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When supercooled dew droplets form on a chilled surface, the subsequent freezing process is
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driven by a fascinating phenomenon of propagating inter-droplet ice bridges. Here, we explore

the range of conditions under which an individual ice dendrite can successfully bridge the gap
from a frozen droplet to its nearest liquid neighbor. Ranging the droplet sizes from 1 um—10mm,
we find that the criterion for ice bridging is purely geometric and independent of temperature,
ambient humidity, and surface wettability. We model the growth of individual ice bridges as well
as the global speed of percolating fronts sweeping across large droplet populations. We also give
a dynamical law for dry zone formation when ice fails to bridge the gap.

In 1911 Alfred Wegener, the father of continental drift, realized
the importance of the hygroscopic nature of ice in the context of
mixed-phase cloud behavior. He hypothesized that the depressed
vapor concentration of ice particles compared to supercooled
water droplets is responsible for the glaciation of mixed-phase
clouds: ice droplets grow while the supercooled liquid droplets
evaporate. 13 While atmospheric scientists have been modeling
the importance of hygroscopic ice for a century,# it has only been
in the past decade that surface scientists equally appreciated its
importance for the process of condensation frosting on chilled
substrates.

In 2010, J. B. Dooley made the first observation that when
a population of supercooled dew droplets on a surface freezes,
it occurs via a propagation of inter-droplet ice bridges. These
bridges grow from frozen droplets to their nearest neighboring
liquid droplets, spreading ice like a ‘wildfire’ across the plane of
the surface.® As with glaciation in clouds, the proposed mech-
anism for these beautiful ‘wildfires’ is the depressed saturation
vapor concentration of with respect to liquid water at the same
subfreezing temperature. >8

Inter-droplet ice bridging during nascent stages of conden-
sation frosting has subsequently been experimentally visualized
by multiple groups independently.%7-9 The proposed mechanism
goes as follows - a frozen droplet serves as a humidity sink to its
liquid neighbors, causing these droplets to evaporate even when
the ambient vapor is highly supersaturated.>7 Vapor emanating
from a liquid droplet diffuses toward an adjacent ice droplet and
deposits as a growing ice bridge. The liquid droplet freezes as
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Fig. 1 Frost percolating across a supercooled condensate population at
T,,=—10°C, T.. = 24.0°C, and humidity RH = 26%. The frozen droplets
and ice bridges have been false-colored black. Inset: Schematic of dif-
fusive vapor exchange between a pair of droplets, one liquid and one
frozen, leading to the formation of a directed ice bridge.

soon as the ice bridge connects, triggering the next iteration of
bridging towards another liquid droplet. >7-10-12

However, if the gap between two droplets is sufficiently large,
the liquid droplet can completely evaporate before the bridge can
connect.>” In this article, we first identify the connection crite-
rion for an ice bridge in a pairwise interaction where the droplet
size is ranged from micro-droplets to puddles. Second, we de-
velop a model that captures both the local speed of a growing ice
bridge and the global speed of the percolation front.

An experimental demonstration of inter-droplet ice bridging
across a population of dropwise condensate is shown in Fig.1.
Droplets preferentially nucleated on an array of 10um hy-
drophilic circles patterned onto a hydrophobic silicon wafer, with
the fabrication details provided in a previous report.13 During
condensation frosting, frozen droplets are all connected via ice
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bridges even though the liquid droplets are not yet large enough
to touch each other. To fully characterize the ice bridging, we
systematically vary the interdroplet distance, the diameters of the
liquid droplet (D)) and the frozen droplet (D;), the substrate tem-
perature (Ty), the ambient humidity (RH), and the surface wet-
tability.

The behavior of the ice bridges varied depending on the sizes
of the droplets relative to each other, k =D;/D;, and to the cap-
illary length, Ic ~ 1 mm for water. Droplets smaller than /. are
spherically capped, whereas gravity dominates above /. to form
flattened puddles. Fig. 2A shows a regime map of the four dif-
ferent types of ice bridging behavior we observed broken down
by the droplet geometry: (I) liquid droplet and larger frozen
droplet or puddle (D; </, k<1 or k< 1), (II) liquid droplet
and smaller frozen droplet (D) <l, x> 1), (III) liquid puddle and
frozen droplet (D> [, k>>1), and (IV) liquid puddle and frozen
puddle (D; >, D;>1¢).

