 um) (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 Supplementary Movie 3). (c) Long exposure time (50 ms) 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 towards the tube surface and return (black
dotted arrows). Chamber vapor pressure P, = 2700 £+ 68 Pa, S = 1.02. The tube sample (outer
diameter Dop = 6.35 mm, inner diameter Djp = 3.56 mm, and length = 131 mm) was cooled
via chilled water flowing inside the tube at 5 + 0.25 L/min, see Supplementary Information,
section S2).

Figure 2. Jumping-droplet vapor flow entrainment model and experiments. (a) Schematic
showing the condensing vapor flow velocity U,(x) towards the condensing tube as a function of
radial position x. The model only considers droplets traveling downward in the direction of
gravity (as shown in the close-up schematic). The forces acting on the droplets are gravity (Fy),
buoyancy (Fg), and drag due to vapor flow (Fp) (R; = 3.16 mm). Note, g << F, due to the large
density difference between liquid water and water vapor (p, << py,). The model was used to
calculate the droplet position x beneath the tube as a function of time ¢ for a condensing heat flux
of (b) ¢” ~ 0 W/em?, and (c) ¢” = 1 W/em®. Results show that droplets below a certain size

(R~ 19 pm, for ¢” = 1 W/cm®) 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 ¢”. Inset: Maximum droplet radius Ryax,
corresponding to, Lmax, being returned to the condensing tube as a function of heat flux ¢”. At
larger heat fluxes, larger droplets return due to faster condensing vapor flow and a larger drag
force Fp towards the tube surface. (e) Histogram of experimentally measured droplet interaction
lengths for a condensation heat flux of ¢ ~ 0.8 + 0.2 W/cm?. 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 measured maximum travel distance

Linax.exp = 2.4 mm, which is in good agreement with the theoretically calculated value of

Lmax = 2.6 mm (shown in (d)).

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 (Py = 2700 £ 75 Pa, § = 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
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(f) 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.

Figure 4. EFE condensation droplet removal dynamics. Long exposure time images (40 ms)
of EFE condensation with (a) £ =0 V/cm, (b) E =25 V/cm, (c) E =50 V/cm, and

(d) E=75 V/cm. The outer copper grid (Figure 3c-f) is biased negative 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 £ =~ 75 V/cm had identical performance
(all jumping droplets were removed), indicating that the critical electric field force on the droplet
was reached and was large enough to overcome vapor drag at this particular heat flux.
(Py=2700+75Pa, S~ 1.04)

Figure 5. Progressive flooding due to vapor flow entrainment. Time-lapse (long exposure
time, 40 ms) images of steady state (a) jumping-droplet condensation and (b) EFE condensation
with £=75 V/em (P, =2700 £ 75 Pa, S = 1.04). Jumping-droplet condensation with no electric
field shows significant droplet return to the surface due to vapor flow entrainment. As droplets
return, some may coalesce and jump again (see Supplementary Movie 1), while others may
remain pinned to the surface (see Supplementary Movie 2). As time progressed (f — 8 min) the
average droplet size on the surface increased and limited heat transfer performance.

(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 flow entrainment via the electric field ensured a large and
steady population of small droplets (R <25 um), which are more effective at removing heat
during condensation.

Figure 6. Theoretical and experimental heat transfer performance of EFE condensation.
(a) Theoretical condensation heat transfer coefficient ratio (sire//re = 5um) Of a surface undergoing
jumping-droplet condensation as a function of droplet departure radius R.. Inset: Condensation
heat flux (g.”) as a function of surface to vapor temperature difference (AT) for different
departure radii (5 pm < R, < 100 um). As expected, the heat transfer coefficient ratio and heat
flux decrease as R. increases due to the presence of larger droplets on the surface which are
conduction limited. (b) Experimental steady state overall surface heat flux (¢’) as a function of
log mean water-to-vapor temperature difference (A7 mtp) for tube surfaces undergoing jumping-
droplet condensation and EFE condensation (CuO chemical oxidation time t = 10 minutes,
chamber vapor pressure P, = 2700 £+ 68 Pa, 1.02 <§ < 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 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 temperature difference (= 0.08°C), mass flow rate (= 5%) and pressure
(x2.5%).
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Figure 1
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S1. HIGH SPEED MOVIES

Movie 1. Jumping droplet return, multi-coalescence, and jumping captured with a high speed camera (Phantom
v7.1, Vision Research). The sample surface was a flat 3 cm x 3 cm CuO-nanostructured Cu substrate coated with
TFTS (shown on the bottom of the video facing upwards). The sample surface was horizontally oriented (gravity
facing downwards). A small (R = 16.6 £ 4.1 um) droplet initially jumped upwards from the surface and decelerated
due to gravity, reversed direction and travelled back down towards the surface. Once the droplet returned to the
surface, it coalesced with another droplet on the surface and underwent a second jump. The vapor pressure was

~2.7 kPa. The video was captured at 2900 fps and is played back at 20 fps. The field of view is 3.3 mm x 2.5 mm.

