Patterned Quasi-Liquid Surfaces for Condensation of Low Surface Tension Fluids

Dylan Boylan®®, Deepak Monga®°, Zongqi Guo?, Li Shan?, Pengtao Wang®, and Xianming Dai®*
4Department of Mechanical Engineering, The University of Texas at Dallas, Richardson, TX
75080, USA.

b Multifunctional Equipment Integration Group, Building Technologies, Research and Integration
Center (BTRIC), Oak Ridge National Laboratory, (ORNL), Oak Ridge, TN 37830, USA.

“These authors contributed equally.

*Email: Dai@utdallas.edu

Keywords: Quasi-liquid surface, heat transfer, condensation, low surface tension fluid

Abstract

Extensive research concerns dropwise condensation to promote energy efficiency and
decarbonization in thermal energy systems, such as the condensation of low surface tension fluids.
However, achieving the dropwise condensation of low surface tension fluids is challenging as
highly wetting liquids result in filmwise condensation. Drawing inspiration from the Namib desert
beetle that enhances condensation through patterned wettability, this work reports a patterned
quasi-liquid surface capable of achieving dropwise condensation of low surface tension fluid. The
surface features alternating stripes with a fluorinated quasi-liquid surface (FQLS) and fluorinated
silane, where the FQLS stripes act as slippery bridges that accelerate droplet coalescence and
removal. The experimental results demonstrate that the striped FQLS-silane exhibits a heat transfer
coefficient 100% and 300% higher than that of uniform fluorinated silane and hydrophilic silicon
surfaces, respectively. More importantly, this study reveals the existence of a minimum contact

angle requirement for sustaining dropwise condensation, irrespective of contact angle hysteresis.



These findings provide a new paradigm for promoting the dropwise condensation of low surface

tension fluids and offer valuable insights to surface design for energy sustainability.



1. Introduction
Improving the efficiency of vapor condensation has the potential to impact energy savings in
various sectors, including electricity generation [1, 2], refrigeration and air-conditioning [3], low-
grade waste heat recovery [4], and thermal management [5]. To combat greenhouse gas emissions,
prior research is focused on investigating low global warming potential (GWP) working fluids to
achieve efficient thermodynamic systems [6]. Additionally, alternative fuel sources such as
biofuels, derived from renewable sources (e.g., biodiesel and ethanol), are being explored to help
mitigate greenhouse gas emissions [7]. These alternative fuels typically exhibit significantly lower
surface tension compared to water. Moreover, emerging low GWP refrigerants s promising for
heat pumps and refrigeration systems, organic Rankine cycles, and thermal management systems,
are often low-surface tension fluids. Therefore, improving the condensation of low surface tension
fluids is crucial for increasing energy efficiency and reducing greenhouse gas emissions.
Extensive research has focused on the effective condensation of steam, with the aim of
applying similar principles to low surface tension fluids in the past decades. Dropwise
condensation, characterized by discrete liquid droplets, typically exhibits a magnitude higher heat
transfer performance than filmwise condensation, which is hindered by a thick condensate layer
with large thermal resistance. To achieve the formation of discrete droplets, it is essential to lower
the surface energy, thereby tuning surface wettability to optimize droplet nucleation and removal.
In steam condensation, hydrophobic surfaces reduce droplet pinning, while hydrophilic surfaces
promote filmwise condensation. Droplet pinning arises from contact angle hysteresis (CAH),
which is defined as the difference between the advancing and receding contact angles [8]. Various
approaches have been explored to minimize droplet pinning to enhance condensation, including

initiated chemical vapor deposition (iCVD) polymer coatings [9, 10], patterned wettability [11-



13], superhydrophobic structures [14, 15], and lubricant-infused surfaces [16-19]. However,
micro/nano textures suffer from flooding issues [20, 21], while liquid-infused surfaces experience
durability challenges due to the inevitable depletion of lubricant [22].

