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ABSTRACT: Vapor condensation is routinely used as an effective means of transferring heat or
separating fluids. Dropwise condensation, where discrete droplets form on the condenser
surface, offers a potential improvement in heat transfer of up to an order of magnitude compared
to filmwise condensation, where a liquid film covers the surface. Low surface tension fluid
condensates such as hydrocarbons pose a unique challenge since typical hydrophobic condenser
coatings used to promote dropwise condensation of water often do not repel fluids with lower
surface tensions. Recent work has shown that lubricant infused surfaces (LIS) can promote
droplet formation of hydrocarbons. In this work, we confirm the effectiveness of LIS in
promoting dropwise condensation by providing experimental measurements of heat transfer
performance during hydrocarbon condensation on a LIS, which enhances heat transfer by ~
450% compared to an uncoated surface. We also explored improvement through removal of
noncondensable gases and highlighted a failure mechanism whereby shedding droplets deplete
the lubricant over time. Enhanced condensation heat transfer for low surface tension fluids on
LIS presents the opportunity for significant energy savings in natural gas processing as well as

improvements in thermal management, heating and cooling, and power generation.
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INTRODUCTION

Vapor condensation is routinely used as an effective means of transferring heat or separating
fluids. Filmwise condensation is prevalent in typical industrial-scale systems, where the
condensed fluid forms a thin liquid film due to the high surface energy associated with many
industrial materials." Conversely, dropwise condensation, where the condensate forms discrete
liquid droplets which grow, coalesce, and shed, results in an improvement in heat transfer

performance of an order of magnitude compared to filmwise condensation.?

During water
condensation, the dropwise mode is promoted with thin hydrophobic coatings.* However, low
surface tension fluid condensates such as hydrocarbons pose a unique challenge since the typical
hydrophobic condenser coatings used to shed water (surface tension y = 73 mN/m) often do not
repel fluids with lower surface tensions (y < 30 mN/m). This is particularly relevant for natural
gas processing applications.® Reentrant and doubly-reentrant surface designs have been
proposed for repellency of low surface tension impinging droplets,”® but these schemes are not

useful during condensation when the impinging fluid can nucleate within the structures and

subsequently render the surface hydrophilic.>°

Meanwhile, lubricant infused surfaces (LIS) have found use in biological, lap-on-a-chip, anti-

icing, and microfluidics applications, among others.*™*’

A LIS is comprised of a rough
structured solid surface into which a lubricant is “infused,” or spontaneously wicked, and on
which an impinging fluid ideally forms discrete droplets which easily shed from the surface.
Recent work has indicated that LIS can promote formation of highly mobile droplets of low

surface tension fluids, including hydrocarbons with surface tensions as low as pentane’s (y = 16

mN/m)."® LIS have also been shown to improve condensation heat transfer of water in the



dropwise mode.*® The natural combination of these two research directions is the use of LIS to
promote dropwise condensation of low surface tension fluids. The behavior during condensation
of hydrocarbons and other low surface tension fluids on LIS has been reported qualitatively and
suggests that LIS are a promising solution to promote dropwise condensation of hydrocarbons,

but no experimentally-measured improvement in heat transfer has been reported.?

In the present work, we quantitatively confirmed the effectiveness of LIS in promoting dropwise
condensation. First, we experimentally measured condensation heat transfer coefficients during
water condensation in a controlled environmental chamber in the filmwise mode and during
dropwise condensation on a flat hydrophobic surface and a LIS. Then, the heat transfer
performance was determined during condensation of the hydrocarbon toluene (y = 28 mN/m) on
bare and hydrophobic flat surfaces in the filmwise mode and on LIS-coated tubes in the dropwise
mode at a range of supersaturations typical for natural gas processing applications. From these
results, the heat transfer coefficient for hydrocarbon condensation on LIS was obtained
experimentally. The =~ 450% experimentally observed improvement in heat transfer for low
surface tension fluids condensing on LIS presents the opportunity for significant energy savings
not only in natural gas processing but also in applications such as thermal management, heating

and cooling, and power generation.

EXPERIMENT
In order to perform condensation experiments, we first fabricated tube condenser samples. The
tube samples used to promote filmwise condensation of both water and toluene were bare copper

(Cu) which was first solvent cleaned and then plasma cleaned. Commercially available oxygen-



free Cu tubes (99.9% purity) with outer diameters Dop = 6.35 mm, inner diameters D\p = 3.56
mm, and lengths L = 131 mm were obtained. Each Cu tube was cleaned in an ultrasonic bath
with acetone for 10 minutes and rinsed with ethanol, isopropanol, and deionized (DI) water.
Next, the tubes were dipped into a 2.0 M hydrochloric acid solution for 10 minutes to remove the
native oxide film on the surface, then triple-rinsed with DI water and dried with clean nitrogen
gas (99.9%, Airgas). Finally, within 30 minutes before any experiment using the bare Cu tubes,
the samples were cleaned with argon plasma to remove adsorbed hydrocarbons which are known

to render metal and metal oxide surfaces hydrophobic.?***

The tube sample used to promote dropwise condensation of water was functionalized with a
monolayer of the hydrophobic coating octadecyltrichlorosilane (OTS), but this sample was
unable to promote dropwise condensation of toluene, as discussed later. A bare copper tube
cleaned as described for the hydrophilic samples above was immersed in a 0.1% by volume
solution of OTS (> 90%, Sigma) in n-hexane (99%, Sigma) for 5 minutes as detailed in prior
work.®% The coating had typical advancing/receding water contact angles of 6,/0, ~ 104/93 +

3° when measured on a flat reference surface.