For Regimes I and II, experiments were conducted on the afore-
mentioned chemical micropatterns. Near one edge of each hy-
drophilic array there was a large hydrophilic rectangle (4 mm x
8 mm). Each experimental trial involved depositing 10 uL of wa-
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Fig. 2 (A) Regime map of the different geometric modes of inter-droplet
ice bridging. Insets show schematics and micrographs for each regime.
The red line divides the phase space into two regions: k> 1 (above)
and k <1 (below), where k=D,;/D;. The blue region corresponds to the
regimes where bridges could either succeed or fail (Regimes | and Il),
in the green region bridging was always successful (lll), and no bridg-
ing was observed in the orange region (IV). (B) In the absence of any
liquid microcondensate sufficiently close to the frozen droplet, its planar
ice front destabilizes with a wavelength A. (C) Successful ice bridges
of length Ly/A >>1 exhibited tip-splitting (bridge on the right) and step
morphology (upper bridge). (D) Successful ice bridging for L, /A < 1.

2| Journal Name, [year], [vol.]1-7

ter on this rectangle and cooling the substrate to 7;,,=—10°C to
grow microscopic condensation on the hydrophilic circle array. At
some desired time, a small ice cube was touched to the water film
on the rectangle to freeze the puddle. This would commence the
percolation of inter-droplet ice bridges, initially from the frozen
puddle to the first row of condensate (Regime I) and subsequently
across the population of condensate (I and II). For interactions in-
volving liquid puddles, either one (Regime III) or two (IV) milli-
metric liquid droplets were deposited on a smooth and uniformly
hydrophobic silicon substrate (6, =89°+ 1° and 6, =113°+1°).
The surface was then chilled in the same manner as the micropat-
terned surface to initiate condensation frosting. In all cases, am-
bient conditions were T..=24.0+0.9°C and RH = 26 + 2 %.

It has been previously observed that if the initial distance be-
tween the ice and the first row of condensate droplets is suffi-
ciently large, the ice bridges will fail to connect. Instead, the
condensate droplets will completely evaporate row by row until
reaching a dry zone of stable width &¢;.”-13-17 Here, we bring at-
tention to the growing ice front, which initially exhibits a uniform
profile. However, when the condensation is sufficiently far away
from the ice front, this desublimation front eventually destabi-
lizes in a manner reminiscent of the Mullins-Sekerka instability
(Fig. 2B), with a constant wavelength of A ~ ¢(10um).'® Fur-
thermore, bridges growing to lengths of 100 um or larger exhib-
ited side-branching and tip-splitting deformities (Fig. 2C). In this
report, we focus on short bridge lengths, Ly <A, where the in-
stability was suppressed to instigate the preferential growth of a
unidirectional ice bridge with little or no side-branches along its
length. (Fig.2D). Here, L, is the length of an ice bridge, measured
from the edge of the frozen droplet to its final extent where it ei-
ther touches a liquid droplet or causes the droplet to completely
evaporate.

Criterion for Connection: For a given pair of droplets, the maxi-
mum extent to which an ice bridge can grow is geometrically con-
strained by the distance Lpax from the edge of the frozen droplet
to the center of the liquid droplet (Fig. 1). We can define a dimen-
sionless separation parameter, S* = Lyax/D;, where ice bridging
fails above a critical value: §* > S . The value of S¢, can be ex-
tracted from conservation of mass, as the mass of a complete ice
bridge cannot exceed that of the liquid droplet feeding the bridge
(M)~ My). It was previously argued that S& .~ 1; 6 here, we reveal
that the value of S¢, varies between the four regimes.

