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Abstract

Enhancing heat transfer efficiency by liquid condensation plays a critical role in

recovering and utilizing low‐grade heat. However, overall heat transfer efficiency is

commonly limited by the inefficient vapor–liquid phase transition flux and enthalpy

during liquid condensation. Here, we report that by introducing small amount of

water into the phase‐change process of ethanol on a liquid‐like polydimethylsiloxane

(PDMS) brush surface, the heat transfer coefficient is significantly enhanced, in

particular, by more than one order of magnitude compared to the pure ethanol

condensation. Such enhanced thermal performance is primarily due to the elaborate

balance between promoting condensation, that is, nucleation and growth, and

increasing latent heat by regulating components of water and ethanol, as well as the

rapid droplet removal by condensing on the PDMS brushes. Note that the more

stabilized dropwise condensation of the binary liquids, retained by accelerating the

droplet coalescence velocity, beyond filmwise condensation ensures its significant

effectivity under high heat flux.

INTRODUCTION

Vapor condensation is a ubiquitous phenomenon in nature and also

an essential process in many industrial applications, for example, heat

pipes,1,2 air conditioning,3,4 and power generation.5 Enhancing the

condensation performance of liquids would significantly improve

the overall thermal efficiency, leading to global energy savings.

Dropwise condensation on a solid surface, during which discrete

mobile droplets form and are easily shed from the surface by gravity,

is a favorable way to improve heat transfer efficiency.6–8 To

accelerate such a process, a high vapor–liquid phase transition flux

on solid surfaces is required, which is commonly achieved by

promoting droplet nucleation, growth, and departure (Figure 1). The

rapid droplet departure promotes the overall heat transfer rate by

reducing the thermal barrier associated with the condensate and

clearing the surface for droplet renucleation.9,10 Besides that,

reducing the surface tension of liquids is an efficient approach

commonly used to promote condensation.11–16 However, the

condensation of low‐surface‐tension liquids is typically characterized

by the formation of a liquid film that entirely covers the condensing
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surface since these liquids wet most solid materials with a low

contact angle. The liquid film results in high thermal resistance and

slows the condensate departure, thereby decreasing the heat transfer

coefficient.

In recent years, intensive research has focused on developing

advanced omniphobic materials, such as lubricant‐infused sur-

faces17–19 and flexible polymer brush coatings,20–22 on which

dropwise condensation of various liquids is demonstrated. For the

common low‐surface‐tension liquids (e.g., ethanol, hexane, and

toluene), the thermal performances of dropwise condensation on

omniphobic surfaces are superior to those of filmwise condensation.

However, efficient heat transfer requires not only rapid droplet

nucleation and departure but also a high enthalpy of condensation

(i.e., latent heat of vaporization). For low‐surface‐tension liquids, the

low latent heat of vaporization and thermal conductivity greatly limit

the thermal performance of phase change (Supporting Information:

Figure S1). The condensation heat transfer coefficient of ethanol, a

representative low‐surface‐tension liquid (with surface tension γlv of

22.8 mNm−1), was only 10–20 kWm−2 K−1, as much as 30–70%

lower than that of pure water.16,18,20 Therefore, displaying high

vapor–liquid phase transition flux and stable dropwise condensation

on a solid surface while balancing the vaporization latent heat are

dominant for improving heat transfer efficiency.

In this study, we report a significant heat transfer enhancement by

introducing a small portion of water into the condensation process of

ethanol on an omniphobic polydimethylsiloxane (PDMS) brush surface.

The binary liquids increased the latent heat without diminishing the

low‐surface‐tension properties of the condensate, therefore gaining

the advantages of high nucleation density, fast growth rate, and rapid

droplet shedding. In addition, the binary liquids accelerated the

relaxation of coalescing droplets, which effectively stabilized the

dropwise condensation under high heat flux. As a result, the binary

condensation of ethanol–water mixtures achieved an 1800% higher

heat transfer coefficient on the PDMS brush surface when compared

with the ethanol condensation. Our experimental results reveal a

previously unnoticed correlation between droplet coalescence hydro-

dynamics and the optimal thermal performance of low‐surface‐tension

liquids, which can shed more light on the phase change process and

associated heat transfer applications.