To address durability challenges, quasi-liquid surfaces (QLS) have been developed, consisting
of chemically grafted flexible polymers that exhibit high-performance heat transfer in steam
condensation, and surpass the capabilities of superhydrophobic and liquid-infused surfaces [23,
24]. Recent studies have demonstrated that even on a hydrophilic surface, dropwise condensation
can be promoted by achieving a sufficiently low CAH [25]. In particular, a patterned surface
comprised of both a hydrophilic and hydrophobic QLS has shown significant enhancements in
condensation [26]. Nevertheless, these state-of-the-art surface coatings still struggle to maintain
dropwise condensation of low surface tension fluids, such as ethanol, primarily due to their low
contact angle [27].

To effectively repel low surface tension fluids, superomniphobic reentrant structures were
developed, relying on maintaining droplets in the Cassie-Baxter state [28]. However, these
surfaces fail during condensation due to the nanoscale droplet nucleation inside the structures,
causing a transition from the Cassie-Baxter state to highly pinning Wenzel state, and resulting in
filmwise condensation [29]. Various lubricant-infused surfaces were studied to prevent the
transition to the Wenzel state, but they still experienced lubricant depletion by shearing and
cloaking [30]. To overcome these challenges, a surface coating that promotes dropwise
condensation of low surface tension fluids was fabricated through the iCVD of polymers [31]. The
chemically grafted surface coating showed effective repellency of the fluids while maintaining a
lower CAH, thus effectively removing condensates. However, the fabrication of such a surface is

substrate dependent and requires vacuum conditions to generate plasma deposition, facing



scalability and cost challenges. Therefore, a new chemical coating was developed through the
deposition of a low surface energy coating atop QLS, namely fluorinated quasi-liquid surface
(FQLS) [32]. The coating has super liquid repellency and ultralow CAH for various fluids [23].
As patterned wettability has been shown to provide significant heat transfer enhancement during
steam condensation due to lateral droplet movement [26], we hypothesize that the condensation of
low surface tension fluids can be enhanced by introducing lateral droplet movement with distinct
CAH patterns.

Here, we introduce a chemically patterned surface with enhanced wettability that enables the
dropwise condensation of ethanol (y = 22 mN/m). To achieve this, we utilize striped coatings with
a high contact angle of ethanol but distinct CAH. Our investigation focuses on elucidating the role
of surface chemistry in the condensation of ethanol. We present a chemical pattern composed of a
low surface energy FQLS and silane, termed FQLS-Silane, which exhibits rapid droplet growth
and shedding facilitated by optimized pattern interaction. Notably, we demonstrate that achieving
a sufficiently high contact angle, with CAH patterns, is efficient for the removal of condensates to
promote dropwise condensation. Furthermore, we establish that our patterned FQLS-Silane
outperforms both the uniform silane surface and filmwise condensation, exhibiting a heat transfer
coefficient that is 100% and 300% higher, respectively. This study provides a pioneering approach
to designing high-performance condensation of low surface tension fluids, which holds great
promise for energy systems. By leveraging chemically patterned wettability and optimizing the
surface chemistry, we open new avenues for enhancing the condensation performances of low-
surface tension fluid and ultimately contribute to advancements in energy efficiency and
decarbonization.

2. Experiments



2.1 Design Concept

The primary objective of this study is to explore chemically patterned surfaces and
investigate the influence of surface chemistry on the condensation behavior of low surface tension
fluids. By optimizing the interaction between condensed droplets on patterned surfaces, we aim to
enhance droplet growth and shedding rates, thereby promoting efficient dropwise condensation.
In our previous work, we demonstrated the superiority of a striped pattern in terms of improving
droplet mobility and achieving the highest condensation heat transfer coefficient [26]. Building
upon these findings, our current study employs a similar striped pattern while varying stripe widths
for each wettability, allowing for a comprehensive investigation of surface chemistry’s impact on
the condensation of low surface tension fluids.