For Regimes I and II, the mass of the spherical-cap liquid
droplet scales as M} ~ le3. Top-down microscopy revealed that
when x < 1, the width of the ice bridge extending from the frozen
droplet scaled as the diameter of the adjacent liquid droplet D;.
We hypothesize that the ice bridge height also scales as D), as
the liquid droplet is diffusively growing the bridge (Fig. 3A). This
leads to My, ~ pD12Lb for ¥ < 1. When « > 1, the base of the bridge
is now constrained by the area D12 (Fig. 3B). Thus, M} ~ pDi2Lb.
Setting M} ~ M,;,, we obtain the contrasting ice bridging criteria
for Regimes I and II, respectively:

1, ifxk<l.
<SG~y L. €))
k=, if k> 1.
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Fig. 3 (A) When the frozen droplet is larger, the cross-sectional area of
the ice bridge is constrained by the size of the liquid droplet facilitating
its growth. (B) When the liquid droplet is larger, the ice bridge is instead
constrained by the frozen droplet it is extending from. (C) Phase map
of the success and failure of ice bridges for Regimes | and Il. The red
circles denote successfully completed ice bridges, while gray diamonds
represent bridge failure. Data points correspond to experiments on the
uniform hydrophobic and chemically micropatterned surfaces, at —10°C
and —20°C. Filled data points represent isolated pairwise interactions,
while the open symbols represent multi-droplet interactions (see Fig. S2
in the Supplemental Material). Solid lines correspond to Eq. 1 with a pre-
factor of 1.

Fig. 3C shows a phase map where the experimentally measured $*
values are plotted against their corresponding x values. A clear
demarcation between failed and completed ice bridges is seen at
8¢ ~1 when the liquid droplet is smaller and at S¢, ~ k2 when
the frozen droplet is smaller, just as predicted by Eq. 1.

Ice bridging from a frozen droplet to a liquid puddle (Regime
1) was found to be always successful. The mass of a lig-
uid puddle scales as M ~ pD?lc, while My, ~ pD?L;,. Therefore,
St ~&21lc/D;>>1, as Dy > 10D;. The diameter of the liquid puddle
is always larger than the typical inter-droplet distance of 100 um,
such that §* <1 for Regime III. It follows that §* <S¢, such that
ice bridges are always successful (Fig. S1).

In contrast, for Regime IV (two puddles), whichever puddle
froze first was never able to successfully freeze the other pud-
dle via ice bridging. An annular ring of liquid micro-condensate
was observed to form about each liquid puddle, which would
not evaporate even after setting the humidity of the chamber
to nearly zero (see inset of Fig 2A, Regime IV). This suppres-
sion of evaporation can be attributed to the local supersatura-
tion engendered by a vapor-rich dome that forms between large
droplets/puddles placed next to each other.'? Once one of the
two deposited puddles froze, it started interacting with the in-
termediate micro-condensate rather than the other puddle (i.e.
Regimes I and/or III).

Bridge Growth Rate: In this section we are interested in find-
ing out the average bridge growth rate between two droplets in a
monodisperse population of condensate (k~1). In a pairwise in-
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teraction, the velocity of a growing ice bridge was observed to be
constant, as long as it is unbranched and unchanged in curvature.
This is seen in Fig.4A, where we have plotted the final bridge
lengths, Ly, against total time of growth, 7, from extensive con-
densation frosting experiments on hydrophobic surfaces at —10°
and —20°C. We see that at a given temperature, the growth rate is
constant irrespective of the size and success/failure of the bridge:
vp &~ 1.3um/s for —10°C and w, = 1.7um/s for —20°C. Fig.4B
corresponds to experiments done on superhydrophobic surfaces
(6~160°) at —10°C and —20°C, where the velocities come out
to be vy~ 0.8 um/s and 1.8 um/s respectively. The constancy of
these values reveal that the ice bridging growth rates seem insen-
sitive to substrate wettability.

