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ABSTRACT Self-propelled jumping drops are continuously removed from a condensing superhydrophobic surface to
enable a micrometric steady-state drop size. Here, we report that subcooled condensate on a chilled superhydrophobic
surface are able to repeatedly jump off the surface before heterogeneous ice nucleation occurs. Frost still forms on the
superhydrophobic surface due to ice nucleation at neighboring edge defects, which eventually spreads over the entire surface
via an interdrop frost wave. The growth of this interdrop frost front is shown to be up to 3 times slower on the
superhydrophobic surface compared to a control hydrophobic surface, due to the jumping-drop effect dynamically minimizing
the average drop size and surface coverage of the condensate. A simple scaling model is developed to relate the success and
speed of interdrop ice bridging to the drop size distribution. While other reports of condensation frosting on superhydrophobic

surfaces have focused exclusively on liquid—solid ice nucleation for isolated drops, these findings reveal that the growth of
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frost is an interdrop phenomenon that is strongly coupled to the wettability and drop size distribution of the surface. A jumping-drop superhydrophobic

condenser minimized frost formation relative to a conventional dropwise condenser in two respects: preventing heterogeneous ice nucleation by

continuously removing subcooled condensate, and delaying frost growth by limiting the success of interdrop ice bridge formation.
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he solid contact and heat transfer

between water and a supporting sub-

strate are typically minimized when
the surface is superhydrophobic, creating the
potential for utilizing superhydrophobicity
for anti-icing applications." Thus far, most
research on icephobicity has focused on
deposited drops®® or impacting drops”~'°
on a subzero superhydrophobic surface.
When tap water is used, impurities usually
trigger ice nucleation as soon as the drop
cools to 0 °C2 In such cases, a suspended
Cassie'" drop on a superhydrophobic surface
exhibits a freezing time up to 3—5 times
longer than an equivalent drop on a smooth
hydrophobic surface, due to an increased
ratio of drop volume to solid—liquid contact
area minimizing the heat transfer? When
pure water is used, a free energy barrier for
heterogeneous ice nucleation enables liquid
subcooling, where the probability of freezing
at a given temperature increases with the
surface wettability and the feature size of
the surface roughness.”*'® Subcooled drops
typically exhibit delayed freezing on superhy-
drophobic surfaces compared to hydrophobic
or hydrophilic surfaces,*”#'° although delayed
freezing on smooth hydrophilic surfaces such
as glass and silicon was also observed when
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the benefit of reduced surface roughness out-
weighed the cost of increased wettability.>® In
the presence of a chilled air flow, ice nucleation
may also occur at the liquid—air interface
of a superhydrophobic drop instead of at the
substrate.”

While the freezing mechanisms of drops
placed on smooth and textured surfaces are
beginning to be well understood, relatively
little is known concerning the freezing of sub-
cooled condensate into frost. Below the triple
point, water vapor in the air tends to condense
directly into frost, known as deposition. Above
the triple point, vapor condenses into liquid,
which in the case of a subzero surface will
eventually freeze and form a frost layer.'*~ '
The freezing of subcooled liquid condensate is
known as condensation frosting and is more
common than deposition in many practical
settings.'*'> Condensation frosting is espe-
cially prevalent for hydrophobic surfaces, as
the degree of supersaturation required for
direct ice deposition is an order of magnitude
larger compared to hydrophilic surfaces.® It is
therefore of interest to better understand the
incipient mechanisms and dynamics of con-
densation frosting and whether superhy-
drophobic surfaces could minimize the onset
and growth of frost formation.
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Water vapor condensing onto a superhydrophobic
surface with only microscale roughness tends to nucle-
ate within the surface roughness in an impaled Wenzel'”
state, degrading the system's superhydrophobicity.'® =2’
In contrast to deposited drops in a suspended Cassie
state, condensate drops in an impaled Wenzel state
actually exhibit greater liquid—solid contact and heat
transfer compared to drops on smooth surfaces. As long
as condensate forms in the Wenzel state, superhydro-
phobic surfaces do not seem effective at minimizing
frost formation and adhesion,”>~%° and this frost can
even diminish the icephobicity of the surfaces for
deposited drops, as well.>?**” More promising are super-
hydrophobic surfaces with robust nanoscale®® 32 or
hierarchical®*~3” roughness, which are capable of form-
ing condensate in a suspended (or partially suspended)
Cassie state. These spherical condensate drops exhibit
minimal solid contact with the superhydrophobic sur-
face and are even capable of spontaneously jumping
off the surface via the surface energy harvested from
naturally occurring coalescence 338