RESULTS AND DISCUSSION

When condensing the mixture of water and ethanol on the solid

surface (Figure 2a), the ethanol concentration in the binary liquids

determines the thermophysical properties and influences the heat

and mass transfer rate during binary condensation. Figure 2b plots

the variation of surface tension, nucleation energy barrier, and latent

heat of vaporization for the condensate against the volume fraction

of ethanol φe in the binary condensate. We measured the surface

tension of the binary condensate with a DataPhysics tensiometer and

estimated the nucleation energy barrier of binary liquids using the

classical nucleation theory (see theoretical calculation in the

Supporting Information).9,23–25 The increased φe reduced the liquid

surface tension and the nucleation energy barrier, which enhanced

the nucleation rate in the condensation process. However, the trade‐

off for the nucleation enhancement of binary liquids was the

reduction in latent heat of vaporization. This conflict implies that

the efficient heat transfer of binary condensation necessitates

sensitive tuning of the ethanol concentration to achieve the optimal

balance between the enhanced nucleation and the high latent heat of

vaporization. For convenient description here, BL‐70, BL‐80, and BL‐

90 are used to denote the binary liquids with φe = 70%, 80%, and

90%, respectively.

To decrease the interfacial thermal resistance of the condensate,

we used an omniphobic surface coated with PDMS brushes (Figure 2c)

to ensure the dropwise condensation of binary liquids.23,26 The PDMS

brushes consist of polymer chains of repeating siloxane groups (–O–Si

(CH3)2–O–), which were covalently grafted onto a silicon substrate. To

prepare the PDMS brushes, the O2 plasma‐treated silicon substrates

were immersed in water‐saturated toluene with dichlorodimethylsi-

lane. After 30min, the surface was uniformly coated by PDMS

polymer brushes with a thickness of ~4 nm. The prepared PDMS

brushes exhibit great durability even after ultrasonic washing for

30min (Supporting Information: Figure S2). Because of the high

flexibility and low surface roughness of the siloxane chains (see AFM

data in Supporting Information: Figure S3),27,28 the PDMS coating

showed excellent repellency against the binary liquids with extremely

low surface tension (see contact angle data in Table 1). All the binary

liquids exhibited a contact angle hysteresis of less than 6° on the

PDMS brushes (Supporting Information: Figure S4a). The low contact

angle hysteresis results in a low lateral adhesion force F on the surface,

which can be calculated by29–31

F  kwγ θ θ=  (cos cos ),R A− (1)

where k , w , γ , θR, θA denote the dimensionless factor, droplet contact

width, surface tension of the liquid, receding contact angle, and

advancing contact angle, respectively.

As the surface tension and contact angle hysteresis determine

the droplet adhesion force, the mobility of binary liquids on PDMS

F IGURE 1 Overview of factors promoting the heat transfer
coefficient. Un, Ug, Uc, and Ud represent the rate of liquid nucleation,
growth, coalescence, and departure on a solid surface.
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brushes was enhanced by increasing φe (Figure 2d and Supporting

Information: Figure S3B). Compared with pure water, BL‐90

demonstrated ~25% less adhesion force, which was only 5.9 μN.