The tube sample used to test condensation of both water and toluene on a LIS was a copper tube

which was first coated with copper oxide (CuO) nanoblades etched following a well-known

27-32

procedure, then functionalized with a monolayer coating of trichloro(1H,1H,2H,2H-

perfluorooctyl)silane (TFTS) to reduce the surface energy,>3*

and finally infused with the
lubricant, Krytox GPL 101 fluorinated oil. CuO nanostructures were chosen in this study due to

their suitability for copper condenser tubes; however, other options exist for fabrication of



successful LIS, including silicon,®® aluminium oxide,® and zinc oxide*® micro- and
nanostructures. To create the CuO nanostructures, a bare copper tube cleaned as described for
the hydrophilic samples above was immersed into a hot (96 + 3 °C) alkaline solution composed
of NaClO,, NaOH, NasPO,12H,0, and DI water (3.75 : 5 : 10 : 100 wt.%).2"** During the
oxidation process, a thin (= 300 nm) Cu,O layer was formed that then re-oxidized to form sharp,
knife-like CuO oxide nanoblades with heights of h = 1 um, solid fraction ¢ ~ 0.038, and
roughness factor r = 4. The CuO structures were then functionalized with TFTS (Sigma), which
was deposited from the vapor phase. Prior to silane deposition, the tube was oxygen plasma
cleaned for 2 hours to remove organic contaminants from the surface. Once clean, the tube was
immediately placed in a vacuum desiccator (06514-10, Cole Parmer) with a small amount of
liquid TFTS. The desiccator was evacuated by a roughing pump for 2 minutes to a minimum
pressure of = 2 kPa. A valve was then closed to isolate the pump from the desiccator and the tube
was held under vacuum (= 2 kPa) for 10 minutes. The functionalized tube was then rinsed in
ethanol and DI water and dried in a clean nitrogen stream (99.9%, Airgas). The TFTS coating
had a typical advancing water contact angle of 6, = 119° when measured on a flat reference
surface and typical advancing/receding water contact angles of 6./6; =~ 171/167 = 3° when
measured on the functionalized nanostructured CuO surface. The surface was infused with
lubricant by first placing a droplet of Krytox GPL 101 lubricant with an approximate diameter of
2 mm onto the surface and allowing it to spread, then using a clean nitrogen stream (99.9%,
Airgas) to ensure that the lubricant had spread completely. The lubricant layer thickness and
thermal resistance are examined in detail in the Supplementary Information, Section S7.
Advancing and receding contact angle data for both water and toluene on all of the surfaces used

in the present work are presented in Table 1.



Table 1. Advancing and receding contact angle reported for water and toluene on the surfaces
fabricated in this work. The superhydrophobic surface is the structured superhydrophobic CuO
used to fabricate the LIS, but without lubricant added.

Water Toluene
Advancing Receding Advancing Receding
Bare Copper ~0 ~0 ~0 ~0
Flat Hydrophobic Surface 104 +3 93+3 29+3 11+£5
Lubricant Infused Surface 108 + 3 105+ 3 58+3 54+3
Superhydrophobic Surface 171+ 3 167 £ 3 ~0 ~0

To Vac.
Pump

Pressure

Figure 1. Environmental chamber with tube condenser sample to experimentally measure
condensation heat transfer performance. The environmental chamber (a) was evacuated to <
1 Pa to remove noncondensable gases. Pure, degassed vapor was introduced into the chamber
from a reservoir and condensed on the exterior surface of the tube sample (b), while the sample
temperature was maintained by a flow of coolant through the tube interior. The condensation
heat transfer coefficient, hc, and subcooling, AT = T, — T,,, were determined from a thermal

resistance network (c) for the tube sample.



RESULTS

Experiments were conducted in an environmental chamber (Figure 1(a)). The chamber allowed
the level of noncondensable gases (NCGs) to be controlled via a vacuum pump, including
complete removal of NCGs from the system (< 1 Pa). Following removal of NCGs, pure,
degassed vapor of the condensing fluid (either water or toluene) was introduced into the chamber
from a heated, temperature-controlled canister and allowed to condense on the sample. The
vapor pressure was varied from 2 to 5 kPa for water and from 2.5 to 5.5 kPa for toluene in order
to set the subcooling, T, — T, where T, was measured T,, was determined from the thermal
resistance network shown in Figure 1. Controlling for subcooling, the variation in heat transfer
coefficient due to change in vapor pressure over this range is less than 5%.%" The sample
temperature was maintained with an internal flow of coolant water, where the sensible heating of
the coolant fluid from the inlet to the outlet of the sample was characterized with thermocouples
and used to determine the overall heat flux (Figure 1(b)). The condensation heat transfer
coefficient, h¢, and subcooling, AT = T, — Ty, were then calculated from the thermal resistance
network shown in Figure 1(c), where the thermal resistances of the internal flow and conduction
through the tube wall are known. Operation of the environmental chamber and the procedure for
calculation of the condensation heat transfer coefficient, including the error analysis, are detailed

in the Supplementary Information.