Movie 2. Jumping droplet return and pinning captured with a high speed camera (Phantom v7.1, Vision Research).
The sample surface was a flat 3 cm x 3 cm CuO-nanostructured Cu substrate coated with TFTS (shown on the
bottom of the video facing upwards). The sample surface was horizontally oriented (gravity facing downwards). A
small (R = 25 = 4.1 um) droplet initially jumped upwards from the surface and decelerated by gravity, reversed
direction and travelled back down towards the surface. Once the droplet returned to the surface, it remained on the
surface (due to contact line pinning) and continued to grow until jumping occurred again. The vapor pressure was

~2.7 kPa. The video was captured at 2900 fps and is played back at 20 fps. The field of view is 3.3 mm x 2.5 mm.

Movie 3. Steady state condensation on the nanostructured CuO tube captured with a high speed camera (Phantom
v7.1, Vision Research). The tube was oriented in the horizontal direction with cooled water flowing inside the tube
at 5 £ 0.25 L/min. The vapor pressure was ~2.7 kPa and ATy yrp = 1 K. Droplet removal via coalescence-induced
ejection occurred once droplets reached sizes large enough to begin coalescing. The video was captured at 200 fps

and is played back at 20 fps. The field of view is 16.0 mm x 12.0 mm.

Movie 4. Steady state condensation on the nanostructured CuO tube with a flow blockage beneath the tube captured
with a high speed camera (Phantom v7.1, Vision Research). The flow blockage was installed to test whether droplet

jumping and return against gravity was due to bulk vapor flow upwards past the tube (due to buoyancy). The tube
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was oriented in the horizontal direction with cooling water flowing inside the tube at 5 + 0.25 L/min. The vapor
pressure was ~2.7 kPa and AT ymp = 1 K. Droplet removal via coalescence-induced ejection occurred once droplets
reached sizes large enough to begin coalescing. The video was captured at 200 fps and is played back at 20 fps. The

field of view is 15.0 mm x 11.3 mm.

S.2 CONDENSATION CHAMBER 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). 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). The

cooling water flow rate was measured via an in-line liquid flow meter (0-5 L/min L-Series liquid flow meter, Alicat)

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). To provide electrical connections
inside the chamber for LED lighting and electric field generation, insulated copper electrical wires were connected
through the chamber apertures via an electrical 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
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placed in line with the 5 viewing windows on the chamber. In addition, a digital SLR camera (Cannon) was
interchangeable with the high speed camera to obtain color images. The schematic of the exterior of the
environmental setup is depicted in Figure Sla. Images 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) Image of the experimental setup shown from the
front (high speed camera and data acquisition system not shown). (c) Image 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 S1c). 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.

The CuO nanostructure test sample consisted of a 6.35 mm diameter tube, which was 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.
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Figure S2. (a) Schematic of experimental setup inside the chamber (not to scale). (b) Image of the experimental
setup inside the chamber showing a CuO nanostructured tube in place for testing.

S.3 CONDENSATION PROCEDURE

For each experimental run, 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 on 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 (120 W). 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.



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.
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%.

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 0.5 + 0.025 L/min (for heat transfer measurement experiments). The flow rate was monitored with
the flow meter integrated in the inflow water line (0-5 L/min L-Series liquid flow meter, Alicat). In order to bring

the chilled water into the flow loop and to the tube sample, the external chilled water lines were opened.

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.

S.4 BULK VAPOR FLOW

Bulk vapor flow from buoyancy effects in the surrounding vapor can lead to vapor return. To prevent vapor from
condensing on the chamber walls during testing, the temperature of the chamber during condensation testing was
superheated (AT = Tyan — T = 4°C). The higher temperature of the bottom chamber wall could create a buoyant
vapor flow upwards past the tube which would entrain departing droplets. To test the bulk vapor flow hypothesis,
we modified the experimental setup to include a blockage beneath the tube such that any bulk vapor flow would be
diverted past the sides of the tube and not interfere with droplet jumping (Figure S3). Test results after installation of

the blockage showed no change in jumping droplet behavior. Return of droplets from the bottom surface was as



frequent as prior to installation of the blockage (see Supplementary Movie 4). The results indicated that droplet

entrainment in a bulk vapor flow was not the mechanism of droplet return against gravity.

Figure S3. Effect of bulk vapor flow on jumping droplet return. Images of the experimental setup with a
blockade placed beneath the condensing surface consisting of an aluminum foil sheet used to divert any bulk vapor
flow upwards past the tube and limit interference with droplets traveling downwards.