Therefore, a 3 μL droplet of BL‐90 moved with an average velocity of

~10.5mm s−1 on the PDMS brushes with a tilted angle θt = 40°,

which was approx. five times faster than that of a 5 μL water droplet

(Supporting Information: Figure S5). We also measured the droplet

mobility of binary liquids on the hydrophobic surface coated with

F IGURE 2 Condensation characterization. (a) Schematic of the binary condensation. (b) Nucleation energy barrier, surface tension, and latent heat
of vaporization of ethanol–water mixtures as a function of ethanol concentration. Nucleation energy barrier was calculated based on the classical
nucleation equation. (c) Schematic of the chemical structure of PDMS brushes. (d) Sliding velocity of droplets of ethanol–water mixtures on tilted
(θt = 20°, 30°, 40°) PDMS brushes. Water: 5μL, others: 3μL. Room humidity: 30%. Inset: Sliding photographs of water and binary liquid (φe =90%)
droplets on tilted (θt = 40°) PDMS brushes (Scale bar: 2mm). θt refers to the tilt angle. (e) Initial nucleation site density of liquids on PDMS brushes. (f)
Time evolution of the average droplet radius of various condensed liquids on PDMS brushes. The solid lines denote the droplet growth model r βt= α,
where the slopes are the power law exponent α (0.3 for water and 0.7 for other low‐surface‐tension liquids). (g) Droplet departure volumes on the
vertical PDMS brushes (blue symbols) and hydrophobic PFDTS surface (red symbols) as a function of ethanol concentration. Departure droplet sizes
were estimated by comparing sequential images before and after departure during the condensation process. Inset: Image showing the departure of a
water droplet on PDMS brushes (Scale bar: 2mm). PDMS, polydimethylsiloxane; PFDTS, perfluorodecyltrichlorosilane.
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1H, 1H, 2H, 2H‐perfluorodecyltrichlorosilane (PFDTS). Although the

surface energy of PFDTS coating was lower than PDMS brushes, the

droplet of binary liquids showed a larger contact angle hysteresis

(~25°) and higher lateral adhesion force (~30 μN) on the hydrophobic

surface (Supporting Information: Figure S4b). These results suggest

that the PDMS brushes favor the rapid transport of binary liquids,

which can decrease the interfacial thermal resistance during binary

condensation.

The condensation dynamics of binary liquids on the PDMS

brushes were first characterized in a custom‐made chamber coupled

with optical microscopy (Supporting Information: Figure S6). Nitrogen

gas flow carried the saturated binary vapor into the chamber with a

stabilized flow rate at ~1 Lmin−1. The surface temperature was

adjusted using a Peltier element with circulating cooling water, and

the subcooling between the saturated vapor and surface was

maintained at ~10 K for the experiments here. The video of

condensation was recorded by a camera (Ueye, UI‐2240SE‐C‐HQ)

for further analysis.

At the initial stage, the binary liquids condensed with high droplet

number density due to the low nucleation energy barrier (Figure 2b,e

and Supporting Information: S6A7,32,33 At t = 0 s (Figure 2e), the

droplet density of BL‐90 was 1.4 × 109m−2, which was one order of

magnitude higher than that of water. As condensation time increased,

the number density of pure water droplets remained stable, whereas

the density of the binary condensate decreased continuously

(Supporting Information: Figure S7a, for example, for BL‐90, it dropped

to 3.6 × 107m−2 at t = 300 s). The considerable variation of droplet

number density can be explained by the rapid droplet growth and

frequent coalescence during binary condensation, which was also

indicated by the time evolution of the droplet radius shown in

Figure 2f. The average radius of condensing droplets follows the

equation of r βt= α, where t is the condensation time and α is the

power law exponent representing the droplet growth mechanism.34–36

During the first 300 s, α for the binary liquids was ~0.7 and for water

was ~0.3. The small α for water condensation suggests that most of

the water droplets grow independently without coalescence in the first

300 s.37,38 By contrast, the droplets of binary liquids coalesce much

more frequently due to the narrow droplet spacing and small contact

angle, thus leading to the rapid growing radius and large α in the

droplet growth model.

Figure 2g shows the volume of sliding droplets on the

condensing surface as a function of ethanol concentration φe in

the binary liquids. For the omniphobic PDMS surface, the sliding

volume of condensing droplets decreased with increasing φe, which

was consistent with the results of sessile droplet sliding tests

(Figure 2d). The low lateral adhesion force enables BL‐90 rapidly

slide off the PDMS brushes at a volume of 6 × 10−11 m,3 which was

~90% less than that of water. As a comparison, the droplet sliding

volume on the hydrophobic PFDTS surface was independent of φe.

Although the sliding volume of pure water droplets was compara-

ble on both hydrophobic and omniphobic surfaces, the low‐

surface‐tension binary liquids slid more efficiently on the PDMS

brushes. The rapid liquid transport, therefore, reduces the

interfacial thermal resistance associated with condensing droplets

on the surface.