We first characterized filmwise condensation of both water and toluene on the bare copper tubes
and compared the results to Nusselt’s falling-film theory in order to validate the experimental
results.’ The experimental results were in good agreement with Nusselt’s model for both water

and toluene (Figure 2(a, b)). The slight overprediction by the model (dotted lines) is attributed to



the assumption that fluid reaching the bottom of the tube is immediately removed, while in
reality the fluid accumulates at the bottom of the tube and eventually sheds as droplets, resulting

in a higher average conduction resistance through the condensing fluid than in Nusselt’s model.

We went on to characterize the condensation of water and toluene on the tube with a flat
hydrophobic coating, where we observed that water underwent dropwise condensation (Figure
3(a)) but toluene exhibited filmwise behavior (Figure 3(c)). While we initially observed the
nucleation and growth of small, discrete droplets of toluene on the flat hydrophobic surface, at
any appreciable heat flux, the toluene transitioned to filmwise condensation as can be expected
for a condensate with low contact angle and non-negligible contact angle hysteresis, shown in
detail in Figure S3 in the Supplementary Information.**®%® This illustrates the difficulty of
condensing low surface tension fluids on typical hydrophobic coatings. Meanwhile, the heat
transfer performance for dropwise condensation of water outperformed filmwise condensation
and was also in good agreement with a model based on individual droplet heat transfer integrated
over a known droplet size distribution as shown in Figure 2(a) (see Supplementary Information

Section S6 for model description).*

Finally, we explored condensation of water and toluene on the LIS (Figure 2). In a previous
experiment in which water was condensed on a LIS performed by Xiao et al., the condensation

heat transfer coefficient was measured experimentally and reported to be 100% greater than that
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Figure 2. Heat flux as a function of condenser subcooling (AT =T, - T,,) for water and
toluene, with experimental results as points and model predictions as dashed lines. (a)

Water is condensed onto a bare copper tube in the filmwise mode, a flat hydrophobic copper tube

in the dropwise mode, and a LIS-coated copper tube in the dropwise mode in pure vapor and
with 50 Pa of noncondensable gas (NCG) present in the chamber. (b) Toluene is condensed onto
a bare copper tube in the filmwise mode and a LIS-coated copper tube in the dropwise mode in
pure vapor and with 50 Pa of NCG in the chamber. Toluene condensation on the flat
hydrophobic copper tube resulted in the filmwise mode, evidenced by the agreement between the

experimental data for this case and the model for filmwise condensation.
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Figure 3. Images of condensation of water (a, b) and toluene (c, d). Water is condensed on
the flat hydrophobic surface in (a) and on the LIS in (b). Toluene is condensed on the flat
hydrophobic surface in (c) and on the LIS in (d). Droplet departure diameters were calculated
from videos of condensation and used in the model to predict the expected dropwise heat transfer

coefficients on the flat hydrophobic surface and the LIS (see Supplementary Information).
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of dropwise condensation on a flat surface; however, the heat transfer coefficients reported in
this work for dropwise condensation on both the flat hydrophobic surface and LIS were worse
than the expected value for filmwise condensation calculated from Nusselt’s model (see
Supplementary Information Section S1).* This study had included NCGs (30 Pa) in the
chamber during the condensation heat transfer measurements, which are known to degrade heat
transfer performance due to buildup of noncondensable gases at the condenser surface and an
accompanying resistance due to vapor diffusion through the NCG layer.®>*** While the NCGs
were reported to serve the purpose of preventing evaporation of the lubricant,*® we found that the
vapor pressure of Krytox GPL 101 is much lower than 1 Pa, and therefore we were able to run
experiments with virtually no NCG while still maintaining the presence of the Krytox lubricant
on the surface. However, experiments were performed both without (i.e., < 1 Pa) NCG and with
50 Pa NCG present to explore the effects of NCG on heat transfer performance and determine
whether this could be the mechanism whereby Xiao et al. reported condensation heat transfer

coefficients much lower than expected from modelling.

Condensation of both water and toluene on the LIS exhibited dropwise behaviour (Figure 3(b,
d)). In the presence of NCGs, the heat transfer performance was only marginally better than
filmwise condensation, rationalizing the result obtained by Xiao et al."® When NCGs were
removed from the chamber, the heat transfer performance during water condensation exceeded
that of dropwise condensation by = 30% and filmwise condensation by ~ 400%, as shown in
Figure 2 (note that the overlap in error bars for the experimental data points corresponding to
dropwise condensation of water on the flat hydrophobic coating and the LIS does not indicate

uncertainty that the flat coating may be outperforming the LIS, but rather that systematic
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experimental uncertainty may shift both sets of measurements in the same direction within the
error bars). Meanwhile, toluene condensation on the LIS outperformed filmwise condensation
by = 450%, in good agreement with the prediction by Rykaczewski et al. of a = 600%
enhancement for toluene condensing on a LIS based on an approximation considering a partial
droplet size distribution.’? Furthermore, experimental results for both water and toluene
condensation on the LIS were in good agreement with the condensation heat transfer model
accounting for a distribution of droplet sizes, where the droplet size distribution used in the
model for LIS was adjusted according to recent work (see Supplementary Information Section