Recently, it was observed that cooling robust super-
hydrophobic surfaces below zero enables the forma-
tion of subcooled spherical condensate that exhibits
delayed condensation frosting compared to traditional
filmwise and dropwise condensers.'**°7*? It was
reported that the increased hydrophobicity and
decreased solid—liquid contact area of the spherical
condensate was responsible for the delay in the onset
of freezing,">***" analogous to the argument made for
deposited drops.”?'® No mention has been made,
however, of the interdrop freezing dynamics, in which
a frozen condensate drop contacts neighboring liquid
drops to freeze them, as well, setting off a chain
reaction that results in a propagating frost front.''*
This interdrop frost front is fundamentally different
from the freezing of an isolated drop and is arguably
even more important since a single frozen drop can
proceed to frost the entire surface via interdrop ice
propagation. Furthermore, no connection has been
made between the jumping-drop dynamics of a super-
hydrophobic condenser and the delay in condensation
frosting.

Here, we report that subcooled jumping-drop con-
densate on a hierarchical superhydrophobic surface
are able to jump off the surface before heterogeneous
ice nucleation can occur. Therefore, frost formation
does not begin on the superhydrophobic surface at all,
but rather at nearby edge defects which proceed
to frost the entire surface via an interdrop frost wave.
The propagation velocity of the interdrop frost growth
is found to be up to 3 times slower on the two-tier
superhydrophobic surface compared to a smooth
hydrophobic surface, by virtue of the jumping-drop
effect dynamically minimizing the surface coverage
of the subcooled condensate. These findings refine
the understanding of frost formation on dropwise
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condensers: rather than each condensate drop freez-
ing independently due to ice nucleation at the surface,
itis instead geometrically coupled to a drop's proximity
to surface defects and to the velocity of interdrop frost
waves spreading from those defects. Jumping-drop
superhydrophobic condensers are useful not only for
dynamically removing subcooled condensate before
they can freeze but also for minimizing the velocity
of the interdrop frost growth that invades the surface
from nearby defects.

RESULTS AND DISCUSSION

Condensation frosting was studied by cooling hor-
izontally oriented copper samples (19 x 19 x 0.81 mm)
down to —10 or —20 °C on a Peltier stage and obser-
ving the formation of condensate and frost with a top-
down microscope and digital camera. To compare
the frosting performance of traditional dropwise
condensation** to jumping-drop condensation,®*
smooth and two-tier surfaces were coated with an
identical monolayer of 1-hexadecanethiol to create
hydrophobic and superhydrophobic surfaces, respec-
tively. The two-tier roughness imparted onto the
superhydrophobic surface was composed of galvani-
cally deposited silver particles using a simple dip-coat
recipe,* the same recipe used in a previous report to
characterize the icephobicity of deposited drops? and
known to produce robust jumping-drop behavior dur-
ing condensation.* The sudden freezing of a sub-
cooled condensate drop was readily identified by a
reduction in brightness in the center of the drop and
also by the initiation of physical contact with a neigh-
boring drop which was already frozen and responsible
for propagating the frost. (See Methods section for
more experimental details.)

Dynamic Removal of Subcooled Jumping-Drop Condensate.
On the cooled hydrophobic surface, hemispherical
(6 ~ 100°) condensate formed and continued to grow
to increasingly larger sizes (Figure 1A). On the cooled
superhydrophobic surface, spherical (8 ~ 160°) con-
densate formed and after about 100 s of growth began
to rapidly jump out-of-plane from the surface upon
coalescence (Figure 1B). Before drops could jump upon
coalescence, they typically required growth to a dia-
meter of ~10 um. This is consistent with the initial
report on jumping drops>* and is most likely related
to the critical growth size required to attain the
spherical shape?® needed for jumping.3® Once jumping
occurred, ~10 um condensate were continuously shed
from the surface, allowing for the fresh nucleation of
smaller condensate. After 5 min of growth, over 85% of
drops visible on the superhydrophobic surface were
smaller than 20 um due to jumping-drop removal, in
contrast to the hydrophobic surface where every drop
was larger than 20 um (Figure 1C).