The measurements of droplet number density and radius enable

us to estimate the condensation rate and heat flux during the first

300 s of the experiment (see details in Supporting Information:

Figure S7). The results show that the condensation heat flux of

binary liquids did not monotonically rise with the increasing ethanol

concentration. Specifically, BL‐90, rather than pure ethanol, showed

the highest condensation rate. At t = 300 s, the total condensate

weight of BL‐90 was 6.4 × 10−9 kg, which was 35% higher than that

of pure ethanol. Despite the extremely high nucleation density, pure

ethanol is not ideal for achieving efficient condensation because the

small contact angle limits the volume of individual droplets. This

phenomenon indicates that the appropriate mix of water and

ethanol is essential to enhance the condensation heat transfer,

which should not rely solely on either the high latent heat of

vaporization (e.g., water) or the increased nucleation rate (e.g.,

ethanol).

To accurately determine the heat transfer performance of binary

condensation at a steady state, we tested the omniphobic PDMS

brushes and the hydrophobic PFDTS surface in a custom‐built

condensation chamber, as shown in Figure 3a and Supporting

Information: Figure S8. The sample was vertically mounted on a

cooling stage to ensure continuous droplet sliding by gravity, and the

surface temperature was controlled by circulating cooling water.

Before the experiment, the chamber was evacuated to a pressure

below 10 Pa to eliminate the influence of noncondensable gases on

the condensation heat transfer.8,39 The vapor of binary liquids was

generated in a boiler and then introduced into the chamber. The

vapor and surface temperatures in the chamber were measured with

Pt100 RTD sensors to determine the subcooling of the surface. The

flow rates and temperatures of cooling water at the inlet and outlet

of the cooling stage were measured to calculate the overall heat flux

and condensation heat transfer coefficient on the surface.40–42

Through the viewport of the condensation chamber, the droplet

morphology and departure rate were recorded via a camera with a

macrolens.

The experimentally determined condensation heat transfer

coefficient on the PDMS brushes and PFDTS surfaces is plotted

as a function of φe in Figure 3b. Compared to pure water and

ethanol, the condensation of binary liquids substantially enhances

the heat transfer performance. BL‐90 demonstrated the highest

condensation heat transfer coefficient h ≈ 57 kWm−2 K−1 on the

TABLE 1 Advancing contact angle and receding contact angle of
binary liquids on PDMS brushes.

Ethanol in condensate, φe

(vol%)
0 70 80 90 100

Advancing contact
angle (°)

104 ± 1 52 ± 1 48 ± 1 45 ± 1 29 ± 2

Receding contact angle (°) 101 ± 1 46 ± 1 43 ± 1 39 ± 1 25 ± 2
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PDMS brushes. It was more than 1800% higher when compared

to the filmwise condensation of ethanol (the green square and

dashed line in Figure 3c, h ≈ 3 kWm−2 K−1) and 250% higher than

that of water (h ≈ 16 kWm−2 K−1). For comparison, in a recent

study, Nenad et al.19 achieved 200% enhancement in the

condensation heat transfer coefficient with stable dropwise

condensation of ethanol; they used tubes and impregnated their

hydrophobic surfaces with Krytox 1525. Due to inefficient

droplet shedding, the hydrophobic PFDTS surface showed a

~35% lower heat transfer coefficient than the omniphobic PDMS

brushes in the same condensation environment. Nevertheless,

the heat transfer coefficient of binary condensation on the

hydrophobic surface was still ~200% higher than that of ethanol.

These results confirmed that the introduction of a small amount

of water into ethanol could, in fact, be a general strategy to

improve the overall heat transfer performance during the

condensation process.