Invoking an electrostatic analogy where the ice bridge is the
analogous electrical conductor, 7y, = [, Ve - idA = 4n D CAc,
where & is the diffusivity of water vapor in air, C is the “capaci-
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Fig. 4 Final lengths of ice bridges (L), for both successful or failed
connections, plotted against their total time of growth. (A) and (B) corre-
spond to experiments on hydrophobic (HPB) and superhydrophobic sur-
faces (SHPB) respectively. Solid lines represent best fits to Eq.2. Ex-
periments were conducted with ambient conditions of 7..,=22+1 and
RH =45 +3%. The substrate was thermally bonded to a Peltier stage
and chilled to either —10°C (primary graphs) or —20°C (insets). The high
degree of supersaturation engendered supercooled condensation; after
about 100s ice nucleation occurred in a small subset of droplets (typi-
cally at the edges of substrate), triggering in-plane frost growth across
the population of condensate as a percolating network of ice bridges.

1000
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Fig. 5 (A) Time-lapse sequence of 1D percolation: Successive freezing of six 30 um droplets, with average separation (S*) =1.06, by formation of
ice bridges at T, = —10°C, T.. =24 °C, and RH =26%. The scale bar represents 100um. (B) x— plot of the freezing front reveals step-like behavior,
due to inter-droplet freezing being much slower than intra-droplet freezing (v, < vf). Inset: Same plot with only the first point of each step. Dotted line
corresponds to a coarse-grained percolation speed, vp ~3.8 um/s. (C) Percolation through a denser packing with (S*) =0.61. The frozen droplets are
false-colored black (see Fig. S3 in the Supplemental Material for original figure). The scale bar represents 100 um. (D) The resulting x — ¢ plot shows

that there is a constant percolation velocity of v, ~21.8 um/s.

tance,” and Ac=(c]—c¢;) is the temperature-dependent difference
in saturated vapor concentration.?? In general, one can write
C = BD;, where f is a geometric parameter that depends on the
morphology of the growing crystal.2! Assuming an unbranched
growth from a hemispherical frozen droplet and monodisperse
droplets (x~ 1), ri, =~ pvbn'Di2 /8 for any bridge. Therefore the
average bridge growth rate in a population is

YDAc 2
p (D)’

where (D;) is the mean droplet diameter in the population.

2

vpy = B

The geometric parameter B of Eq.2 can be captured if we
plug in the experimentally measured growth rate (v,) and mean
droplet diameter of the population. This revealed  values of
0.32 at —10°C and 0.39 at —20°C for hydrophobic surfaces and
0.14 at —10°C and 0.33 at —20°C for superhydrophobic sur-
faces. We note that for our experiments on the —10°C super-
hydrophobic surface, the mean diameter of the freezing droplets
is (D;) =30 £ 20um at —10°, where clearly the monodispersity
assumption breaks down. However the theoretical assumption of
monodisperse droplets reasonably holds for our experiments on
hydrophobic surfaces where the standard deviations in size of the
freezing droplets were only (D;) =49 + 9um and 26 + 7um at
—10°C and —20°C and for superhydrophobic surfaces at —20°C
where (D;) =26 + 9 um for —20°C.

These observations reveal an averaged value of ~0.35 for
monodisperse droplet populations that does not vary with sur-
face wettability or temperature. It is beyond the scope of this
paper to analyze why the value is 0.35. However, unlike regular
surfaces, superhydrophobic surfaces can exhibit larger variations
in average bridge growth rates as droplet populations on these
surfaces are typically polydisperse because of the jumping-droplet
phenomenon. 2% A second factor that might contribute to dispers-
ing the data is that the surface roughness of a superhydrophobic
surface can add a three-dimensional tortuosity to the propagating
ice bridges. 10

4| Journal Name, [year], [vol.],1-7

The above description makes an implicit assumption that the
line friction on an ice crystal growing along a solid substrate is
negligible. While a theoretical reasoning for this assumption is
lacking, experimentally it can be backed up by the observations
of Petit et al.,23 where they find that growth rate of ice bridges
are independent of the viscoelastic properties of the solid.

Global Frost Percolation: Now that we have given a local de-
scription of pairwise interactions in condensation frosting, herein
we will describe the global dynamics of condensation frosting for
the two limiting cases of all bridges connecting (§* < S¢,) or all
bridges failing (S* > Sg,). Although a typical inter-droplet frost
front has local regions of both success and failure, >’ usually one
of these modes is the dominant one such that the global behavior
can be approximated by these limiting cases.