For both the —10 and —20 °C cooling temperatures,
it was observed that the subcooled condensate on the
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Figure 1. Growth of subcooled condensate on horizontally oriented (A) hydrophobic and (B) superhydrophobic surfaces
chilled to —10 °C. While condensate drops were fixed to the hydrophobic surface, drops on the superhydrophobic surface
were able to continuously jump off the surface before freezing could occur. This is illustrated by the outlined cluster of drops
that jumped between 141.2 and 142.2 s due to several coalescence events. (C) Histograms reveal that the jumping-drop effect
minimizes the drop size distribution of the superhydrophobic surface by continuously removing larger condensate. Time zero
corresponds to the start of cooling the sample from 12 to —10 °C, which took approximately 45 s. The clusters of small white
particles visible in (B) are surface roughness features and should not be mistaken for condensate. Videos of condensate
growth at —10 and —20 °C are available in the Supporting Information, videos S1—54.

superhydrophobic surface were consistently able to
jump off the surface before any heterogeneous ice
nucleation could occur (Figure 1B). This observa-
tion has important implications for long-term frost
prevention: freezing is delayed but still inevitable for
condensate on superhydrophobic surfaces,*’ but a
jumping-drop condenser allows dew drops to dyna-
mically depart the surface before freezing can occur.
Dynamically removing subcooled drops by gravity®*>4
or bouncing® have previously been reported. Distinct
advantages of jumping-drop removal include its gravita-
tional independence, early drop removal at micrometric
length scales, and its inherent applicability to condensa-
tion for frost prevention. The long-term prevention of
heterogeneous ice nucleation on the jumping-drop
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surface could not be confirmed, as the surface was
eventually invaded by an interdrop frost front that swept
in from defects at the edge of the superhydrophobic
copper plate.

Frost Growth. For both the hydrophobic and super-
hydrophobic condensers used here, the onset of frost
always began at condensate located along the edges
of the copper sample. Macroscopically, this was evi-
dent to the eye by seeing that the white frost layer first
appeared along the outer edges of the copper and
proceeded to grow inward, such that the center of the
sample was always last to frost over. By focusing
the microscope on drops at the center of the copper
surface, it was observed that ice nucleation never
initiated inside the field-of-view, but rather the

VOL.7 = NO.2 = 1618-1627 = 2013 @JM&)

WWww.acshano.org

1620



(A)_HPB surface o

(B) SHPB surface g

~

000c89S
g

O-

Figure 2. Growth of an invading interdrop frost front on (A)
hydrophobic and (B) superhydrophobic surfaces cooled
to —10 °C. The interdrop frost front spread over the entire
field-of-view of the hydrophobic surface within 55 s, while
the jumping-drop superhydrophobic surface delayed the
frosting time to 211 s. Time zero corresponds to the onset of
interdrop frost growth within the field-of-view of the micro-
scope, and a white outline is provided to help visualize
the frozen drops. The gradual darkening of the frozen
drops over time is due to the transition from stage-one
rapid freezing to stage-two slow freezing.*' See Supporting
Information, videos S5—S8, for movies of interdrop frost
growth at —10 and —20 °C.

subcooled drops froze due to an interdrop frost front
that swept in from outside the field-of-view (Figure 2).
The preferential onset of frost along the rim of the
copper samples was due to the abundance of physical
and/or chemical defects inherently present along such
edges, which provide effective nucleation sites for
heterogeneous ice formation. This was confirmed by
intentionally damaging a portion of a superhydrophobic
surface, in which case frost was also able to initiate at the
introduced defects in addition to the edges. While inter-
drop frost fronts have not been mentioned in previous
reports of condensation frosting on superhydrophobic
condensers,**~* we believe they are the underlying
cause for the interconnected wave of frozen drops visibly
sweeping through the field-of-view over time.