86).42,43

The long-term performance of surface coatings is often a consideration when they are proposed
for industrial applications. LIS are particularly concerning in this regard, as the lubricant may be
depleted from the surface over time due to several mechanisms. If the droplets of condensate are
“cloaked,” or covered in a thin layer of lubricant, they will carry lubricant with them during
shedding and deplete the lubricant over time.***® Another depletion mechanism is shearing of
the lubricant, which may also occur due to droplet shedding as droplets slide over the LIS,
causing accumulation of lubricant at the bottom of the condenser.*”*® In order to test the failure
mechanism of the LIS during hydrocarbon condensation, we continuously condensed toluene on
the LIS over a time period of 6 hours. We found that the timescale for surface failure was on the
order of 1 hour, evidenced by the time-lapse sequence of images in Figure 4(a) and in agreement
with another recent study on LIS which reported that low viscosity lubricants failed in less than 1

42
l.

hour but did not explore the failure in further detai The condensation transitioned from

dropwise to filmwise, with a corresponding decrease in heat transfer coefficient of = 78% (= 1 —
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1/450%) shown in Figure 4b. We also observed that the degradation began at the top of the

condenser surface and slowly moved downwards. Since toluene is not cloaked by Krytox,?*

47,48

the droplet shearing effect is primarily responsible for the LIS failure in this case as

evidenced by the accumulation of lubricant at the base of the condenser over time.

DISCUSSION

Applying LIS to a condenser is shown here to be a viable approach to promote dropwise
hydrocarbon condensation and improve the condensation heat transfer coefficient. This is not
the only solution to improve heat transfer during condensation of low surface tension fluids; in
some cases, it is also possible to modify the functionalizations on flat condenser surfaces to
lower the surface energy until droplet formation is energetically favorable,”® particularly with
fluorinated carbon chains.® However, geometric and chemical defects on solid surfaces result in

contact angle hysteresis,**?

and a high level of contact angle hysteresis can cause a transition to
filmwise condensation as heat flux increases.” Even traditional superhydrophobic surfaces are
often unable to repel low surface tension fluids, as evidenced by the complete spreading of
toluene over superhydrophobic CuO indicated in Table 1. The low contact angle hysteresis
found on LIS therefore provides an advantage compared to flat or micro and nanostructured
surfaces as it may allow continued shedding of droplets of low surface tension fluids at higher

heat fluxes.*'%>3

LIS may prove more effective than flat or micro and nanostructured coatings at enhancing low
surface tension fluid condensation heat transfer, but failure by depletion of the lubricant remains

a critical concern. The lubricant can be depleted by departure of cloaked droplets, or, as
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Figure 4. Toluene condensation on the LIS over time. Toluene initially exhibits dropwise
condensation on the LIS, but within 1 hour the surface begins to transition to filmwise
condensation, shown as a time-lapse sequence of images in (a). The lubricant was forced to the
bottom of the condenser by shear force imparted by shedding droplets rendering the top of the
condenser surface wettable by toluene. Correspondingly, the heat transfer coefficient degraded
by approximately 78%, shown in (b). Upon rewetting the surface with lubricant, the surface
could again shed discrete droplets of toluene, indicating that the failure was due to lubricant

depletion and not structural damage.
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observed in the present work, the lubricant can be depleted even in the absence of droplet
cloaking due to shearing by sliding droplets. A potential solution to lubricant shearing could be
the addition of barriers for lubricant flow as proposed by Wexler et al. in the context of fluid
flow past a LIS,*"* or alternatively a suitable design of the solid structures on the surfaces to
tune the capillary pressure and permeability governing lubricant return after shearing, which
could draw from concepts proposed in literature on evaporation from wicking materials.>*>° If
justifiable in a given application, the lubricant could be replenished periodically as well to
overcome the problem. The importance of NCG in condensation was also demonstrated in the
present work, where less than 10% NCG was shown to eliminate the gain in performance
obtained from promotion of dropwise condensation. This confirms previous results indicating

4156 Eyture

the importance of even low levels of NCG on condensation performance.
experiments in this field should be carefully conducted in pure vapor to allow direct comparison

between studies unless the target application requires NCG, such as in fog harvesting.*®

Even in light of the challenges highlighted above that must be addressed before LIS will find
practical use as a condenser coating, the enhancements in heat transfer coefficient versus
filmwise condensation of 400% and 450% for water and toluene, respectively, suggest that LIS
merit further exploration. Specifically, promotion of dropwise condensation of low surface
tension fluids on LIS where flat coatings may not suffice due to contact angle hysteresis is a
promising future direction. The demonstrated condensation heat transfer enhancement indicates
more efficient natural gas processing as well as improved device thermal management, heating

and cooling, and power generation are possible.
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S1. Results from Xiao et al. Compared to Filmwise Condensation from Nusselt’s Model