§* < S, everywhere: In a dense monodisperse population of
10 um droplets separated by distances of the order of 1 um, the
percolation front velocities are vp ~ 10um/s, about ten times
greater than the characteristic bridge growth rate.3 This can be
rationalized by realizing a percolating frost front involves both
the propagation of ice bridges (desublimation) and the freezing
of liquid droplets, the latter being a significantly faster process.
The intra-droplet freezing velocity, v, can be estimated by bal-
ancing the droplet’s latent heat of fusion with its conduction of
heat into the substrate, pvehg ~ kAT /Dy. The latent heat of freez-
ing for water scales as hg ~ 10° J/kg, the thermal conductivity of
ice is kj~2.2W/m'K, and AT =T, — 273K ~ 10K. It follows that
vg~103um/s, which means that a 10 um droplet freezes in the
order of 10 ms. This is negligible in comparison to the time taken
to grow the inter-droplet ice bridge, ¢(1s), that is required to
initiate the intra-droplet freezing. Thus, the time taken for ice
to percolate through one unit cell, comprising a step of average
bridge length (L;,) and jump of average droplet size (D)), is given
by tp=({Lv) + (D1))/vp =~ (Ly)/ (vp)- Therefore,
(Dy) 1

v—pzl+—>l+

o Ty T ey ®
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Fig. 6 (A) Condensation frosting on a regular smooth hydrophobic sur-
face at T, = —25°C, T.. = 24°C and RH =65.2%. The frozen droplets are
false-colored black. The black and white scale bars denote 200 um and
50um, respectively. (B) The tracking of the global front reveals a con-
stant speed. (C) Time-lapse of a global failure of ice bridge connections,
at 7,,=-10°C, T..=23.5°C and RH =32%. (D) Dry zone length plotted

against time. The solid line follows 6 =4.5 \/ZAc/pt'/2.

The inequality at the end of Eq.3 follows from the condition
that Ly < Lmax for all local bridges to succeed, although (L)
and (D)) are global quantities. In order to test Eq.3, we in-
duced condensation frosting in an array of six (Dj)~30+2um
droplets on our chemical micropatterns with average separation
(§*) =1.06, by forming inter-droplet ice bridges of typical length
(Lpy =10 um (Fig. 5A). The x— plot of the freeze front in Fig. 5B
captures both the steps corresponding to bridge growth rates,
vpy=1.06 + 0.1 um, and the jumps corresponding to freezing
the liquid droplets. Eq. 3 predicts that vp/(vyy ~4. Indeed the
experimentally measured percolation velocity was found to be
vp=3.8um/s (Fig. 5B, inset). Note that (Dy)/(L;) in a sense phys-
ically represents how dense the droplets are packed.

Fig.5C shows a 1D percolation front in a denser population
((§*)=0.61), where 31 successive droplets were frozen one after
the other, until it was cut off at r=31s when a frozen droplet
from the left column grew an ice bridge to freeze the next droplet
in the middle array. We track this 1D propagation in this middle
row at 1 frame per second and plot it in (B). The resulting x —¢
plot (Fig.5D) shows that there is a constant percolation velocity
of vp~21.8 um/s (best-fit). The typical values of D;=214+1 um
and v, = 1.3 um/s (as obtained in Fig. 4), when plugged into Eq. 3
along with the best-fit of vy, yields Ly, ~1.33 um. This is consis-
tent with experimentally observed values of L, < 2 um, especially
when considering that these measurements are approaching the
spatial resolution of our images.

