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apor condensation is a phenomenon

widely observed in nature and an

essential part of energy conversion,’
water harvesting,® and thermal manage-
ment systems.* ’ Improvements in heat
and mass transfer during this phase change
process, therefore, can lead to a consider-
able conservation of natural and economic
resources. When water vapor condenses on
a surface, the condensate can form either a
liquid film or distinct droplets, depend-
ing on the surface wettability. The latter,
termed dropwise condensation, is desired
since the droplets can be efficiently re-
moved from the surface, which signifi-
cantly increases heat and mass transfer
performance® Recent research has focused
on using a combination of chemical functio-
nalization and roughness to create superhydro-
phobic surfaces for dropwise condensation,
whereby droplets easily roll off the surface
due to gravity upon reaching a critical size
(~2mm)° "

A recent study, however, showed that
when small droplets (~10—100 um) merge
on superhydrophobic nanostructured sur-
faces, droplets can spontaneously eject via
the release of excess surface energy inde-
pendent of gravity.'*>'® This phenomenon is
attributed to the nanoscale surface rough-
ness (~100 nm), which enhances the hydro-
phobicity, and thereby decreases droplet
pinning to the surface.'® Droplet removal
by this mechanism is highly desirable due to
the increased number of small droplets'”
which efficiently transfer the majority of the
heat from the surface."'®'” A number of
works have since fabricated superhydro-
phobic nanostructured surfaces to achieve
spontaneous droplet removal.”'® 2% These
surfaces were designed to be Cassie stable
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ABSTRACT Condensation on superhydro-
phobic nanostructured surfaces offers new
opportunities for enhanced energy conversion,
efficient water harvesting, and high perfor-
mance thermal management. These surfaces
are designed to be Cassie stable and favor the formation of suspended droplets on top of the
nanostructures as compared to partially wetting droplets which locally wet the base of the
nanostructures. These suspended droplets promise minimal contact line pinning and promote
passive droplet shedding at sizes smaller than the characteristic capillary length. However, the
gas films underneath such droplets may significantly hinder the overall heat and mass transfer
performance. We investigated droplet growth dynamics on superhydrophobic nanostructured
surfaces to elucidate the importance of droplet morphology on heat and mass transfer. By
taking advantage of well-controlled functionalized silicon nanopillars, we observed the
growth and shedding behavior of suspended and partially wetting droplets on the same
surface during condensation. Environmental scanning electron microscopy was used to
demonstrate that initial droplet growth rates of partially wetting droplets were 6 larger
than that of suspended droplets. We subsequently developed a droplet growth model to
explain the experimental results and showed that partially wetting droplets had 4—6x
higher heat transfer rates than that of suspended droplets. On the basis of these findings, the
overall performance enhancement created by surface nanostructuring was examined in
comparison to a flat hydrophobic surface. We showed these nanostructured surfaces had 56%
heat flux enhancement for partially wetting droplet morphologies and 71% heat flux
degradation for suspended morphologies in comparison to flat hydrophobic surfaces. This study
provides insights into the previously unidentified role of droplet wetting morphology on growth
rate, as well as the need to design Cassie stable nanostructured surfaces with tailored droplet
morphologies to achieve enhanced heat and mass transfer during dropwise condensation.
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such that droplets are suspended (S) on
gas-filled nanostructures® to have minimal
contact line pinning due to the nanoscale  *Address correspondence to
roughness, which is in contrast to Wenzel ~€mwang@mit.edu.
stable surfaces with droplets that wet the
cavities of the nanostructures®* and cannot  and accepted January 31, 2012.
be removed via droplet ejection due to the i .
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highly pinned contact line. Recently, tWo  10.1021/nn205052a
distinct wetting morphologies on Cassie
stable surfaces during condensation have  ©2012 American Chemical Society
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Figure 1. (A) Scanning electron micrograph (SEM) of an array of equidistant superhydrophobic silicon nanopillars with
diameters, heights, and spacings of d = 300 nm, h = 6.1 um, and | = 2 um, respectively. Nanoscale scallop fea-
tures exist on the pillar sidewalls due to the DRIE fabrication process. (B) Environmental scanning electron micrograph
(ESEM) of water condensation on (A) showing both partially wetting (PW) and suspended (S) droplets (P =1200 + 12 Pa, T, =
282 + 1.5 K). See Supporting Information, videoS1. (C) Time lapse images of condensation captured via ESEM showing the
difference in growth behavior between PW and S droplets. Droplets A, B, C, and D are in the PW state, whereas E and F are in

the S state. See Supporting Information, videoS2.