S.5 JUMPING DROPLET INITIAL VELOCITY

The droplet ejection process was captured under saturated conditions inside the environmental chamber (Section S2)
using a single-camera setup.’ The out-of-plane trajectory of the ejected droplets was captured using a high-speed
camera (Phantom v7.1, Vision Research) at frame rates of 7200, 10000 and 20000 fps corresponding to shutter
speeds of 139 ps, 100 us and 50 ps, respectively. The camera was mounted outside the environmental chamber and
fitted with an extended macro lens assembly (Figure S4). The lens assembly consisted of a fully extended 5X optical
zoom macro lens (MP-E 65 mm, Canon), connected in series with 3 separate 68§ mm extension tubes (Auto
Extension Tube Set DG, Kenko). The DG extension tubes enable the lens to focus closer than its normal set
minimum focal distance, which has the effect of magnifying the image (making it appear larger in the viewfinder).
The DG extension tubes have no optics. They were mounted in between the camera body and lens to create more
distance between the lens and film plane. By moving the lens further away from the film or CCD sensor in the
camera, the lens was allowed to focus much closer than normal. Illumination was supplied by light emitting diodes

installed inside the chamber and providing back lighting to the sample.



Figure S4. High speed and high magnification imaging setup for jumping droplets. Images of the (a)
experimental setup showing the high speed camera placed adjacent to the chamber and retrofitted with extension
tubes for higher magnification imaging. Images showing the sample holder inside the chamber (b) with LED light
placed behind and (c) without LED light.

The experiment was initiated by first evacuating the environmental chamber to medium-vacuum levels
(=0.5+0.025 Pa, see section S3). The sample was mounted to a flattened copper tube connected to an external
cooling loop and was maintained at a temperature of 7y, = 26 °C (p,, = 3.33 kPa) (Figure S4b,c). The water vapor
supply was vigorously boiled before the experiments to remove non-condensable gases. Water vapor was introduced
into the environmental chamber via a metering valve set to maintain the chamber pressure at p, = 3.6 + 0.175 kPa.

Figure S5 shows a typical high speed time-lapse obtained during jumping-droplet condensation.

Pre-Coalescence

Figure S5. High speed droplet jumping images. Time-lapse images captured via high speed camera (Figure S4) of
water condensation on the nanostructured CuO surface. Droplet 1 and 2 initially grow independently until
coalescing and then jumping from the surface (P, = 3600 + 175 Pa, T, =26 + 0.2°C).

The initial droplet ejection velocity (U) as a function of droplet diameter (2R) is shown in Figure S6. The
experimental results show good agreement with the inertial-capillary scaling by balancing the surface energy and

kinetic energy of the ejected droplet to obtain a characteristic ejection velocity of

U~.y/pR. (S1)



This characteristic velocity corresponds to a value of unity for the Weber number, We = p,,U?R/y = 1, where y is
the water surface tension (=72 mN/m). In order to account for the incomplete conversion of excess surface energy
to kinetic energy not captured by the scaling, we introduced a proportionality constant C, on the right hand side of
equation (S1).* For our experiments on CuO at low vapor pressure (P, < 4000 Pa), equation (S1) best fits the

experimental data with C = 0.23.
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Figure S6. Droplet size dependence on jumping droplet initial velocity. Experimentally determined initial
jumping droplet velocity (U) as a function of droplet diameter (2R). Results show good agreement with inertial-
capillary scaling with a prefactor of C = 0.23.

S.6 DROPLET INTERACTION WITH AN ELECTRIC FIELD

To demonstrate droplet interaction with an external electric field, the experimental setup was modified to include an
electrode placed beneath the CuO nanostructured tube (Figure S7). The electrode (red insulated wire) was connected
to the insulated copper electrical feed through and brought in close proximity (<1 cm) to the tube via an insulated
copper holder made from a strip of copper sheet. To electrically insulate the holder, a piece of insulation was placed
beneath it (Figure S7a). The electrode was energized by an external 600 V DC power supply (N5752A, Agilent
Technologies). The negative terminal of the power supply was grounded to the tube. The terminals could be
reversed externally in order to study the polarity of the droplet charge by reversing the direction of the established
electric field between the electrode and grounded tube. Figure S7c and d show typical views from the side viewport
of the tube-electrode setup before and after condensation initiates (AV = 0 V), respectively. To monitor the local

temperature close to the electrode, a K-type thermocouple was placed in close proximity (Figure S7c and d).
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Figure S7 — (a) Image of the electrode experimental setup inside the chamber. The red wire is connected to the
external DC power supply via a feed through to the right (not seen). (b) Close-up image of the electrode beneath the
CuO nanostructured tube sample. Electrical bias between the electrode and tube created an electrostatic field which

could manipulate charged droplets to move towards or away from the electrode. Image of the electrode and tube
from the front view port (c) prior to condensation, and (d) after condensation initiated (AV' =0V, P, = 2700 £ 70Pa,
S~ 1.04).