We also investigated the effect of subcooling on condensa-

tion morphology to provide further insight into the optimal binary

condensation heat transfer performance. Figure 3c demonstrates

the variation of condensation heat flux for BL‐90 with the

increasing surface subcooling. We observed that dropwise

condensation only prevailed when the condensation heat flux

was below a critical value (Figure 3d and Supporting Information:

Figures S8–S9). The PDMS brushes sustained the dropwise binary

condensation when the heat flux was below ~130 kWm−2. Once

the heat flux exceeded the threshold, the condensate transitioned

from the droplet morphology to a liquid film with an irregular

shape (Figure 3d). When the heat flux increased to 150 kWm−2,

the liquid film expanded further and eventually merged to cover

the whole surface. Accordingly, the condensation heat transfer

coefficient decreased with increasing subcooling when filmwise

condensation dominated (Figure 3c). The PDMS brushes demon-

strated a significantly higher critical heat flux than the hydropho-

bic PFDTS surface in the same condensation environment. For

BL‐90, the critical heat flux on PDMS brushes was 60% higher

than that on the PFDTS surface (~80 kWm−2). Such enhanced

critical heat flux on the PDMS brushes was also applicable to

other binary liquids, for example, BL‐70 and BL‐80 (see Support-

ing Information: Figure S11 for more experimental data). These

results demonstrate that the dropwise condensation morphology

depends not only on the static contact angle of binary liquids but

also on the other wetting characteristics and condensation rates

on the surface.

The transition from dropwise to filmwise condensation for

binary liquids can be understood as an incomplete relaxation of a

coalesced droplet due to the increased coalescence frequency

under high heat flux.43,44 As shown in Figure 4a, when two droplets

F IGURE 3 Enhanced heat transfer of binary condensation. (a) Schematic of the experimental setup for thermal characterization of binary
condensation. (b) Condensation heat transfer coefficient of binary liquids on PDMS brushes and on the hydrophobic PFDTS surface at a
subcooling of ~2 K. The green square and the dashed line denote the theoretical value of the heat transfer coefficient for filmwise ethanol
condensation. (c) Condensation heat flux of binary liquids BL‐90 as a function of subcooling on different surfaces. The areas shaded in blue and
red denote the dropwise and filmwise condensation regimes. (d) Images showing the dropwise condensation, the transition from dropwise to
filmwise condensation, and the filmwise condensation of BL‐90 on PDMS brushes under different heat fluxes. Error bars were calculated from
the uncertainties of specific heat capacity and density of water, temperature, flow rate, and surface area via error propagation (see the
Supporting Information for details). PDMS, polydimethylsiloxane; PFDTS, perfluorodecyltrichlorosilane.
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contact each other by growth, it takes some time for the droplet to

revert to a more spherical shape driven by the liquid surface tension.

The time required for the coalesced droplet to relax to the

equilibrium state was defined as the coalescence time, tc.
45 If the

coalescence frequency becomes so high that droplets do not have

time to revert to their new equilibrium shape, the condensate would

appear as a continuous liquid film rather than as discrete droplets on

the surface.

To explore the effect of φe on the droplet coalescence

hydrodynamics, we experimentally measured tc for different con-

densing liquids on PDMS brushes by using a high‐speed camera. As

shown in Figure 4b and Supporting Information: Movie S1–S2,

the binary liquids showed slower coalescence when compared to

pure water. For the coalescence of two droplets with r ≈ 0.85mm on

the PDMS brushes, the coalescence time tc was 6ms for water and

22ms for BL‐90. The low surface tension of binary liquids reduces

the driving force for coalescence, thus slowing down the relaxation of

the coalescing droplet.

When plotting the droplet coalescence time tc for the binary

liquids against the droplet radius r , we obtained a linear relationship

between tc and r for all liquids (Figure 4c). Based on the experimental

results, a characteristic velocity Uc can be defined to characterize the

coalescence velocity for different condensing liquids:

U
r

t
= .c

c
(2)

Figure 4d shows the experimentally determined Uc of the

condensing droplets with different φe on the PDMS brushes and

the hydrophobic PFDTS surfaces. Our measurement of characteristic

velocity for water droplet coalescence is faster than that reported

by Beysens,45 but agrees well with later observations.46,47 The

measured Uc of binary liquids decreased with the increasing φe,

which showed the opposite trend compared to the sliding velocity

(Figure 1d). A substantial increase in droplet coalescence velocity Uc

was observed when a small portion of water was added to ethanol.