been reported where, in addition to S droplets,
partial wetting (PW) droplets that locally wet the
substrate between the pillars (i.e., with liquid-filled
nanostructures under a portion of the nominally
Cassie droplet)®® 27 can exist. While to date it has
been unclear whether PW droplets can undergo droplet
ejection, S droplets were considered to be desired due
to their decreased contact line pinning to the nano-
structured surface.®>'>'82° However, the gas layer
beneath these droplets can act as a barrier to heat
transfer and can degrade overall heat and mass trans-
fer performance, which was not considered in previous
studies.

Here, we investigated in situ water condensa-
tion on superhydrophobic nanostructured surfaces
using environmental scanning electron microscopy
(ESEM) >71519-21.25.2628-30 Tha gyrfaces were designed
to be Cassie stable and allowed droplets of both S and
PW morphologies to coexist due to the presence of
nanoscale scallop features (~100 nm). These surfaces
allowed characterizations and direct comparisons of
growth rates and removal mechanisms for both drop-
let morphologies under identical condensation con-

MILJKOVIC ET AL.

ditions. The experimental results showed that while
both S and PW droplets ejected at identical length
scales, the growth rate of PW droplets was 6x larger
compared to that of S droplets. This effect was further
highlighted with experiments demonstrating S to PW
droplet transitions, which showed a 2.8 increase in
growth rate due to the change in wetting morphology.
Accordingly, the heat transfer of the PW droplet was
4—6x higher than that of the S droplet. On the basis
of these results, we compared the overall surface
heat and mass transfer performance enhancement
created by surface structuring with that of a flat
hydrophobic surface. We showed that these nano-
structured surfaces had 56% heat flux enhancement
for PW droplet morphologies and 71% heat flux
degradation for S morphologies in comparison to
flat hydrophobic surfaces. In contrast to previous
studies, we show that designing Cassie stable super-
hydrophobic nanostructured surfaces is not the only
requirement for efficient dropwise condensation
and that the droplet morphology prior to shedding
must be carefully considered to achieve enhanced
heat and mass transfer.
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Figure 2. Time evolution of the average droplet diameter ((2R). (A) For the PW droplet, at early stages ((2R) < 12 um), the rapid
growth is due to good thermal contact between the droplet base and the substrate (T;). Inset: ESEM image of a PW droplet. (B)
S droplet has a slower growth rate than the PW droplet due to poor thermal contact between the base and substrate. At later
stages ((2R) = 12 um), the S and PW growth rates converge due to the dominant conduction thermal resistance of the droplet
(Rg). Inset: ESEM image of a S droplet. Experimental data (black circles) were obtained from ESEM video (P=1200+ 12 Pa, T =
282 + 1.5 K) (see Supporting Information, videoS1 and S2). The theoretical prediction (red line) was obtained from the droplet
growth model (for model derivation and parameters, see section S6 of Supporting Information). (C) PW and S droplet model
schematics and thermal resistance diagram showing the liquid—vapor interface (R;), droplet conduction (Ry), hydrophobic

coating (Rx.), pillar (R,), and gap (Rg) thermal resistances.