In the condensation of pure ethanol, our striped FQLS-Silane outperforms the uniform
silane surface in droplet growth and shedding (Figure 1). We experimentally investigated the
optimized striped FQLS-Silane (FQLS width is 500 um and Silane width 1000 um) and uniform
fluorinated silane (Figure la-b). The chemical compositions of FQLS and silane, along with
goniometer images for ethanol contact angle and hysteresis, are provided (Figure 1c-d). Silane is
a rigid, self-assembled monolayer with a high surface roughness, which contributes to its higher
CAH (Figure 1d) [23, 24]. FQLS is comprised of a quasi-liquid surface with silane grafted atop to
reduce its surface energy for effective ethanol repellency (Figure 2c¢) [32]. The flexibility of the
siloxane bond, along with a low surface roughness, achieves a CAH of 10° while maintaining a
60° ethanol contact angle [33]. We visualized the droplet dynamics on the vertical surfaces during
pure ethanol condensation. Macroscopic images were captured at one-second intervals during

steady-state ethanol condensation on striped FQLS-Silane and Silane surfaces (Figurele-f). The
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Figure 1. Patterned surfaces aid in rapid droplet coalescence. Droplet condensation cycle
schematic for (a) patterned FQLS-Silane (b) Uniform silane. Chemical composition,
goniometer image of ethanol contact angle, and contact angle hysteresis measurements for (c)
FQLS (d) Silane. The scale bars for goniometer images are 1 mm. Macroscopic images of pure
ethanol condensation at a subcooling of 1K at a one-second interval during steady-state
condensation for (e) patterned FQLS-Silane (f) Uniform silane. The scale bars are 2.5 mm.

presence of FQLS stripes facilitates lateral droplet coalescence and acts as slippery bridges to
reduce droplet pinning between highly pinning silane regions. The droplet cycle time, defined as
the time from droplet nucleation to droplet shedding, is studied to characterize the performance of
dropwise condensation. A lower droplet cycle time is beneficial to rapidly remove condensates

and refresh the area for re-nucleation. Our striped FQLS-Silane shows accelerated droplet growth



and shedding, leading to a 20 times reduction in droplet cycle time (Figure le-f, Movie S1,
Supporting Information).

A reduced droplet cycle time is ideal for producing increased droplet free area for re-nucleation,
thus enhancing condensation heat transfer. Striped FQLS-Silane on average shows droplet growth
and shedding within 1 s (Figure 1e). This results from rapid droplet growth and shedding due to
lateral droplet movement. In contrast, uniform silane only has tiny droplets within 1 s (Figure 1f).
This study presents the first patterned wettability approach to achieve dropwise condensation of
ethanol. By leveraging the chemical properties of these state-of-the-art surfaces, which directly
influence the surface wettability, we can reduce droplet pinning to improve overall condensation
performance.

2.2 Surface Fabrication

The fabrication process for all patterned surfaces in this study involved bonding them onto
silicon wafers (4”, 500 pm thickness, p-type, and <1 0 0>) following the procedure outlined in
Figure 2. Initially, all silicon wafers were rinsed with acetone and DI water. After drying using
pure nitrogen gas, the wafers were treated with hexamethyldisilane (HMDS) for 20 minutes to
promote the adhesion of the photoresist. A positive photoresist (AZ1512) was then spin-coated
onto the silicon wafers with 1-min soft baking at 115°C (Figure 2a). The coated wafer was exposed
under the g-line in an ultraviolet printer (Karl Suss Contact Printer MABA6 Gen4), and
subsequently developed with AZ 917 developer (Figure 2b). Plasma treatment was applied to
remove any remaining undeveloped photoresist. Clean patterned samples (4 cm x 4 cm) were
placed in a petri dish upside down for chemical grafting. Petri-dish (size: diameter 100 mm; height
15 mm) containing chlorine-terminated polydimethylsiloxane (277 g mol™?,150 pL, Gelest Inc.)

was then placed in a fume hood for 30 minutes, the flexible PDMS polymer was tethered to the
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Figure 2. Patterned surface fabrication. (a) A cleaned silicon wafer is spin-coated with a positive
photoresist. (b) After photolithography and development, a stripe pattern is left on the silicon
wafer. (¢) QLS is chemically grafted onto the surface through vapor deposition. (d) Sample is
rinsed with acetone to remove photoresist. (¢) QLS pattern remains on the surface. (f) Silane is
chemically grafted onto the existing QLS pattern and bare silicon wafer. (g) Fluorinated QLS
and silane pattern is generated. (h) Schematic of chemical composition of FQLS.