Xiao et al. reported that “the overall heat transfer coefficients on [dropwise condensation]
surfaces in this work (h < 2-7 kW/m?K) are much lower compared to pure vapor conditions [in
previous work by Miljkovic et al.] (h < 12-13 kW/m?K)" due to the presence of NCGs acting as a
diffusion barrier to the transport of water vapor towards the condensing surface.”* Therefore,
the fact that the noncondensables (NCGs) would degrade heat transfer performance was
recognized. Unfortunately, the data reported is the overall heat transfer coefficient including the
tube wall and the chiller water flow, as opposed to the isolated condensation heat transfer
coefficient. We can approximate the condensation heat transfer coefficient (including NCG
effects) by assuming that the effective heat transfer coefficient of the non-condensing sections of
the resistance network, hrixeq, Namely, the tube wall and the chiller water flow, remains fixed

between experiments (see Figure 1 in the main text for a schematic of the resistance network):

h —( ! ! )_1—( ! ! >_1—15kW 2K (S)
fixed =\ heoma)  \12KW/m?K 60 kW/m2K) /m

where hoyeranr 1S taken from the earlier work by Miljkovic et al. using the same experimental setup
to characterize dropwise condensation and hgong iS the heat transfer coefficient of dropwise
condensation reported in that work.! Now we compare hseq With the range of overall heat
transfer coefficients reported by Xiao et al., 2-7 kW/m?K, and we see that the thermal resistance

of the condensation with NCGs is the dominant resistance in the network in this scenario:

Rcond _ hoverall _ hoverall

- = — = 53% to 87%
Roverall hcond ( 1 1 ) 1 ° ° (82)
h

overall hfixed
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Rearranging this equation, we can determine the h¢ong including the effect of NCG for any given

hoverant reported in Figure 4 of Xiao et al. using Equation S3 here:

overall hfixed

. _( 1 1 )‘1
cond h (83)

Next, assuming a constant wall temperature, T, across all experiments of 17 °C, determined

from the supersaturation of 1.6 at the maximum vapor pressure plotted in Xiao et al.’s Figure 4,

we can also determine the vapor temperature, T,, at each vapor pressure for a saturated mixture,

180

Heat Flux [kW/m?2]

120

60

1 4
--e--Xiao et al. LIS Dropwise (30 Pa NCG) !
--m--Xiao et al. Flat Dropwise (30 Pa NCG) ,"
]
Nusselt's Filmwise Mode (No NCG) !
/
]
[}
ﬂ”‘
/"”
I',” l.
/”’ ---------- .
gid R
—‘——" ,—".”

Subcooling [K]

Figure S1. Adjusted and replotted data from Xiao et al. shows heat flux vs. condenser

subcooling. The 30 Pa NCG in the system degrades the heat transfer performance of the

dropwise condensation to approximately that of the expectation for filmwise condensation.
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and from these two temperatures the subcooling is known. The subcooling and the condensation
heat transfer coefficient can be combined to determine the heat flux for each data point. Finally,
plotting the heat flux versus the subcooling for each data point yields the result shown in Figure

S1, where the heat transfer is comparable to that which would be expected from filmwise

condensation.

S2. Droplet Departure Size Characterization
The average droplet departure size was calculated using imaging analysis performed on videos of
condensation on the different surfaces with at least 20 departure events observed for each

sample. The results are shown in Table S1.

Table S1. Average droplet departure diameters.

Average Diameter (mm) Standard Deviation (mm)

Water on Flat Hydrophobic Surface 2.92 0.42
Water on LIS 1.23 0.34
Toluene on LIS 2.12 0.23

S3. Condensation Chamber Setup

The custom environmental chamber used for this work consists of a stainless steel frame with a
door (sealed with a rubber gasket), two viewing windows, and apertures for various components.
Resistive heater lines were wrapped around the exterior of the chamber walls to prevent

condensation at the inside walls and then insulated on the exterior walls. The output power of the
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resistive heater lines was controlled by a voltage regulator. Two insulated stainless steel water
flow lines (Swagelok) were fed into the chamber to supply cooling water to the chamber from a

large capacity chiller.

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

vapor reservoir to monitor temperature.

A bellows valve (Kurt J. Lesker) was attached to the chamber to serve as a leak port between the
ambient and inside of the chamber. In order to monitor temperatures within the chamber, T-type
thermocouple bundles were connected through the chamber apertures via a thermocouple feed
through (Kurt J. Lesker). A pressure transducer (925 Micro Pirani, MKS) was attached to
monitor pressure within the chamber. The thermocouple bundles and the pressure transducer
were both electrically connected to an analog input source (RAQ DAQ, National Instruments),
which was interfaced to a computer for data recording. A second bellows valve (Kurt J. Lesker)

was integrated onto the chamber for the vacuum pump, which brought down the chamber to
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vacuum conditions prior to vapor filling. A liquid nitrogen cold trap was incorporated along the
line from the chamber to the vacuum which served to remove any moisture from the pump-down
process and ultimately assisted in yielding higher quality vacuum conditions. A tertiary bellows
valve (Kurt J. Lesker) was integrated on a T fitting between the vacuum pump and liquid
nitrogen reservoir to connect the vacuum line to the ambient to release the vacuum line to
ambient conditions once pump down was achieved. In order to visually capture data, a digital

SLR camera (Canon EOS 50D) was placed in line with the viewing window on the chamber.

The setup used to run experiments inside the chamber is shown in Figure 1(a) in the main text.
Stainless steel tube lines (1/4”, Swagelok) were connected to the external water flow lines
(Figure 1(b) in the main text). T-connection adapters (Swagelok) with bore through Ultra-Torr
fittings (Swagelok) were used to adapt T-type thermocouple probes (Omega) at the water inlet

and outlet.