RESULTS AND DISCUSSION

To study the effects of droplet wetting morphology on
growth rate and overall heat transfer, we fabricated silicon
nanopillar surfaces (Figure 1A) with diameters of d =
300 nm, heights of h = 6.1 um, center-to-center spacings
of | = 2 um (solid fraction ¢ = 7d*/4” = 0018 and
roughness factor r = 1 + sdh'/I* = 3.26) using e-beam
lithography and deep reactive ion etching (DRIE). The
DRIE fabrication process was used to create nanoscale
roughness (scallops) on the sides of the pillars. The
surfaces were subsequently functionalized using chemical
vapor deposition of (tridecafluoro-1,1,2,2-tetrahydrooctyl-
)-1-trichlorosilane to create Cassie stable superhydropho-
bic surfaces (see Methods section for details).

Droplet growth on the surfaces was characterized
using ESEM at a water vapor pressure P= 1200 + 12 Pa
and substrate temperature T, = 9 £ 1.5 °C (see
Methods section for details). Figure 1B shows the two
distinct droplet morphologies, PW and S, on the struc-
tured surface. PW droplets nucleated within a unit cell
(area between 4 pillars), and while growing beyond the
confines of the unit cell, their apparent contact angle
increased and they spread across the tops of the pillars
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in the shape of a balloon with a liquid bridge at the base of
the pillars. Before coalescence with neighboring droplets,
an increasing proportion of the droplet contact area was
in the composite state and demonstrated an apparent
contact angle of Opy, = 164 £ 4° for (R) > 15 um. S droplets
nucleated and grew on the tops of the pillars in a spherical
shape with a constant apparent contact angle of 65 = 164
+ 6°. At these droplet sizes ((R) ~ I), the S wetting
configuration is typically energetically unfavorable due
to a Laplace pressure instability mechanism?®' but is
attributed here to the presence of the nanoscale scallop
features on the pillar sides that pin the contact line (see
Supporting Information, sections S3 and S4).
Figure 1C shows time lapse images of both PW and
S droplets, which highlights the drastic difference in
droplet morphology and growth rates on the sur-
face (see Supporting Information, videoS2). As the
droplets grew and began to interact with each
other, removal via coalescence-induced droplet
ejection'*'*"> was observed for both S and PW
droplets. The results suggest that the contact line
pinning force for both morphologies is in fact below
the critical threshold for ejection (see Supporting
Information, section S5 and videoS1).
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The experimentally obtained average droplet diameters
as a function of time for the PW and S morphologies are
shown in Figure 2A,B, respectively. The growth rate of
the S droplet was initially 6 x lower than that of the PW
droplet for (R) < 6 um. As the droplets reached radii
(R) > 6 um, the growth rates for both morphologies
became comparable, which suggests a similar mechan-
ism limiting droplet growth at the later stages.

To provide insight into the experimental results and
capture the growth dynamics related to the different
droplet morphologies, we developed a thermal resis-
tance-based droplet growth model. The model, which
accounts for the presence of hydrophobic pillar structures,
is an important extension of a previous model suitable
for dropwise condensation on flat hydrophobic surfaces."
Figure 2C shows schematics of the PW and S droplets
with the associated parameters used in the growth
model. Heat is first transferred from the saturated vapor
to the liquid—vapor interface through resistances
associated with the droplet curvature (R.) and liquid—
vapor interface (R;). Heat is then conducted through the
droplet and the pillars to the substrate through resistances
associated with the droplet (Ry), hydrophobic coating
(Rno, pillars (R,), and gap (Ry). Marangoni and buoyancy
effects are neglected since the droplets are sufficiently
small so that conduction is the dominant mode of heat
transfer.32** Accounting for all of the thermal resistances,
the heat transfer rate, g, through a single condensing
droplet is (see Supporting Information, section S6)

AT 2Tst0 1
= — = aR | AT - ==
9 tot < Rhgyp,, /Zhi(1 — cos 6)

N RO L] { kep } kn(1 — @) r
4kysin 0 kycsin? 6| Onckp + hkpc  Onckw + hkic

(M
where Ry, is the total thermal resistance through the
droplet, R is the droplet radius, p,, is the liquid water
density, hgg is the latent heat of vaporization, T, is the
vapor saturation temperature, ¢ is the water surface ten-
sion, AT is the temperature difference between the
saturated vapor and substrate (Tg — T), Oy and h are
the hydrophobic coating thickness (~1 nm) and pillar
height, respectively, k¢, kw, and kp are the hydrophobic
coating, water, and pillar thermal conductivities, respec-
tively, and h; is the interfacial condensation heat transfer
coefficient3* The first, second, and third terms in the
denominator represent the liquid—vapor interface (R;),
droplet conduction (Ry), and pillar-coating-gap (P-C-G)
thermal resistances (R, Rnc, Rg), respectively (Figure 2C).
The heat transfer rate is related to the droplet growth
rate dR/dt by