substrate in this one-step self-catalyzing vapor-phase grafting method (Figure 2c). The photoresist
was removed by thorough rinsing with acetone, leaving only the chemically bonded QLS pattern
(Figure 2d-e). Immediately afterward, the QLS patterned samples were once again placed in a petri
dish upside down for silane grafting. Petri-dish (size: diameter 100 mm; height 15 mm) containing
trichlorosilane (tridecafluoro-1,1,2,2-tetrahydroctyl) (150 uL, Gelest Inc.) was deposited by vapor
phase grafting for 2 h in a fume hood (Figure 2f). The silane compound bonded to both the existing
QLS area, generating FQLS, and the bare silicon wafer, resulting in a striped FQLS-Silane pattern
(Figure 2g). The chemical composition of the FQLS, depicting the bonding of silane onto the QLS,
is illustrated in Figure 2h. For the uniform surfaces, the same initial cleaning process was

conducted then, followed by the grafting of the desired chemical using vapor deposition.

2.3 Surface Characterization



Contact angle measurements were conducted using a standard goniometer (Model 290,

Ramé-hart) at room temperature (20 °C, ~50% relative humidity). All measurements were

performed with ethanol droplets (10 uL) and averaged over at least 5 independent measurements

from various positions on samples. CAH measurements were performed by slowly tilting the

substrate until droplets began to slide, then collecting the advancing and receding contact angles.

2.4 Experimental Setup

Figure 3 shows the setup used for experimental measurements of pure ethanol condensation.

We fabricated patterned samples (4 cm x 4 c¢m) to test in our custom-built ethanol condensation

chamber. For each unique sample pattern, we ran experiments at least three times to ensure

consistent results, and the averaged values were reported.
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Figure 3. Experimental set-up for pure ethanol condensation.
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The aluminum chamber (7.5 cm x 24 cm x 24 cm) consists of cartridge heaters installed at the
corners of the condensation chamber. Their temperature was controlled by a PID controller
(OMEGA, CN7800) to maintain saturated working conditions inside the chamber and to prevent
condensation on the walls of the chamber. A calibrated K-type thermocouple (OMEGA, SCASS-
062G-6) and a pressure gauge were installed to monitor the saturation temperature and pressure
inside the chamber. For visualization, a glass window was used on the front side of the
condensation chamber, and the backplate was designed for the installation of the copper block and
the sample. Strip heaters were installed on the glass window to prevent condensation on the inner
surface, which allows for clear visualization. Videos and images of the condensation experiments
were taken using a single-lens camera. Ethanol generated in the ethanol generator was delivered
to the condensation chamber through a 10 mm pipe.

A coolant unit consisting of a chiller and a heat exchanger was used. The chiller, equipped
with a temperature controller, circulated water within the 4 cm x 4 cm copper cooling block at a
constant temperature. A heat exchanger was installed at the outlet of the cooling block to ensure
the temperature of the chiller was at 4 °C. The temperature of the copper cooling block was varied
using a variable flow rate pump. A data acquisition system was used to record the temperature
values of various K-type thermocouples installed. K-type thermocouples with diameters of 0.5 mm
were inserted in the four drilled holes to measure the temperature distribution along the copper
block for calculating the subcooling. To maintain a constant ethanol level inside the chamber,
ethanol was discharged at regular intervals through the discharge nozzle.