A consequence of the observed interdrop frosting
dynamics is that the delayed icing performance of a
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dropwise or jumping-drop condenser cannot prevent
eventual freezing when neighboring surface defects
spread frost across the entire surface. For a given
subcooled condensate drop on a surface, its freezing
time depends on its distance from the initial ice
nucleation site, the time required for ice to nucleate
at that site, and on the velocity of the interdrop frost
wave that travels from the site to the drop of interest.
For example, when the microscope was focused at the
center of a copper sample, the field-of-view typically
frosted over after 5—7 min of cooling at —10 °C,
compared to only 2—3 min when focusing on a portion
of the sample only a couple of millimeters away from
the edge. Therefore, freezing times are only a useful
benchmark when describing ice nucleation at an iso-
lated drop due to its contact with the surface or the
air, while the propagation velocity of the interdrop
frost front is a more useful metric for characterizing
the subsequent frosting of a surface. Previous studies
were able to isolate the initial onset of freezing by
mechanically sealing a uniformly hydrophobic*'* or
superhydrophobic*' condenser from any nearby
edges or defects, while this study focuses on interdrop
frosting after ice nucleation has already occurred.

The superhydrophobic condenser exhibited signif-
icantly slower interdrop frost growth compared to the
hydrophobic condenser (Figure 2). While the micro-
scopic growth of the interdrop frost front involves a
complex network of drop connections, the growth rate
may be generalized as the time required to spread over
the entire field-of-view. At —10 °C, the hydrophobic
and superhydrophobic surfaces required average
times of 58 + 9 and 170 + 80 s, respectively, to
propagate frost over the field-of-view. This corre-
sponds to frost wave velocities of 7.8 + 1.1 and 2.8 +
1.2 um/s. Therefore, the jumping-drop superhydro-
phobic surface delays the growth of frost by about a
factor of 3 compared to a hydrophobic condenser.
Interestingly, when the same procedure was repeated
at —20 °C, the difference in frosting velocities was
reduced to a factor of 2: 124 + 1.5 um/s on the
hydrophobic surface versus 6.2 £ 0.9 um/s on the
superhydrophobic one. To understand this temperature-
dependent frosting performance, the underlying
mechanism of the interdrop frost growth must first
be examined.

Scaling Model for Interdrop Bridging. It was observed
using microscopy that when a subcooled condensate
drop first became frozen on the hydrophobic or super-
hydrophobic surface, neighboring drops still in the
liquid phase immediately began to evaporate. This
sudden evaporation of liquid drops next to frozen
drops may seem surprising, given that the water vapor
surrounding the chilled surface was supersaturated
and otherwise promoted the steady growth of the
condensate. It has been previously reported that this
phenomenon is caused by the difference in saturation
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Ice bridge
growth

Figure 3. Ice bridge growth from a frozen drop to neighboring liquid drops on a hydrophobic surface chilled to —20 °C. (A)
When liquid drops were close enough to a frozen drop, the ice bridge connected to the liquid drops and immediately froze
them (drops 1—3). (B) For liquid drops that were small and/or far away from a frozen drop, the liquid drop completely
evaporated before a bridge could connect, stopping the local progression of the frost front (drop 4). (C) Schematic of the
growth of an ice bridge between a frozen drop and a subcooled liquid drop. The speed and success of bridge formation
depend on the interplay between the evaporation rate (-<D?) and the required mass for bridge completion (e<DL). See

Supporting Information, videos S9 and S10.

pressure for water vapor above water versus ice, which
can induce a vapor pressure gradient with localized
subsaturation around water drops located near frozen
drops.'*"* It is possible that the latent heat released by
freezing drops could also play a role by locally heating
the substrate.

The evaporative water vapor deposited onto the
neighboring frozen drop in the form of an ice bridge,
which grew along the substrate toward the evaporat-
ing liquid drop (Figure 3). When the evaporating liquid
drop was sufficiently close to the frozen drop, the ice
bridge was able to grow all the way to the liquid drop,
freezing it upon contact (Figure 3A). Once frozen,
the process began afresh with this new drop's liquid
neighbors, continuing the chain reaction until the
entire surface was frozen. However, it was also ob-
served that if a liquid drop was sufficiently small or
far away from the nearest frozen drop, then it would
completely evaporate and disappear before the ice
bridge could reach it (Figure 3B). Therefore, the success
of interdrop frost growth would appear to be depen-
dent on the diameter of the liquid drop and its
separation from the frozen drop (Figure 3C).