. av
q= mhfg = pwthE

- gpwhfg%{m ~cos 022 +cos R} (2)
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During early stages of growth (R < 6 um), the conduc-
tion resistance (Ry) is negligible compared to the other
thermal resistances. Therefore, for the PW droplet, the
pillar (R, + Rno) and liquid bridge (Rg + Rno) resistances
dominate the heat and mass transfer process. However,
for the S droplet, the only conduction path is through
the pillars (R, + Rno), which results in a higher total
thermal resistance and the observed 6x lower initial
growth rate. Note that the pillar (Ry,), coating (R), and
gap (Ry) thermal resistances are not the only reasons for
the divergent growth behavior of the two droplet
morphologies. The higher initial contact angle of S
morphology (see Supporting Information, section S3)
contributes to its slower growth rate due to a lower
droplet basal contact area. As both droplet morpholo-
gies reach a critical radius, R.q & 6 um, the conduction
resistance (Rq) begins to dominate and limit the growth
rate in both cases3? A theoretical estimate of R.q was
obtained by balancing the conduction resistance
through the droplet, Ry = RO/(47tR2k, sin 6), with the inter-
facial, R; = 1/(2tR*h;(1 — cos 6), and P-C-G, Rp.c.g ~ kp o/
(knc7tR? sin 20(Opckp + hkic)) thermal resistances.® The
interfacial and conduction resistances become equiv-
alent at a radius R.4 = 4k, sin O(R; + Rp.c.c)/0 ~ 6 um,
which is in good agreement with our experiments.

The results from the model (red lines) are also shown
in Figure 2A,B and are in excellent agreement with the
experiments (black circles). Model solutions were ob-
tained for AT = 0.12 K, where AT was chosen based on
the best fit between the model and experimental
growth rate data. The approximate value of AT from
the experiments was AT = Ty(P= 1200 Pa) — 282.15 £
1.5 K= 0.65 £ 1.5 K. Therefore, the value used in the
model is within the error of the experimental appara-
tus. In addition, the small value of AT is consistent with
the assumption that only molecules near the substrate
contribute to the phase change process; that is, the
local vapor pressure is lower than the measured bulk
vapor pressure.®

In order to gain further insight, we compared the
experimental results with the power law exponent
model.">3~%2 When droplet dimensions are larger
than the surface pattern length scales ((R) > 2 um),
droplets grow as breath figures on a surface with an
expected average droplet radius of (R) = pt*, where a,
the power law exponent, ranges from 0 to 1 depending
on the droplet, substrate dimensions, and growth
limiting conditions. During initial growth without coa-
lescence, the power law exponent was apy = 0.78 +
0.02 and o5 = 0.46 £ 0.03 for the PW and S drops,
respectively. Both values were within the range of 0 to
1 but differ from the expected 1/3 power law.*® This
result indicates that vapor diffusion to the droplet
interface was not the limiting growth mechanism;
instead, a kinetic barrier was formed due to the low
ESEM pressures (P = 1200 Pa).® When the average
droplet diameter (2R) reached the coalescence length,
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Figure 3. (A) Time lapse images of S to PW droplet transitions captured via ESEM showing the difference in growth behavior.
Droplets A and B transition from the S to PW state, while droplet C remains in the S state throughout (see Supporting Information,
videoS3). (B) Time evolution of the average droplet diameter ((2R)) for droplets A, B, and C. Initially (t < 75 s), all three droplets grow
in the S state. Upon transition (t = 75 s), the growth rates of droplets A and B rapidly increased due to better thermal contact
between the base of the droplet and the substrate. Additionally, subcooling due to a constriction resistance between the pillars
(Ts — TS = 0.044 K) contributes to the growth behavior after transition. Experimental data (symbols) were obtained using ESEM
(P=1200 Pa, T, = 282 + 1.5 K). Theoretical results were obtained using the droplet growth model of S droplets (solid red line) and

PW droplets (dotted red line). For model derivation, see section S6 of Supporting Information.

both morphologies grew at a power law exponent of
opw = 0s = 0.05 + 0.15 as expected; that is, the average
diameter was constant due to coalescence-induced
droplet ejection.'?