For BL‐90, the correspondingUc ~1.9 × 10−2 m s−1 was ~170% higher

F IGURE 4 Droplet coalescence and critical heat flux during binary condensation. (a) Schematic showing the droplet coalescence process
during condensation. tc refers to the time scale of droplet coalescence, which is defined as the time period from the instant of two droplets
getting into contact (t = 0) to the stabilization of the coalesced droplet (t = tc). (b) Time‐lapsed images showing the droplet coalescence of water
and BL‐90 (φe = 90%) on PDMS brushes. B rectangles highlight the time (t = tc) when the droplets finish the coalescence processes (Scale bar: 0.
5 mm). (c) Coalescence time tc as a function of the droplet radius for different liquids on PDMS brushes. (d) Values of Uc (coalescence velocity) on
PDMS brushes and hydrophobic surfaces as a function of ethanol concentration. (e) Experimental critical heat flux as a function of Uc on PDMS
brushes and on a fluorinated surface. PDMS, polydimethylsiloxane; PFDTS, perfluorodecyltrichlorosilane.
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than that of pure ethanol on the PDMS brushes (~7 × 10−3 m s−1),

therefore resulting in a much more stable dropwise condensation

state as demonstrated by the experimental results (Figure 3d).

Droplet coalescence velocity Uc on the PDMS brushes was

consistently higher than that on the hydrophobic PFDTS surface,

with a difference of up to 50% when φe = 70% (Figure 4d). The rapid

droplet coalescence indicated that the liquid contact line moved with

less resistance on the PDMS brushes due to the lower droplet

adhesion force. Since the rapid droplet coalescence creates more

surface area available for nucleation, we obtain a positive correlation

between the critical condensation heat flux q″cr and the coalescence

velocity Uc (Figure 4e). Note that this positive correlation reveals no

statistical difference between the PDMS brushes and the PFDTS

surface, which underscores that it is the droplet coalescence

hydrodynamics on the surface rather than the droplet departure

ability that plays a defining role in stabilizing the dropwise

condensation under high heat flux.

Our exploration of critical heat flux reveals that efficient binary

condensation is due to the synergy of optimized liquid thermo-

physical properties and liquid/solid interaction. The low contact

angle hysteresis on PDMS brushes leads to rapid droplet sliding and

high coalescence velocity of binary liquids, thus achieving a high

heat transfer coefficient. Note that the enhanced heat transfer by

binary condensation is not limited to the ethanol–water mixture.

We anticipate that other binary liquids, for example, water/

isopropanol, water/glycol, and so on, can also promote heat transfer

when the latent heat and liquid surface tension are carefully

adjusted. Future development could go a step further by imple-

menting this strategy to the condensing surfaces with textures or

gradient wettabilities,48–52 which may break the limit of heat

transfer performance. Meanwhile, although the PDMS brushes

show good durability after ultrasonic washing, the durability for

sustaining dropwise condensation in the long term is still needed to

be considered in the future. Additional techniques can be combined,

for example, micro/nanostructures or inorganic coatings, to advance

the approach to real‐life applications.53

CONCLUSION

This study successfully enhanced the condensation heat transfer by

adding small amount of water during the phase‐change process of

ethanol. The condensation of binary liquids exhibited a high

nucleation and growth rate while allowing for the rapid droplet

departure. As a result, the binary condensation on the omniphobic

PDMS brushes increased the heat transfer coefficient by more than

1800% compared to the filmwise ethanol condensation. Moreover,

the binary liquids accelerated the droplet coalescence, thus

effectively avoiding the filmwise condensation of low‐surface‐

tension liquids under high heat flux. These results can help to

fundamentally improve the phase‐change heat transfer of liquids in

a wide range of applications such as power generation, thermal

management, and waste heat recovery.