The copper cooling block was installed inside the aluminum chamber for condensation tests.
The copper block outside the chamber was surrounded with aluminum housing and insulation to

assure one dimensional (1-D) heat conduction. Mechanical sealing of the chamber was achieved



by using high-temperature RTV silicone. The surface of the copper block was cleaned with acetone
and DI water and then dried to remove the atmospheric contaminations. The chamber was heated
to achieve the saturation temperature of the ethanol. Then, the ethanol inside the chamber was
rigorously heated at 80°C, and degassing was done for 1 hour to remove non-condensable gases.
The ethanol vapors were delivered to the condensation chamber from the vapor generator. The
inside temperature and pressure were monitored for steady-state working conditions. For all the
experiments, the temperature of circulating water was kept constant at 4 + 0.2 °C. The flow rate
varied from 0.08 L/min to 2.3 L/min for required specimen subcooling. The chamber temperature
was monitored until a steady state was achieved (i.e., a constant temperature). The ethanol pressure
was 6.9 kPa above atmospheric pressure and was maintained inside the chamber for the

experiments. The percentage of non-condensable gases (NCG) was calculated using Gibbs-

Dalton’s law, NCG = %S(T”) X 100% , where Py is the chamber pressure measured using the

v

pressure gauge and Ps(Tv) is the pressure that corresponds to the saturation temperature[13]. The
temperature (Tv) measured by the thermocouple inside the chamber is 81.5°C and the saturation
vapor temperature corresponding to the ethanol pressure maintained in the chamber is 80°C which
indicates that the ethanol is overheated for 1.5°C. The calculated percentage of non-condensable
gases is below 0%, which shows it is pure ethanol condensation. The temperature values were
recorded when thermocouples attained steady-state conditions. A ring LED light source was turned
on during visualization and recording with a camera, while the light source was disabled during

heat transfer measurements.

2.5 Data Reduction and Calibration



Experimental temperature data were analyzed to determine the condensation heat transfer
coefficient. The calibration of the experimental setup is shown in Figure 4. Fourier’s law is used

to determine the rate of heat conduction through the copper bar, and the heat flux q’’ is given by,
" ar
q’ = —k — (1)

where k is the thermal conductivity of copper (385 W/ (m K)), and dT/dx is the temperature
gradient along the copper block.
The temperature on the condensation surface can be calculated with a thermocouple

inserted in the hole close to the surface of the copper block, using the following relation,

/
;i Ax

T, =T, +q X

)

where Ts is the temperature of the condensing surface, Ta is the temperature of the thermocouple
close to the surface, 4x " is the distance between the thermocouple close to the condensing surface,
and k is the thermal conductivity (Figure 4a). The thermal resistance network shows the total
resistance of the system, which includes the thermal resistance of the silicon substrate, thermal
paste, and copper block. The thickness of the silicon wafer was 530 um. The thermal conductivity
of the silicon and the thermal paste was 150 W/ (m-K) and 4.7 W/ (m-K), respectively. Newton’s

law of cooling gives the heat transfer coefficient h,

124

h =2 3)

Tsat_Ts

where the subcooling AT = Tsat — Ts. Tsat IS the saturation temperature of ethanol.
To calibrate the experimental setup, a hydrophilic silicon substrate was used to measure
the condensation heat transfer coefficient of pure filmwise condensation. Two hydrophilic silicon

samples were used to assure the repeatability of the experimental heat transfer coefficient. The



Nusselt model of filmwise condensation for a vertical surface was used to validate the

experimental results.

(4)

1
W= 0943 (Pz (p1= PG g k13) /a
. Ly (Tsqe—Ts)
where p; is the liquid density, p,, is the vapor density, g is the acceleration due to gravity, L is the

characteristic length, y; is the dynamic viscosity of the liquid, hy, is the corrected latent heat of

vaporization: hy, = hsg + 0.68 (Cp,l (Tgqr — Ts)), where C, , is the specific heat of the liquid.

The experimental heat transfer coefficients obtained on the silicon surfaces exhibited good
agreement with the theoretical Nusselt calculation (Figure 4b). The heat flux q"" was computed
based on temperature measurements obtained from four thermocouples inserted in the copper
block (Figure 4a). To validate the assumption of a 1-D heat conduction case, the temperature
gradients measured between each thermocouple were plotted (Figure 4c). The temperature
gradients are equivalent, confirming a linear temperature profile and validating the 1-D heat
conduction assumption. Additionally, the measured temperature of T, aligned well with the
predicted temperature (Figure 4d), further affirming the reliability of our data collection and the
method used for data analysis. The uncertainties of the heat flux and the heat transfer coefficient

were calculated using the Kline and McClintock method,[34]