Transitioning Droplets. In certain cases when the
nanoscale scallop features on the pillars could not
pin the droplet contact line, we observed S droplets
transitioning to PW droplets (Figure 3A) (see Support-
ing Information, videoS3). This phenomenon further
demonstrated the importance of the droplet wetting
morphology on growth rate. Figure 3B shows the
growth rate of three distinct S droplets, two of which
underwent transition into the PW state. Upon transi-
tion, a liquid bridge formed between the droplet and
substrate and the apparent contact angle decreased.
The growth rate of these droplets increased by 2.8x
compared to the S dropletimmediately after transition.

MILJKOVIC ET AL.

The transitioned growth rate (dR/dt = 0.34 um/s) ex-
ceeded the steady growth rate of a comparably sized
PW droplet (dR/dt = 0.18 um/s), indicating that the
driving potential for growth was larger. The increased
rate was attributed to a larger substrate—vapor tem-
perature difference (T, — Ts) due to additional sub-
cooling from the constriction resistance at the base
of the pillars (T, — T,).3° By determining the average
temperature at the base between pillars using a spatial
conduction resistance and incorporating the additional
surface subcooling into the droplet growth model, the
theoretical results show excellent agreement with the
experiments (Figure 3B) (see section S7 of Supporting
Information). Note that, at these transitioning length
scales (~10"® m), surface diffusion growth due to
adsorbed atoms on the substrate is negligible and
cannot account for the rapid increase in growth.**~*°
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Figure 4. Individual droplet heat transfer ratio of PW to S
droplets as a function of coalescence length, /.. The PW
droplets were 4—6x as effective as S droplets at heat removal
during the dropwise condensation process due to better
thermal contact between the droplet base and substrate.
The large contact angle of both droplet morphologies results
in small pinning forces at the contact line, allowing for
coalescence-induced droplet shedding at coalescence lengths
of 10 &+ 2 um. Heat transfer ratio data (black circles) was
obtained from droplet growth experiments (Figure 2). Theo-
retical results (blue line) were obtained using the droplet
growth model (see section S6 of Supporting Information).
Inset: Schematic defining coalescence length.

Implications to Heat Transfer. On the basis of the under-
standing developed for individual droplet growth rates,
we investigated the heat and mass transfer perfor-
mance of the two distinct droplet morphologies.
To quantify the difference in performance prior to
coalescence-induced ejection, the total heat removed
Q by the individual droplet was determined

Q= /’;/2 qdt
R

3
= %ﬂpwhfg(-l — cos 0)*(2 4 cos ) (IEC) (3)
where |, is the coalescence length or, alternatively, can
be considered the coalescing droplet diameter when
droplets merge and shed from the surface.”® R* is the
critical droplet radius for nucleation, which is approximated
as zero due to its small magnitude (~10 nm). The ratio of
the heat transfer rates for individual PW and S droplets,
grw/Gs, is therefore approximated by