The dynamics of a growing ice bridge are complex.
Typically, drops have multiple neighbors, promoting
the interconnected liquid evaporation and ice growth
of several drops at once. Even under the simplified case
of a single frozen drop next to a liquid drop, the bridge
growth still depends on multiple three-dimensional
and time-dependent parameters such as the vapor
pressure distribution, evaporation rate, ice growth rate,
and the geometry of an ice bridge growing along the
surface. The thermal conductivity of the substrate is
also likely to be important, as the initial freezing of
a drop generates latent heat that must be removed
into the substrate or by evaporation.® To simplify this
problem, a combination of two-dimensional scaling
analysis and statistical analysis will be employed here
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to make some generalized correlations between the
frost growth rate and the drop size distribution.

For a liquid drop of initial diameter D neighboring
a frozen drop, its evaporation rate J. (kg/s) will be
proportional to its overall surface area:

Jeo<D? (1)

While the supersaturated water vapor in the ambient
did promote the overall growth of the frost layer, the
initial interdrop frosting process was deduced to be
primarily fed by the evaporating water drops for three
reasons. First, the ice bridges always grew directly
toward the evaporating liquid drops and could not
grow elsewhere. Second, the growth rate of an ice
bridge was observed to be approximately equal to
the evaporation rate of its neighboring liquid drop
(Figure 3). Finally, as soon as the evaporating liquid
drops had also frozen over (or disappeared), the sub-
sequent growth of the frost sheet was reoriented out-
of-plane toward the ambient, as opposed to the wholly
lateral growth of the initial interdrop frosting. Under
this assumption that the water vapor from the evapor-
ating drops efficiently deposits on the frozen drops,
eq 1 may also be used to estimate the growth rate of an
ice bridge:

Ji~Je (2)

Equations 1 and 2 suggest that the area of the liquid
drop, rather than the area of the frozen drop, primarily
determines the growth rate of the ice bridge. This was
evidenced by experimental observations where a fro-
zen drop, equidistant to several neighboring liquid
drops of varying size, was able to bridge to larger liquid
drops faster.

The area and mass of a completed ice bridge are
difficult to characterize, but in two dimensions, both
are roughly proportional to the interdrop separation
(L) and to the diameter of the evaporating liquid
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drop (see Figure 3):
Abridge ° Mpridge o< DL (3)

The time required for successful bridge formation
scales as

Mpridge

Ji (4)

tbridge ~
which from eqgs 1—3 is proportional to a dimensionless
coefficient:

5% Né (5

This dimensionless coefficient, S*, will be referred to
as the bridging parameter. For values of $* < 1, an ice
bridge is expected to successfully connect a frozen
drop to its neighboring liquid drop (as in Figure 3A).
When S$* > 1, the area required for bridge completion
becomes larger than the total surface area of the
evaporating liquid drop, causing the drop to disappear
entirely before bridging is achieved (as in Figure 3B).
This effectively halts the local advancement of the inter-
drop frost front, which must now rely on other paths to
continue the chain reaction. To test the effectiveness of
eq 5, the values of D, S*, and tyiqqe Were systematically
measured for drops on both the hydrophobic and
superhydrophobic surfaces.

Effect of Wettability on Drop Size Distribution and Frost
Growth Rate. The bridging parameter (5*) implies that
the drop size distribution should govern the velocity of
the frost front. The average diameter, (D), and pro-
jected surface coverage, &%, of subcooled condensate
were plotted over time for the hydrophobic and super-
hydrophobic surfaces at —10 °C (Figure 4A) and —20 °C
(Figure 4B). Times selected for drop measurement
spanned from the end of the cooling transient (45 s
for —10 °C and 75 s for —20 °C) to the onset of inter-
drop frost growth invading the field-of-view. The
two-tier surface roughness of the superhydrophobic
condenser made it difficult to focus at magnifications
larger than 20x. At this magnification, only drops with
diameters of 5 um or larger were counted to avoid
inconsistencies in resolving smaller drops.

Growth of dropwise condensate on hydrophobic
and superhydrophobic surfaces under steady-state
conditions is known to exhibit power-law growth:

(D) ~1t* (6)

where o0 &~ 0.33 during stage-one growth of isolated
condensate'®*® and a. &2 0.75—1 for stage-two growth
where frequent coalescence events occur.'®**4° Ex-
clusive to a robust superhydrophobic condenser,
a third stage exhibiting zero growth, a. ~ 0, occurs at
(D) ~ 10 um due to the onset of the jumping-drop
effect, which clears drops from the surface to provide
continuous dropwise condensation.>* These trends
are observed for the subcooled condensate measured
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Figure 4. The average drop diameter and surface coverage
(inset) of subcooled condensate on chilled hydrophobic
and superhydrophobic surfaces diverged over time due to
the jumping-drop effect. Solid trendlines represent power-
law growth, while dotted lines represent jumping-drop
behavior exclusive to the superhydrophobic condenser.
The difference in drop size distribution was more pro-
nounced at (A) —10 °C compared to (B) —20 °C, due to the
later arrival of frost.