S4. Condensation Procedure

For each experimental trial, a set of strict procedures was followed to ensure consistency
throughout the experiments. The first step of the process was to turn on the voltage regulator to
heat up the environmental chamber walls, which prevented condensation on the chamber walls.
Simultaneously, the vapor reservoir was filled with approximately 2 liters of either DI water or
toluene. After opening the vapor inflow valve and closing the vapor release valve, the rope
heater around the vapor reservoir was turned on with the heater controller set to maximum output
(1200 W). Then the rope heater connected to the vapor inflow valve was turned on. The

temperature of the reservoir was monitored with the installed thermocouples; the temperature at
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the top of the reservoir was higher than that of the middle/bottom of the reservoir due to the
water thermal mass present at the middle/bottom section. Hence, we ensured that the regions of
the reservoir of higher thermal capacity were brought to a sufficiently high temperature for
boiling. During the boiling process, aluminum foil was placed on the bottom surface of the inner
chamber to collect any of the fluid leaving the vapor inflow line. Once boiling was achieved and
the internal thermocouple on the reservoir was 5°C above the boiling point for at least 10
minutes, the vapor inflow valve was closed. The excess fluid that spilled inside the chamber

during de-gassing of the reservoir was removed.

In order to install the samples onto the rig, the Swagelok female adapters at the ends of the tube
samples were connected to the male connecters on the rig. Before installing the entire sample
setup in the chamber, all adapters/connecters were tightened to ensure that there were no leaks
that could affect vacuum performance. Finally, the bellows tubes (for the chiller water

inflow/outflow) were connected to the chiller water lines.

The next step was to begin the vacuum pump-down procedure. Initially, the liquid nitrogen cold
trap was filled to about half capacity. The ambient exposed valves connecting the chamber and
the vacuum pump were both closed and the valve connected to the liquid nitrogen cold trap was
opened. The vacuum pump was then turned on, initiating the pump-down process. The pressure
inside the chamber was monitored during the pump-down process. This process took
approximately one hour in order to achieve the target vacuum conditions (0.5 Pa<P < 1 Pa).
The experimental operating pressure of non-condensable was set to be a maximum of 0.25% of

the operating pressure. Non-condensable gas content of above 0.5% (pressure) has been shown
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to significantly degrade performance during dropwise condensation.® In our experiments,
extreme care was taken to properly de-gas the vacuum chamber and vapor reservoir prior to
experimental testing. In addition, the chamber leak rate was characterized prior to each run in
order to estimate the maximum time available for acquiring high fidelity data with non-

condensable content of less than 0.25%.

The setup of the chiller water flow-loop is described as follows: the water pump reservoir was
filled and turned on to a flow rate of 5 L/min. The flow rate was monitored with the flow meter
integrated in the inflow water line. In order to bring the chilled water into the flow loop and to

the tube sample, the external chilled water lines were opened.

Prior to beginning experiments, the camera was turned on for visual imaging of the sample
during condensation. Afterwards, the rope heater around the water reservoir was turned off and
the vapor inflow valve was slowly turned open until the operating pressure was reached. Steady

state conditions were typically reached after 2 minutes of full operation.

S5. Heat Transfer Coefficient and Error Propagation

An energy balance was applied to the tube sample to determine the overall condensation heat

transfer by calculating the change in enthalpy of the chiller water flowing inside the tube:

Q= mcp (Tout — Tin) (S4)
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where Q is the overall condensation heat transfer rate, m is the chiller water mass flow rate, c,, is
the chiller water specific heat, and Ti, and T, are the tube condenser inlet and outlet
temperatures, respectively. From the overall heat transfer rate, we calculated the heat flux by

dividing by the condenser surface area:
q"=Q/A = Tfle (Tout — Tin) /A (S5)

where A is the surface area of the outer tube surface (4 = 2zrL, where r = 3.175 mm, L = 13.1
cm). The temperature difference between the chiller water and vapor far from the tube sample
was also determined, represented here as the log mean temperature difference (LMTD) to

account for the change in temperature of the chiller water along the tube length:

_ (Tv B Tin) B (Tv - Tout)
ATy mrp = T —T. (S6)
In ( v in )
Ty = Tout

where T, is the temperature of the surrounding vapor far from the tube sample (T, = Ts(Py)).
From the overall condensation heat transfer and the log mean temperature difference, the overall

heat transfer coefficient, U, was determined:

Q . Tfle (Tout - Tin)
AATLMTD AATLMTD

U= (S7)
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where A is the surface area of the outer tube surface (4 = 2zrL, where r = 3.175 mm, L = 13.1
cm). Note that the overall heat transfer coefficient is a function of only the product of
experimentally measured parameters raised to powers. Therefore, the error associated with U is

calculated as follows:

2 2 2

2 —
Eg=U (E—m> + (—E(T"“t_Ti") ) + (__EA> + ( EATLMTD) (S8)
m (Tout — Tin) A AT ymrp