Qew
Gw _ Toy _ (1 —cos Opw)?(2 + cos Opw)Ts @
G Q9 (1 —cos65)*(2+cos Os)tpw

Ts

where Opy and 6s are the PW and S contact angles at
coalescence, respectively, and 74y and s are the PW and
S droplet coalescence times (times at which coal-
escence occurs) corresponding to a coalescence length
I, respectively. The coalescence times for the experimen-
tal and modeling results in Figure 4 were obtained from
the growth rates in Figures 2 and 3. The higher error at
lower coalescence lengths is due to the larger deviation
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Figure 5. Theoretical steady state overall surface heat flux (q")
versus temperature difference (AT) for surfaces having distinct
PW, S (h =6.1 um, | =2 um, d = 300 nm, ¢ = 0.0177), and F
droplet morphologies. Model results were obtained by using
droplet distribution theory with the developed droplet growth
model (eq 13). Dotted lines represent error bounds associated
with uncertainty in the coalescence length, /.. Model para-
meters: P=4kPa, I.pw =I5 =10+ 2 um, I ¢ =28 &+ 7 um. When
compared to the flat surface, there is an average 56% heat flux
enhancement for the PW morphology and an average 71%
heat flux degradation for the S morphology.

between experimental and model growth rates for the S
morphology, as well as larger experimental error asso-
ciated with ESEM measurements for small droplet sizes.
Figure 4 shows the heat transfer ratio model over-
laid with experiments, where a 4—6x droplet heat
transfer increase during dropwise condensation was
demonstrated for PW compared to S droplets. As
expected, the increased thermal resistance associated
with the S droplet morphology decreases the growth
rate and, as a result, severely limits individual S droplet
heat transfer when compared to its PW counterpart.
The heat transfer enhancement diminishes at larger
coalescence lengths due to the increasing droplet
conduction thermal resistance for both droplet mor-
phologies, resulting in similar growth rates. Figure 4
indicates that meeting the criteria for Cassie stable
surfaces is not the only requirement for heat and mass
transfer enhancement. In fact, preferential formation of
Cassie droplets with the S morphology can even degrade
total surface heat and mass transfer performance when
compared to a flat (non-nanostructured) hydrophobic
surface, which is investigated in the next section.
Comparison to a Flat Hydrophobic Surface. The insights
gained regarding individual droplet wetting morphology
led to an investigation of the overall performance enhance-
ment created by nanostructuring compared to a flat (no
surface structuring) hydrophobic surface. Specifically,
we aimed to address whether the benefit of droplet
departure below the characteristic capillary length
created by nanostructuring outweighs the disadvantage
of reduced growth rates due to the increased thermal
resistance associated with the S droplet morphology.
Additional ESEM droplet growth studies were per-
formed on aflat hydrophobic surface for comparison (see
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section S8 of Supporting Information). The flat surface
sample consisted of a silicon substrate, functionalized by
CVD as described above. Droplet growth on the flat
surface was characterized using identical condensation
conditions as the nanostructured surfaces and also showed
good agreement with the thermal resistance model.

To compare the theoretical surface heat and mass
transfer performance on the flat and nanostructured
surfaces, we combined droplet size distribution theory,
to account for the fraction of droplets on the surface of
a given radius R, with the developed droplet growth
model. For small droplets, the size distribution n(R) is
determined by'®

-2/3
1 [Re R(R — R*) AR+ As
R) = —| — exp(B; + B,
A 3nR2R<R> R R AR A, PE +B)
(5)
where
A, |R2 —R? L (R —R*
By = —|=——+R*(R. —R) — R**l
1 TA1|: 5 + R*( e ) n Re — R+

(6)
A R — R*
B, = E{Re — R —R*In (Re — R*)} 7)

o 3R(A%Re+As)’
T A1(11A3R2 — 14A,ReR* + 8A3Re — 11A3R¥)

(8)

AT
A = . ©)
htgp,,(1 — cos 0)7(2 + cos 0)
0
A2 = 4 sin 0 o
a 1
37 2m(1 —cos 0)
1 kob ko1 —¢) 17"

+ }
kuc sin? 0) [Oncke + hkuc  Onckw + hkic
(11)

R is the average maximum droplet radius (departure
radius), 7 is the droplet sweeping period, and R; is the
radius when droplets growing by direct vapor addition
begin to merge and grow by droplet coalescence, R =1./2.
For large droplets growing mainly due to coalescence,
the droplet distribution N(R) was determined from'”

1 /RN Y3
N(R) = ~| —= 12
") 3nR2R(R) (12)