G 2 G 2 G 219
% = [(6—91“1) +(35,) +"'+(@“n)] ®)
where G = G (04,0, ..., 0y) is a function of independent variables and g; is the uncertainty of a

certain variable, 8;. The uncertainty of a temperature measurement is + 0.2 K, and the uncertainty

in the length measurement is + 0.02 mm.
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Figure 4. Calibration of experimental set-up for pure ethanol condensation. (a) Schematic for
thermocouple spacing on the copper block and thermal resistance network. (b) Heat transfer
coefficient as a function of subcooling for experimental and theoretical filmwise condensation.
(c) Temperature gradient as a function of flow rate measured between thermocouples. (d)
Temperature as a function of flow rate for the measured and predicted temperature of 74.

3. Results and discussion
3.1 Patterned QLS for High Performance Condensation of Low-Surface Tension Fluid

To investigate the heat transfer performance of striped FQLS-Silane (width 500 wm -1000
um) under pure ethanol condensation, the experiments were conducted in the custom-built

chamber. We experimentally compared the heat transfer performance on striped FQLS-Silane with



those on a conventional uniform silane surface and a hydrophilic surface (Figure 5). Confined
droplets within the FQLS and silane stripes exhibit rapid growth through coalescence, while
droplets within alternating FQLS and silane patterns expand through lateral droplet coalescence.
The size of the FQLS stripe is less than the shedding diameter on FQLS of 1000 um, restricting
droplets from growing and being absorbed by droplets in the adjacent silane pattern (Figure 1,
Movie S1, Supporting Information). Moreover, the large droplets in silane stripes exhibit two
distinct behaviors: 1) As large droplets extend beyond the boundaries of the silane pattern, the
presence of FQLS reduces droplet pinning, facilitating shedding along the silane pattern; 2) large
droplets expand out of the silane pattern to bridge across the FQLS to another silane pattern before
shedding, effectively sweeping three patterns. These mechanisms result in an ultrashort shedding
cycle time of 1 s on the striped FQLS-Silane, in contrast to the 20 s observed for the uniform silane
surface. On the uniform silane surface, droplets must grow by coalescence until reaching the
critical shedding diameter for gravity-induced shedding (Figure 1, Movie S1, Supporting
Information). Ethanol droplets collapsed to filmwise condensation for all subcoolings due to the
ultralow contact angle of ethanol on the surface of hydrophilic silicon.

The HTCs on the three surfaces were quantified during pure ethanol condensation and
plotted as a function of heat flux. FQLS-Silane exhibited the highest heat flux, reaching 43 kW/m?,
which is 60% and 140% higher than that on silane and hydrophilic silicon surfaces, respectively
(Figure 5). Moreover, FQLS-Silane consistently outperformed silane and hydrophilic silicon in
terms of HTC across all heat fluxes. For instance, at a heat flux of 20 W/m?, FQLS-Silane
demonstrated an HTC of 20 kw/m? K, which is 185% and 300% higher than that on silane and

hydrophilic silicon, respectively.
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While silane exhibited dropwise condensation for all heat fluxes, its HTC approached that of
filmwise condensation at a heat flux of 20 W/m? (Figure 5). These experimental findings
conclusively demonstrate that the introduction of the slippery FQLS-Silane pattern leads to the

highest heat transfer performance during ethanol condensation.

3.2 The Role of Contact Angle and Contact Angle Hysteresis in Condensation of Low Surface
Tension Fluid

Dropwise condensation of water vapor can be achieved on a slippery surface with both low
and high contact angles [25]. However, when condensing a low surface tension fluid, such as
ethanol, the required contact angle to maintain dropwise condensation changes. To properly design
a surface with patterned wettability that avoids filmwise condensation, we investigated the three

uniform coatings QLS, silane, and FQLS for ethanol condensation (Figure 6).



Figure 6. High contact angle maintains dropwise condensation of a low surface tension fluid.