The condensation heat transfer coefficient can be extracted from U by considering a series of

thermal resistances that sum to U and isolating the resistance associated with condensation:

r_ 1 + R, + ! (S9)
UA hd; "t hA
Rearranging to solve explicitly for hg:
1 A -t
—(=_ _ S10
he (U hiA; RtA) (510)

where A; is the surface area on the inner surface of the tube (Ai = 2zriL), R; is the thermal
resistance of the tube (R; = In(r/ry)/(2nky), k; is the tube material thermal conductivity), and the

internal heat transfer coefficient, h;, is determined from the Gnielinski correlation for pipe flow:
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(kK (f/8)(Re — 1000) Pr
hi = <2_n) 14 12.7(f/8)Y2(Pr2/3 — 1) (S11)
f = (0.7901n Re — 1.64)~2 (512)
Re = 2221 (S13)
u

where f is the friction factor, Re is the Reynolds number, Pr is the Prandtl number, p is the chiller
water density, k; is the chiller water thermal conductivity, and [ is the chiller water dynamic
viscosity. Solving for h; and substituting into the above Equation S10 allows for determination

of hc. Once h¢ is known, the condenser surface subcooling is determined as follows:

AT =T, —T, = — (S14)

As hg is not a simple function of a product of powers, the error is determined as a function of the

first partial derivatives of h, with respect to its components.

oh 2 Oh. Ey
T T
l

oh;  (h; — (A/ADU — R AUR;)?
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Ohe _ hi” (S17)

oU  (h; — (A/A)U — R,AUR,)?

The error in U was determined in Equation S8 and the error in h; was estimated as 10%
associated with the Gnielinski correlation.” Table S2 below summarizes the uncertainty

associated with each experimental measurement.

Table S2. Uncertainties corresponding to experimental measurements.

Experimental Measurement Uncertainty
Chiller water temperature difference (T,y: — Tin) 0.1K
Saturated vapor pressure (Py) 1%
Saturated vapor temperature (Ty) Tsat(1.01(Py))-Tsat(Py)
Chiller water mass flow rate (m) 2%
Sample surface area (A4) 2%
Gnielinski correlation heat transfer coefficient (h;) 10%
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S6. Modeling of Heat Transfer Coefficient
To model dropwise condensation, h. 4 was obtained by incorporating the individual droplet heat

transfer with droplet size distribution:

q" 1 Re .l-R

-1 _ - S18

hea = 1= 1 ( J,, atomman+ [ awnear (518)
q(R)

2Tsq:0
2 _ sat
_ R (AT Rhfgpw> (S19)
1 L_RO__ .1 ( kpg L)) )‘1
Zhint(l — COS 9) 4kW sin 0 kHC Sin2 0 6HCkP + h'kHC é‘HCkW + thC

where ¢” is the steady state dropwise condensation heat transfer rate per unit area of the
condensing surface, AT is the temperature difference between the saturated vapor and sample
outer surface (47 = (Tsa(P) — Ts)), R” is the critical radius for heterogeneous nucleation (R™ =
r),® R. is the droplet coalescence radius, q(R) is the individual droplet heat transfer (Equation
S19), n(R) is the non-interacting droplet size distribution,> N(R) is the coalescence dominated
droplet size distribution,> " R is the droplet radius, o is the condensate surface tension, hg is the
latent heat of phase change, py is the condensate density (liquid water), @ is the droplet contact
angle, hin is the interfacial heat transfer coefficient,® k,, is the condensate thermal conductivity,
kuc is the hydrophobic coating thermal conductivity, ¢ is the structured surface solid fraction
(equal to one for the flat surfaces considered here), h is the structured surface height (equal to
zero for flat surfaces), and dyc is the hydrophobic coating thickness (=1 nm).® The first integral

in Equation S14 represents the heat flux component from droplets smaller than the coalescence
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length scale (R < Re), where direct growth by vapor accommodation at the liquid-vapor interface
dominates and neighboring droplet coalescence is absent. The second integral represents the
component of the heat flux from droplets growing mainly by coalescence with other droplets (R
> Re). These two components contribute to the total surface heat transfer per unit area (¢ ). The
model results were obtained using experimentally determined droplet departure radii R (see

Table S1, above) and contact angles.

Note that the equation above is modified on the lubricant infused surface because lubricant is

between the structures on the surface. The appropriate equation for the LIS is:

q(R)
2T, 0
2 _ sat
_ R (AT Rhfgpw> (S20)
1 L_RO__ .1 ( kpg L) )‘1
Zhi‘nt(l — COS 9) 4kW sin @ kHC Sil’l2 g 6HCkP + h'kHC 6HCkl + thC

where the k,, has been changed to k; in the right-most section of the denominator. Another
important modification to the model for LIS is the alteration of the droplet size distribution for
large drops, N(R). In previous work on dropwise condensation on flat surfaces, and for the
model in the present work used for dropwise condensation on a flat surface, the droplet size

distribution has been taken as:

-2/3

&

N(R) = 3nR2R

However, recent work by Weisensee et al.® has suggested that LIS follow a large droplet size

distribution of:
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NR) = 5 (522)

TR3

based on experimental observation. Therefore, N(R) presented in Equation S22 above is used
when modeling LIS. Finally, the droplet radius at which coalescence-based growth begins to
dominate was found to vary between samples. Values of 1 um, 4 um, and 8 um were used for
water condensation on the flat hydrophobic surface, water condensation on the LIS, and toluene
condensation on the LIS, respectively; all of these values lie in the range of typically observed
droplet radii for coalescence dominated growth of 0.5-10 um® and may have implications in the

nucleation behaviour of droplets on LIS.