The total surface steady state condensation heat
flux, g”, was obtained by incorporating the individual
droplet heat transfer rate (eq 1) with the droplet size
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Figure 6. Theoretical heat flux ratio (q"pw/q"f) of a surface
favoring PW droplet formation (q”"pyw) compared to a flat
hydrophobic surface (") as a function of coalescence length
(I) and pillar height (h); I. = 2R, = 2R for the PW surface, and /.=
2R, = 28 £+ 7 um for the F surface. As expected, the heat flux
ratio increases as h decreases due to the diminishing P-C-G
thermal resistance. In addition, reducing /. acts to increase the
heat transfer ratio due to earlier droplet removal from the
surface and higher population of small droplets.” Inset: Heat
flux ratio (q"pw/q"¢) as a function of h for the experimentally
measured coalescence length, /. =10 + 2 um.

distributions (eqs 5 and 12)
q - /Rz GRN(RIAR + /’; GRNRIAR  (13)

For droplets growing on the flat surface (F), R was
assumed to be 2 mm,'® and I = 2R, = 28 & 7 um. Droplet
growth on the structured surface above the coalescence
length for both PW and S morphologies was neglected
because most droplets coalesced and ejected from the
surface.' In addition, the sweeping time 7 was assumed to
be infinite on the nanostructured surface due to the
coalescence-induced ejection departure mechanism, and
lc=2Re=2R=10+2 um. Figure 5 shows the total surface
heat flux, g”, as a function of the difference between the
wall and saturation temperature, AT, for these surfaces with
the three identified wetting morphologies (PW, S, and F).
As expected, the structured surface with the PW wetting
morphology showed a 56% heat flux enhancement when
compared to that of the flat surface. Meanwhile, a 71%
heat flux degradation was shown for the surface with the
S wetting morphology which indicated the increased
thermal resistance and the slower growth rate prior to
coalescence outweighed the benefits of droplet ejection.
Figure 5 indicates that meeting the criteria of Cassie
stability is not the only requirement for heat and mass
transfer enhancement via nanostructuring.

This comparison (Figure 5) assumed that only PW
or S droplet morphologies existed exclusively on
the structured surfaces. In actuality, approximately
the same number of PW and S wetting morphologies
were observed on the nanostructured surface in this
work, resulting in a total surface heat flux degradation
of 12% when compared to the flat hydrophobic
surface.
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It is important to note that the difference in ob-
served coalescence lengths between the flat and
structured surfaces contributed to the heat and mass
transfer performance. To control for this parameter, we
investigated the hypothetical case where the coales-
cence length for all three droplet morphologies is
equivalent, lcpw = Ics = Icg = 10 &£ 2 um. For the
hypothetical case, the PW and S wetting morphologies
showed an 11% enhancement and an 80% degrada-
tion compared to the flat surface, respectively. As
expected, the PW enhancement decreased and S
degradation increased due to the higher heat and
mass transfer of the F morphology associated with
the increased population of droplets with radii below
the coalescence length."'®"”

To gain a broader understanding of the P-C-G thermal
resistance, the developed model was used to investigate
the effect of pillar height (h) and coalescence length (/)
on the PW to F heat flux ratio (" pw/q"¢) (Figure 6). This
comparison assumed /. = 2R, = 2R for the PW surface,
lc = 2R. = 28 £ 7 um for the F surface, and that scaling
down the pillar height does not affect the PW surface
wetting state or contact angle behavior. As expected,
the results show that the heat flux ratio increases as h
decreases due to the smaller P-C-G thermal resistance.
In addition, a reduction in /. acts to increase the heat
transfer ratio due to earlier droplet removal from the
surface and a higher population of smaller droplets.'> The
results of these analyses further emphasize the conclu-
sion that structured surface droplet wetting morphology
needs to be carefully controlled to realize enhanced
condensation heat and mass transfer. Furthermore, the
analysis suggests the importance of minimizing the
thermal resistance of the PW morphology (i.e., by
reducing pillar height), while ensuring Cassie stability
to achieve dropwise condensation heat and mass
transfer enhancement via surface structuring.