here, where the hydrophobic surface locks into sus-
tained stage-two power-law growth while the super-
hydrophobic surface levels off to a constant drop
diameter after about 100 s of growth (Figure 4). The
fitted power-law slopes of the stage-two growth on the
hydrophobic and superhydrophobic substrates were
between o~ 0.5 and 0.6, slightly lower than expected.
This is most likely due to the inability to observe
condensate smaller than 5 um, creating artificially large
values of (D) at earlier time scales. When only con-
sidering times of 3 min and later on the hydrophobic
surface at —10 °C, where all drops are large and visible,
a more standard growth law of a ~ 0.71 £+ 0.05 is
recovered, where the uncertainty corresponds to a
95% confidence interval in the power-law fitting.

Once jumping-drop behavior begins, the drop size
distribution on the superhydrophobic surface diverges
from that of the hydrophobic condenser (Figure 4). For
all times proceeding the onset of jumping, this time-
dependent divergence scales with

(Dupg)  t°
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Figure 5. Histograms of the liquid drop diameter (D) and the bridging parameter (S*) during ice bridge growth between a
frozen drop and a liquid drop on hydrophobic and superhydrophobic condensers. (A) Due to the jumping-drop effect, 75% of
superhydrophobic condensate were smaller than 20 um during interdrop frost growth at —10 °C, while every drop on the
hydrophobic condenser was larger than 20 um. (B) Discrepancy in drop size distribution was less pronounced for the surfaces
cooled to —20 °C, due to an earlier arrival of frost. (C,D) On the superhydrophobic surfaces, about 2/3 of drops exhibited 5* > 1
with an incomplete ice bridge, compared to the hydrophobic surfaces where almost every ice bridge between drops was

successfully completed.

where o & 1 and (Dsppg) ~ 10 um.>* For the case of
subcooled condensate, the growth time is bounded by
the arrival of frost. This is why the difference in average
drop size between the hydrophobic and superhydro-
phobic surfaces was much greater during interdrop
frosting at —10 °C, compared to —20 °C where the frost
front arrived much earlier (Figure 4). This greater dis-
crepancy in drop size distribution between the two
surfaces at —10 °C was the reason why the difference in
frost growth velocity was more pronounced compared
to —20 °C.

To relate interdrop frost growth to the drop size
distribution of the surfaces, the liquid drop diameter
(D) and bridging parameter (5*) were plotted in histo-
grams for each interdrop ice bridge growing within
the field-of-view of the microscope (Figure 5). For both
the hydrophobic and superhydrophobic surfaces, the
liquid drops exhibited an unpinned, receding contact
line during evaporation (see videos S5—S10 in the
Supporting Information). As a result, the final length
(L) of a completed ice bridge was typically larger than
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the initial separation between the frozen drop and
liquid drop and was measured accordingly at the time
of contact. The later arrival of frost on the samples
cooled to —10 °C allowed the jumping-drop surface to
exhibit a significant difference in D compared to the
hydrophobic surface. Measuring D as the diameter of a
liquid drop immediately before the onset of evapora-
tion triggered by the freezing of a neighboring drop
gave D,,g ~ 49 um on the hydrophobic surface and
D.vg &~ 17 um on the superhydrophobic surface. This
divergencein D greatly affected the effectiveness of ice
bridging: the bridging parameter was 5;\,9 ~ 0.18 on
the hydrophobic surface and Szvg ~ 1.81 on the super-
hydrophobic surface, an order of magnitude differ-
ence. The earlier arrival of frost on the —20 °C slightly
decreased the discrepancy in frost growth, with D,,q &
26 um and Szvg ~ 0.26 on the hydrophobic surface and
D.g~15umand S;Vg ~1.76 on the superhydrophobic
surface.