Soft Matter

Finally we take the very general case of microcondensate
grown on a regular smooth hydrophobic surface without any
chemical micropatterning. The surface was cooled to 7;,= —25 °C,
with ambient conditions of 7..= 24 °C and 65.2% relative humid-
ity. The high degree of supersaturation (S=20.1) resulted in a
dense population of supercooled condensate. The series of mi-
crographs in Fig. 6A shows an inter-droplet frost front, invading
the bottom of the field-of-view in the initial frame and radially
spreading over the surface (false-colored black, see Fig. S4 in the
Supplemental Material for original figure). The condensate had a
typical size of D; ~10um (13 +4 um) over this particular time
period. The inset zooms in to better depict individual frozen
droplets and ice bridges. Four random points were chosen along
the freeze front at the initial frame corresponding to ¢+ = 0, and
were tracked over time to obtain r —¢ plots . The percolation
speed was measured to be a constant v, =20.8 £3 um/s over a
time span of 22.4s (Fig 6B), where the uncertainty represents a
standard deviation over the four different speeds. This shows that
coarse-grained percolation speeds appear constant when the time
scale is of the order of 10s. When looking at higher temporal
resolutions of 0.1 — 1s, the speed jumps between vy, and v, as
seen in Fig. 5B in the manuscript. This finding shows how denser
packings can lead to percolation speeds of ¢(10um/s) both on
micropatterned as well as smooth hydrophobic surfaces. Further-
more, our model of percolation speed, initially used with ordered
droplets on the chemically patterned surface, also applies to arbi-
trarily nucleated condensate populations on smooth hydrophobic
surfaces (as long as they are dense and fairly monodisperse).

§* > S, everywhere: This case corresponds to a freezing event
followed by a global failure of ice bridge connections due to the
neighboring droplets completely evaporating (Fig.6C). A global
evaporation front develops, grows to a distance of ¢y ~ 0.1—
I mm, and comes to rest. Interestingly, while individual liquid
droplets and isolated ice bridges evaporate and grow at a fairly
constant rates, the evaporation front grows as & ~t1/2 (Fig. 6D).
This law can be rationalized by approximating the sea of droplets
to be a thin liquid film of height 4, where A= (D;). This allows
one to write the mass flux equation per unit width for the front as
ph(dd/dt)~PD(Ac/S)h, resulting in:

5~ | 2802
p

Eq. 4 accurately captures the experimental data in Fig. 6D (solid
line) with a pre-factor of 4.5. This dynamical law reveals that in
the early stages of dry zone formation, when § is on the order
of a few droplet lengths, the evaporation front would grow as
11/2. Such a balance is possible only when & is small enough that
the evaporation flux, which goes as 1/8, dominates over the con-
densation flux from the ambient (c.U, where U is the velocity of
vapor toward the substrate). As § increases, the evaporative flux
becomes weaker and eventually becomes equal and opposite to
the condensation flux. This critical distance ¢y ~ ZAc/(cU) is
typically a few millimeters for our system. 15:16:24 This would im-
ply that the 8 —¢ plot would eventually deviate from the 1/2—law
and come to an equilibrium. However, in our experiments, the

€]
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condensate is frozen by the invasion of ice bridges before this de-
viation could occur (last frame of the chronophotography image
in Fig.6C). Once the water droplets freeze, there is no in-plane
source-sink interaction, such that the dry zone ceases to evolve
any further.

In summary, we have shown that while the kinetics of inter-
droplet ice bridging depend on surface temperature, wettability,
and ambient conditions, the criterion for connecting a bridge to a
liquid droplet is surprisingly independent of all of these parame-
ters. From extensive experiments with droplet sizes ranging from
1 um-10mm, the success or failure of an ice bridge was only a
function of the droplet size, inter-droplet distance, and the ra-
tio comparing the sizes of the liquid and frozen droplets. The
growth rate of an individual ice bridge was found to be constant
for fairly monodisperse populations of microcondensate, which
we explained using an electrostatic analogy. When simplifying
to the two limiting cases of all bridges connecting or failing, the
spread of global percolation fronts scaled with ¢! or !/2 behav-
iors, respectively. These laws hold as long as the bridge lengths
are short, Ly <A, where A ~ 10 um. When L, is 100 um or larger,
the resulting instabilities of the desublimating front greatly affect
the dynamics of condensation frosting in a manner that remains
to be studied. Whether ice bridges the gap or not, we hope this
article will bridge the gap between surface scientists and cloud
physicists with a shared appreciation of the importance of source-
sink interactions in mixed-phase droplet populations.
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