To model filmwise condensation on the smooth Cu tubes, the Nusselt model was used:* 8

, \1/4
gpw(pw - pv)kw3hfg
=0.72 (S23)
hep=0.7 9< AT
h}‘g = hfg + O.68Cp,lAT (824)

where g is the gravitational acceleration (g = 9.81 m/s®), p, is the water vapor density, i is the
condensate dynamic viscosity, /sy is the modified latent heat of vaporization accounting for the

change in specific heat of the condensate, and ¢y, is the condensate specific heat.* 8

An example of the dropwise and filmwise heat transfer coefficients as a function of condenser

subcooling yielded from the above models is plotted in Figure S2 under typical experimental
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conditions for condensation of water. The dropwise condensation heat transfer coefficient
decreases at low subcooling because the interfacial heat transfer coefficient becomes a major
resistance to heat transfer.®” 2 Meanwhile, the filmwise condensation heat transfer coefficient
increases at low subcooling as the film becomes thinner at low heat fluxes™ (note that, although
the heat transfer coefficient is increasing, the heat flux is decreasing). Furthermore, the Nusselt
theory used for filmwise condensation does not consider the interfacial heat transfer coefficient,
which would decrease the heat transfer coefficient at low subcooling in competition with the
increase due to the thinner film. This results in the dropwise and filmwise heat transfer

coefficients approaching each other as subcooling decreases.

70 8
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~ —— Filmwise
E 60 7
<
& 50 6 2
2 40] 5 O
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Figure S2. Plot of model results for filmwise and dropwise condensation heat transfer coefficient
as a function of condenser subcooling, keeping the condenser temperature constant at 15.5 C
(Psat = 1780 Pa) and varying the surrounding saturated water vapor temperature from 16 to

35.5 C (Psat = 1840 to 5860 Pa). The secondary (right) vertical axis is the ratio of dropwise to

filmwise condensation heat transfer coefficients.
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In the present study, the condenser subcooling during dropwise condensation of water ranged
from ~1.5-6 K. The experimentally determined heat transfer coefficient enhancement of 3-4x for
dropwise condensation of water on flat hydrophobic and LIS-coated tubes compared to filmwise
condensation is in excellent agreement with the model shown in Figure S2 in the 2-5 K
subcooling range where the experimental measurements were taken. Note that, at higher
subcooling over =10 K, the typically reported heat transfer coefficient enhancement of up to one

order of magnitude® for dropwise compared to filmwise condensation would be realized.

S7. Lubricant Layer Thickness

The lubricant layer thickness was approximated by dividing the total volume of lubricant added
to the surface by the projected surface area of the condenser tube. The total volume of added
lubricant was calculated with Equation S25 based on the procedure described in the main text:

4
Viup =1 § T b 3 (S25)

where n is the number of droplets of lubricant added to the surface (1 droplet in the present
work) and ryyy is the radius of each droplet of lubricant added to the surface (1 mm in the present
work). The surface area of the condenser tube is:

Acona = 2MTypeLiupe (S26)
where rype and Lype are the radius and the length of the condenser tube, respectively. Then, the
thickness of the lubricant layer is:

tiub = Viun/Acona (S27)
In the present work, this lubricant layer thickness is 1.6 um, on the same order as the copper
oxide nanostructures, which have a characteristic height of 1 to 2 pm.'? Therefore, the lubricant

completely filled the nanostructured surface without significant excess. The thermal resistance
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of the lubricant layer was also estimated to determine its effect on the overall heat transfer
performance. The thermal resistance is:

Riup = twn/Kiup (S28)
where ki, is the thermal conductivity of the lubricant, ~ 0.09 W/m-K for Krytox GPL 101.
Therefore, in the present work, the thermal resistance of the lubricant is approximately 1.8x10™
m?K/W. Comparing this to the thermal resistances for filmwise condensation of water (8.2x107
m?K/W) and toluene (5.1x10™* m?K/W), it is clear that, even with the lubricant layer, we can
expect a maximum heat transfer enhancement of up to 4.5x for water and 28x for toluene
compared to filmwise condensation based on this simplified analysis. In fact, the actual
maximum enhancement is greater due to the relatively high thermal conductivity of the copper
oxide nanostructures compared to the lubricant, which essentially form a composite material

with the lubricant and significantly lower the thermal resistance.

S8. Transition to Filmwise Condensation of Toluene

Although toluene has a finite positive contact angle on the flat hydrophobic condenser, the low
value of contact angle and high contact angle hysteresis result in a transition to filmwise
condensation even at very low subcooling of less than 1 K, shown in Figure S3 below. This
phenomenon has been reported previously, where low-contact-angle fluids typically condense in

the filmwise mode.*3
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Figure S3. Transition from dropwise to filmwise condensation for toluene condensing on the flat

hydrophobic surface. These time-lapse images show that discrete droplets initially form and
grow on the surface; however, due to the low contact angle and high contact angle hysteresis,

the condensation mode transitions to filmwise even at low (<1 K) subcooling.
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