The uniquely large values of $* on the jumping-
drop superhydrophobic surface served to decrease
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phobic surfaces where $* < 1, an ice bridge was successfully
grown from a frozen drop to a liquid drop over a period of
time (tyiage) directly proportional to S*. Trendlines corre-
spond to slopes of tyriage/S* =43 s at —10 °Cand ty,igge/S* =
14 s at —20 °C. Time zero corresponds to the initial freezing
of the drop responsible for growing the ice bridge. The
spread in data for large values of S* at —10 °C are likely a
result of the long times (>30 s) and lengths required for
bridge completion, making their growth especially suscep-
tible to competing effects from additional drops.

the overall frost growth velocity in two different ways.
About 2/3 of the superhydrophobic drops exhibited
S$*> 1 (Figure 5), and in every case, it was observed that
these drops evaporated before the ice bridge could
connect and continue the chain reaction. As a result, the
interdrop frost front could only spread through 1/3 of all
drop interactions, significantly reducing the robustness
of the propagating network compared to the hydro-
phobic surface. When $* < 1, the time required for
bridge completion was found to be proportional to the
value of S* for both the hydrophobic and superhydro-
phobic surfaces, verifying eq 5 (Figure 6). At —10 °C,
toridge/S* = 43 & 14 s for all drops on both surfaces
where $* < 1, with the uncertainty corresponding to a
95% confidence interval. At —20 °C, tyrigge/S* =14+ 75
for drops with $* < 1, revealing that the rate of ice
bridge growth is dependent on the degree of subcool-
ing. This similarity in the growth rate of ice bridges
between the hydrophobic and superhydrophobic sur-
faces rules out the possibility of surface features causing
the difference in frost growth, verifying that it is instead
related to the drop distribution. Even when $* < 1 and
ice bridging is successful, the range of values for $* was
larger with the superhydrophobic surface compared
to the hydrophobic surface (especially at —10 °C, see
Figure 6). This means that the superhydrophobic sur-
face also has an advantage for the cases when interdrop
frosting is successful, as it requires a longer time on
average to complete an ice bridge, further delaying the
growth of frost compared to traditional surfaces.
While the jumping-drop effect is fundamentally
independent of gravity,>* the surface orientation does
affect the subsequent drop dynamics and merits a brief
discussion. A horizontal orientation was used here
to isolate the growth of condensate and frost from
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gravitational effects; as a result, jumping condensate
eventually fell back to the surface. In most cases, the
falling drops were able to repeatedly bounce along the
substrate, triggering new coalescence events along the
way that provided additional kinetic energy, until fall-
ing off the edge of the sample.>* However, on occasion,
a drop became immobile upon returning to the sur-
face, which was responsible for two of the four drops
larger than D > 50 um in the field-of-view of the
superhydrophobic condenser used here (Figure 1B,Q).
Aside from increasing the drop size distribution, the
return of falling condensate is not expected to signifi-
cantly affect the interdrop frosting dynamics charac-
terized here, as no drops were observed to fall into the
field-of-view during frost growth. Since the direction of
jumping is always perpendicular to the surface,*® the
problem of returning condensate could be avoided in
the future by utilizing a vertical or upside-down orien-
tation, or alternatively by placing a superhydrophilic
collector directly opposite of the condensing sample.*?
The other two condensate drops larger than D > 50 um
on the superhydrophobic surface (Figure 1B,C) were
due to the wide disparity in size between a group of
coalescing drops, which can fail to produce enough
energy to propel the drops off the surface.>” Regardless
of the occasional large drop on the superhydrophobic
surface, the jumping-drop effect minimizes the size
of the vast majority of condensate on the surface
over time (Figure 1C, 5) even without the assistance
of gravitational removal. Aside from using nanoscale
roughness,®>32 it is still an open question how to
optimize and characterize the robustness of jumping-
drop condensation, which has strong implications for
phase-change heat transfer,>'**73¢ planar thermal
diodes,* and frost prevention (as shown here).