Macroscopic images taken during steady-state ethanol condensation at subcooling of 1 K for

(a) QLS (b) silane and (c) FQLS. The scale bar is 2 mm.
Although QLS has a negligible CAH of 0.5°, it collapses to filmwise condensation around a
subcooling of 1 K (Figure 6a). This transition is attributed to its low ethanol contact angle of 30°,
resulting in a low departure speed. Consequently, the surface cannot remove condensates faster
than nucleation leading to filmwise condensation. In contrast, both silane and FQLS maintain
dropwise condensation for all subcooling values (AT = 1-5 K), owing to their ethanol contact
angles of 60° and 57°, respectively (Figure 6b-c). Both surfaces effectively repel ethanol droplets
due to their fluorinated nature, which provides a low surface energy [32]. While both silane and
FQLS can maintain dropwise condensation, their average shedding cycle times are 20s and 3s, and
shedding diameters are 2000 um and 1000 pm, respectively (Movie S1, Supporting Information).
The longer cycle time and shedding diameter are a direct result of the high droplet pinning,
indicated by the larger CAH of 30° compared to that on FQLS of 10°. These results demonstrate
that achieving a sufficiently high contact angle with a moderate hysteresis is more important than
an ultralow CAH for maintaining dropwise condensation of low surface tension fluid.

To elucidate the mechanism of condensation enhancement on FQLS-Silane, we fabricated

patterned stripes with varied chemical coatings for comparative studies (Figure 7).
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Figure 7. Mechanism of maintaining dropwise condensation on FQLS-Silane. Schematic of
ethanol droplet dynamics on 500-1000 stripes for (a) FQLS-Silane (b) FQLS-Si and (¢) QLS-
Silane. Macroscopic images from ethanol condensation at the subcooling of 2 K after 10 min in
steady-state for (d) FQLS-Silane (¢) FQLS-Si and (f) QLS-Silane. The scale bar is 2.5 mm.

The sizes of stripes were fixed at 500 — 1000 pum for three different wettability contrasts: FQLS
and silane, FQLS and silicon, and QLS and silane (Figure 7a-c). To emphasize the importance of
a high ethanol contact angle, we compared the condensation behavior on FQLS-Silane and FQLS-
Si surfaces (Figure 7d-e). On FQLS-Silane, droplets rapidly grow through coalescence in both the
FQLS and silane stripes respectively. Once droplets grow large, they expand out of the silane stripe
onto the FQLS stripe (Figure 7d). The FQLS region reduces the pinning of the large droplets,
which are then shed by gravity. Additionally, the shedding droplets can bridge with adjacent
shedding droplets, leading to the sweeping of three patterns simultaneously. In contrast, on FQLS-
Si, the silicon stripes suffer from filmwise condensation at all subcoolings (Figure 7e). On FQLS-

Si, droplets on the FQLS stripe must grow to be larger than the stripe width to be absorbed into



the silicon area through lateral coalescence, as the width of 1000 pum is not sufficient to achieve a
shedding volume (Figure 7b) [35].

Furthermore, to study the significance of contact angle and CAH, we compared the FQLS-
Silane and QLS-Silane. The QLS and FQLS showed ethanol contact angles of 30° and 57° and
CAH of 0.5° and 10°, respectively. We analyzed the condensation dynamics on FQLS-Silane and
QLS-Silane (Figure 7e-f). The QLS region suffers from filmwise condensation for all subcoolings
(Figure 7f). Moreover, due to the high CAH of silane of 30°, droplet pinning is significant, resulting
in flooding on the silane surface (Figure 7f). In contrast, FQLS-Silane maintains dropwise
condensation due to its higher ethanol contact angle of 57° regardless of a moderate CAH of 10°
(Figure 7d). Our results have demonstrated that sufficiently high contact angles on both patterns
are significant for the entire patterned surface to maintain dropwise condensation of low surface
tension fluids.