METHODS

PDMS brushes: Silicon wafers (Silicon Materials Inc, P type, 〈1 0 0〉

orientation) were ultrasonicated in toluene (98%, Sigma) and ethanol

(99.5%, Sigma) for 5 min and dried with nitrogen. Then, the substrates

were cleaned with oxygen‐plasma (Diener Electronic Femto, 120W,

6 cm3min−1 oxygen flow rate) for 5 min and immersed in a mixture of

40mL of toluene (with saturated water) and 1.4 mL of dimethyldi-

chlorosilane. After 0.5 h, the substrate was taken out, washed with

toluene, and dried with nitrogen.

Fluorinated surface: Silicon wafers were washed ultrasonically

for 5 min with toluene and ethanol, as described above. Afterward,

wafers were treated with 120W oxygen‐plasma for 5min before

being placed into a vacuum desiccator with ~20 µL of 1H, 1H, 2H,

and 2H‐perfluorodecyltrimethoxysilane added in the bottom of the

desiccator. Then, the desiccator was evacuated to ~10mbar. The

reaction lasted for 12 h. Finally, the substrates were heated in an

oven at 120°C for 2 h before further experiments were undertaken.

The measurements were conducted using a contact angle

goniometer (OCA35, Dataphysics). Advancing and receding contact

angles were determined by increasing and decreasing the droplet

volume between 10 and 20 μL at the rate of 1 μL s−1. Sliding angles

were determined with a tilt speed of 1° s−1. The videos and contact

angles were recorded continuously by a commercially available

program (SCA). The sliding velocities of liquid droplets on tilted

PDMS brushes were determined from the corresponding videos.

Each result was repeated more than three times.

Condensation experiments were conducted in a well‐sealed

chamber with a vapor inlet and outlet (Figure 2a). The test sample

was attached to a copper plate with thermally conductive paste

(OMEGA, OT‐201‐2). Saturated vapor was controlled by a mass flow

controller (OMEGA, FMA‐A2208, 0–5 Lmin−1). The chamber was filled

with nitrogen before injecting the desired vapor. After the chamber was

filled with vapor for 10min, the surface was cooled down by a Peltier

element until a specific subcooling was reached (~10K). The surface

temperature was measured by a thermistor. Videos were recorded using

a camera (Ueye, UI‐2240SE‐C‐HQ) attached to a microscope. Droplet

characteristics were analyzed from recorded videos with Image J.

For measurements of coalescence time, the chamber was placed

vertically. A high‐speed camera (Photron, FASTCAM Mini UX100)

was used to record the video at 4000 fps for image analysis.

Condensation heat transfer measurements were conducted in a

custom‐made setup, which consisted of a vapor generator, a

condensation chamber, a chiller for cooling the substrate, a vacuum

pump with a cold trap, and a camera. The vapor generator was heated

by a heat plate. A magneton in liquids ensured a well‐mixed

ethanol–water mixture. Temperature (OMEGA, PT100) and pressure

(Vacuum Gauges, Pfeiffer, CCR362) inside the condensation chamber

were measured in real‐time throughout the measurement.

Condensing surfaces were mounted via thermally conductive

paste (OMEGA, OT‐201‐2) on a copper plate vertically placed in

the condensation chamber. Two thermistors (OMEGA, PT100)

attached to the condensing surface were utilized to measure the
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temperature of the substrate. A chilled water bath (Julabo, F25)

was used to dissipate the heat from the condensing surface. A flow

meter (MPM, FT‐210) was used to measure the speed of the

cooling water, and two thermistors (OMEGA, PT100) were used to

measure the temperature of the inlet and outlet of the water. All

these data were monitored and recorded by a data acquisition

system in a LabVIEW program. A vacuum pump (Vacuubrand, RC5

Chemistry Hybrid Vacuum Pump) was integrated to pump down

the experimental system to vacuum conditions (Pv < 10 Pa)

before the condensation chamber was filled with the desired

vapor. Then, the condensation chamber was degassed more than

three times. The liquids in the vapor generator were boiled for

more than 30 min to remove the noncondensable gas before

conducting the experiments. A camera (Sony Alpha 7 R III) was

used to monitor the characteristics of droplets on surfaces during

heat transfer measurements.
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