CONCLUSION

Condensation frosting on hydrophobic and super-
hydrophobic dropwise condensers was found to be
primarily caused by interdrop frost waves, which in-
itiated at defects along the edges of the samples and
swept across the entire surface in a chain reaction. This
finding suggests that using hydrophobic or superhy-
drophobic surfaces to delay heterogeneous ice nuclea-
tion does not prevent the freezing of drops by an
interdrop frost front, which only requires a single defect
on the condensing surface to nucleate and spread.
However, the use of a jumping-drop superhydrophobic
condenser was found to minimize the formation of frost
in two different ways. First, subcooled condensate was
able to continuously jump off the superhydrophobic
surface at micrometric drop sizes of 10—100 um before
heterogeneous ice nucleation could occur. Second,
while the invasion of interdrop frost from neighboring
defects was inevitable, this frost growth was 3 times
slower on the superhydrophobic surface compared to
the hydrophobic one, by virtue of the jumping-drop
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effect maximizing the separation between drops to
minimize the success of ice bridging. The small and
steady-state drop size distribution of the jumping-drop
superhydrophobic surface resulted in consistently slow
interdrop frost propagation regardless of how long
condensation had been forming before the onset of
freezing, in contrast to the hydrophobic surface where

METHODS

Fabrication of Hydrophobic and Superhydrophobic Samples. A0.81 mm
thick sheet of copper alloy 101 was cut into 19 x 19 mm wafers.
All wafers were degreased in acetone for 10 min, immersed
in ethanol for 10 min, and then rinsed with deionized water.
To impart roughness onto the superhydrophobic samples, the
copper was immersed in 10 mM AgNOs for 10 min, which
galvanically deposited micro- and nanoparticles onto the copper
(see Figure 2 in ref 45). All samples were coated with a hydro-
phobic monolayer by immersion in 2 mM of 1-hexadecanethiol in
ethanol for 15 min.

Experimental Setup. A copper sample was thermally bonded
onto a Peltier stage (Deben MK3 Coolstage) using a thermal
paste. All experiments were performed in a clean room with
an ambient temperature of 22 + 1 °C and relative humidity of
45 + 3%. The sample was initially held under a 20 x microscope
(Olympus BX51) at a temperature of 12 °C, just over the dew
point of 10 °C to prevent condensation from forming. The stage
was then cooled to —10 or —20 °C, and the resulting condensa-
tion frosting was captured with a digital camera (QIClick) at
an acquisition rate of 19.1 fps. The surface temperatures of —10
and —20 °C corresponded to supersaturation degrees (SSD) of
3.2and 8.5, respectively, where SSD = (P ambient — P\,‘sat)/P\,ysat.16

The time required for cooling down to steady-state was 45 s
for —10 °Cand 75 s for —20 °C. For Figures 1 and 4, which depict
the growth of subcooled condensate, time zero refers to the
onset of cooling and to the initiation of the recorded video. For
Figure 2, time zero corresponds to the first moment where the
frost wave visibly intrudes into the field-of-view of the micro-
scope. The overall velocity of the frost front was approximated
as the time required for frost to completely spread over the
field-of-view divided by the width of the field-of-view (449 um).
Three fresh hydrophobic and superhydrophobic samples were
used at each temperature to obtain uncertainties within a 95%
confidence limit for the overall frost velocities.

Characterization of Condensation Frosting. The diameters (D) and
interdrop separations (L) of all drops visible in the field-of-view
were manually measured using Imagel. The surface coverage
was calculated by fitting circles around the projected area of
every drop and dividing the resulting total by the projected area
of the field-of-view. For large drops on the hydrophobic surface
with non-uniform perimeters, D was measured as the smallest
possible drop diameter. For the superhydrophobic surface,
the measured diameter and surface area of each drop corre-
sponded to its maximum projected size, as opposed to its
contact line with the surface. When $* < 1, L was measured as
the final length of the ice bridge connecting a frozen drop to its
neighboring liquid drop, taking into account the partial evapora-
tion of the liquid drop before contact was made. When $* > 1,
the ice bridge could not be completed, and L was measured
as the total separation between the edge of the frozen drop
and the center of the evaporated liquid drop, regardless of
the final length of the failed ice bridge. To ensure accuracy,
only drops with diameters of D > 5 um were measured. To
distinguish blurry drops from surface features, each time
stamp was compared to previous time stamps when necessary.
Measured values of S* used in Figure 6 did not include drops
where L < 2 um, as the values of L and t,iqge Were too small to
accurately plot.
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the drop size and frost velocity both grew continually
with time. The growth of frost on a nonwetting surface
is therefore a phenomenon involving multiple length
scales, where nanoscale surface roughness defines the
drop size distribution of microscopic condensate,>%>2
which in turn governs the interdrop ice bridging
responsible for spreading frost over macroscopic areas.
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