METHODS

Fabrication Procedure of Silicon Nanopillars. Silicon nanopillar
surfaces (Figure 1A) with diameters of d = 300 nm, heights of
h = 6.1 um, and center-to-center spacings of / = 2 um (solid
fraction ¢ = md*/4/* = 0.0177 and roughness factor r= 1 + wzdh’/

I* = 3.26) were fabricated using e-beam lithography and deep
reactive ion etching. Chemical vapor deposition (CVD) of (tri-
decafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane was used

to functionalize and create Cassie stable superhydrophobic
surfaces (see section S2 of Supporting Information). The sam-
ples were first cleaned in a plasma cleaner (Harrick Plasma)
for 20 min, then immediately placed in a vacuum chamber
containing an open container of silane at room temperature
and held at 17.5 kPa for 30 min. Upon removal from the
chamber, the samples were rinsed in ethanol and DI water
and then dried with N,. Goniometric measurements on a
smooth silanated silicon surface showed an advancing and
receding contact angle of 6, = 119.2 + 1.3° and 6, = 86.1 +
1.3°, respectively.
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CONCLUSIONS

In summary, we demonstrated the importance of
droplet wetting morphology on condensation growth
rates for Cassie stable surfaces via an in situ ESEM study
of S and PW droplet morphologies on superhydropho-
bic nanostructured surfaces. While both droplet mor-
phologies demonstrated coalescence-induced droplet
ejection at identical length scales, the initial growth
rate of the PW morphology was 6 x higher than that of
the S morphology due to the increased contact with
the substrate. Additionally, transitioning S to PW drop-
lets showed a rapid 2.8 increase in growth rate due
to the change in wetting morphology and surface
subcooling. The experimental results were corrobo-
rated with a thermal resistance-based droplet growth
model and showed that PW droplets had a 4—6x
higher heat transfer rate than S droplets for the
observed coalescence lengths. On the basis of these
results, which showed the importance of droplet wet-
ting morphology on individual droplet heat and mass
transfer, we investigated the overall performance of
the structured surface compared to a flat hydrophobic
surface. Using droplet distribution theory combined
with the droplet growth model, we showed that these
nanostructured surfaces with PW morphologies had
56% total surface heat flux enhancement, while S
morphologies had 71% heat flux degradation when
compared to a flat hydrophobic surface. These results
shed light on the previously unidentified importance
of droplet wetting morphology for dropwise con-
densation heat and mass transfer on superhydropho-
bic nanostructured surfaces as well as the importance
of designing Cassie stable nanostructured surfaces
with tailored droplet morphologies to achieve en-
hanced heat and mass transfer during dropwise
condensation.

ESEM Imaging Procedure. Condensation nucleation and growth
were studied on these fabricated surfaces using an environ-
mental scanning electron microscope (EVO 55 ESEM, Zeiss).
Backscatter detection mode was used with a high gain. The
water vapor pressure in the ESEM chamber was 1200 + 12 Pa.
The sample temperature was setto 9 + 1.5 °Cusing a cold stage,
resulting in nucleation of water droplets on the sample surface
from the saturated water vapor. Typical image capture was
obtained with a beam potential of 20 kV and variable probe
current depending on the stage inclination angle. To limit drop-
let heating effects,?® probe currents were maintained below
1.9 nA and the view area was kept above 400 um x 300 um.
A 500 um lower aperture was used in series with a 1000 um
variable pressure upper aperture to obtain greater detail. The
sample temperature was initially set to 10 £ 1.5 °C and was
allowed to equilibrate for 5 min. The surface temperature was
subsequently decreased to 9 & 1.5 °C, resulting in nucleation of
water droplets on the sample surface. Images and recordings
were obtained at an inclination angle of 70-80° from
the horizontal to observe growth dynamics and wetting
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morphologies close to the droplet base. Recordings were
obtained at 2.5 s time increments corresponding to 0.4 fps.
Copper tape was used for mounting the sample to the cold
stage to ensure good thermal contact.
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