S.7 FLOODING MECHANISMS

Jumping-droplet condensation has two distinct flooding mechanisms: nucleation-density-mediated flooding,>’ and
progressive flooding (Figure S8). Nucleation-density-mediated flooding 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 form with large spacings between each other relative to the spacing of the CuO
nanostructures such that droplets could evolve into the energetically favorable partially wetting (PW) Cassie-like
morphology.® For higher supersaturations (S > 1.12), the droplet nucleation density increases to the point where
droplet/droplet interactions occur on a similar length scale as the nanostructure spacing (=1 um), and droplets,
instead of forming in the energetically favorable PW morphology, merge to form pinned liquid films due to contact
line depinning at their base. Further condensation on the “flooded” surface results in the formation of Wenzel
droplets which demonstrate significant contact line pinning, large droplet shedding diameters, and irregular droplet

shapes (Figure S8a).
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Figure S8 - Time-lapse images of (a) nucleation-density-mediated flooding (P, = 2700 + 75 Pa, S = 1.5) and
(b) progressive flooding (P, = 2700 = 75 Pa, § = 1.08) on a superhydrophobic CuO surface. Jumping-droplet
condensation with progressive flooding shows significant droplet return to the surface due to vapor flow
entrainment. As droplets return, some may coalesce and jump again (see Supplementary Movie 1), while others may
remain pinned to the surface (see Supplementary Movie 2). As time progressed (¢ — 10 min) the average droplet
size on the surface increased and limited heat transfer performance. Nucleation-density-mediated flooding occurred
very quickly (¢ < 18 s) and resulted in no droplet jumping due to the formation of highly pinned Wenzel droplets.>”
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Progressive flooding occurs due to the return of vapor entrained jumping droplets back to the condensing surface.
As droplets return, some may coalesce and jump again (see Supplementary Movie 1), while others may remain
pinned to the surface (see Supplementary Movie 2). In contrast to nucleation-density-mediated flooding, the pinned
droplets remain in a PW wetting (Cassie like) morphology and have the potential to can merge again with
neighboring droplets and jump from the surface. Over time however, the ‘progressive’ return and pinning on
droplets results in a higher population of large droplets (Figure S8b), and gradual degradation in heat transfer
performance. Due to the relation between vapor velocity and condensation heat flux (supersaturation), lower
supersaturations result in smaller degrees of progressive flooding on the condensing surface and slower degradation

of performance over time.

It is important to note, the heat transfer values reported in Nano Letters’ are still valid, but represent the peak limit to
heat transfer during the no-field jumping-droplet condensation mode. Due to the lack of longevity studies, i.e.,
>5 minutes, (which was outside of the scope of the initial Nano Letters paper), the progressive flooding

phenomenon was not identified, and therefore, not reported.

S.8 HEAT TRANSFER MODEL

For the model, 4, was obtained by incorporating the individual droplet heat transfer with droplet size distribution:®°

" RC

q

h:—:—
¢ AT AT J,.

q(R)n(R)dR, (S2)
T[Rz (AT _ R2Tsaty )

hfgpw
1 L_Re__ .1 [ kpg 4 k(=) -
Zhint(l — CoS 0) 4kW sin@ kHC Sin2 0 6HCkP + thC 6HCkW + thC

q(R) = (S3)

where ¢g” 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 (equation (S2)), n(R) is the non-interacting droplet size distribution,” R is the droplet radius, y is the
condensate surface tension, /g, is the latent heat of phase change, p,, is the condensate density (liquid water), @ is the
droplet contact angle, A, is the interfacial heat transfer coefﬁcient,11 ky, 1s 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 size distribution n(R) is determined by®*’

2
1 <RC>‘§ R(R, — R*) A,R + A,

nR) = ——— (== exp(B, + B (84)
(R) 37R.°R, \R, R—R" AR, + 4, p(B, 2)
where
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The integral in equation (S2) 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. To account for returning jumping droplets, we modified the developed
model by assuming that the droplet departure radius (R.) is equivalent to the coalescence length (jumping condition),
however the maximum droplet size on the surface (R.) is larger than the departure radius due to the return of

droplets via entrainment.

The model results were obtained using experimentally determined droplet departure radii (R, = 5 um) and contact
angles, and assuming an effective nucleation density N from previous ESEM studies of condensation on CuO
surfaces.'” To model the individual droplet growth more accurately for the jumping-droplet surface, the variable

contact angle during the initial stages of growth was incorporated.’
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