We compared the experimental HTC as a function of heat flux on FQLS-Silane with those
on FQLS-Si and QLS-Silane (Figure 8). FQLS-Silane achieved a maximum heat flux of 43 kW/m?,
which is 80% and 115% higher than that of FQLS-Si and QLS-Silane, respectively (Figure 8).
Furthermore, FQLS-Silane could achieve a higher HTC compared to FQLS-Si, and QLS-Silane at
all heat fluxes (Figure 8). FQLS-Silane showed an HTC of 20 kW/m?K at a heat flux of 20 kW/m?,
which is 300% higher than that on both FQLS-Si and QLS-Silane (Figure 8). The rapid droplet
growth and bridged sweeping observed in FQLS-Silane are highly desirable to maintain dropwise

condensation and enhance heat transfer performance over a range of subcooling.

3.3 Parametric Study of Striped Patterns
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Figure 8. Optimal wettability for high heat transfer performance. Experimental heat transfer
coefficient as a function of experimental heat flux for striped FQLS-Silane, FQLS-Si, and QLS-
Silane.

Parametric studies were conducted to investigate the condensation behavior and optimize
the sizes of stripes for the FQLS-Silane surface (Figure 9). Three different designs were analyzed,
labeled accordingly as the widths of FQLS-Silane patterns: 200-1000 um, 1000-200 um, and 500-
1000 um, respectively (Figure 9a-c). We observed three distinct condensation modes, namely
lateral, dewetting, and bridging DWC.

On the 200-1000 pattern, filmwise condensation occurred on the 1000 um silane stripes,
while dropwise condensation was observed on the FQLS stripes (Figure 9d). Droplets on the FQLS
stripes can only be removed through lateral coalescence as the width is less than the ethanol
shedding diameter of FQLS. We refer to this mode as the lateral mode, where droplet removal
occurs primarily through lateral coalescence from the FQLS stripe to the silane stripe, which
suffers from filmwise condensation (Figure 9d). When droplets shed down on adjacent silane

stripes, they bridge across the narrow FQLS stripe easily. As a result, they spread to cover silane



stripes faster than they can be removed, thus leading to filmwise condensation (Movie S2,
Supporting Information). The reduced FQLS stripe width leads to less slippery areas to aid in
maintaining dropwise condensation.

On the 1000-200 pattern, the 200 um silane stripes offer filmwise condensation due to the
confinement, droplets from FQLS stripes were absorbed into the filmwise area, and then
condensate dewetted and shed as droplets down filmwise regions. This mode is defined as the
dewetting mode, characterized by intermittent dewetting and shedding of droplets on the surfaces.
Filmwise condensation was observed on the silane stripes, as the reduced width of the silane stripe
prevented droplet shedding (Figure 9e). Large droplets in the FQLS region are absorbed into the
silane region, filmwise area. However, when the volume of condensate in the film reached a critical
size, the ethanol preferentially dewetted the surface, overcoming boundary pinning between the
patterns (Movie S2, Supporting Information). This led to the formation of droplets which
subsequently shed down the silane stripe (Figure 9e).

In the case 500-1000 pattern, dropwise condensation of ethanol was achieved, aptly named
the bridging DWC mode. Droplets rapidly grew on both silane and FQLS through contact-
triggered coalescence, facilitated by the confinement provided by the patterned surface. In contrast
to the 200-1000 pattern, the 1000 pum silane area is not flooded on the 500-1000 pattern. The
increased FQLS stripe width provides more slippery areas to reduce droplet pinning. Thus, droplets
tend to migrate from lower pinning FQLS regions to higher pinning silane regions and allow them
to shed on silane stripes for rapid removal (Figure 9f, Movie S2, Supporting Information) [36].
This resulted in rapid droplet growth in the silane region with a greater amount of droplet free area
on the FQLS stripe. As droplets approached the size of the silane stripe, they overcame boundary

pinning to expand out of the silane stripe to begin shedding (Figure 9f). The shedding droplets
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Figure 9. Investigating condensation modes for varied stripe widths using FQLS-Silane.
Schematic ethanol droplet dynamics for (a) lateral from 200-1000 (b) dewetting from 1000-200
(c) bridging DWC from 500-1000, labeled as FQLS-Silane in um. Macroscopic images showing
condensation behavior and droplet dynamics at the subcooling of 1 K after 10 min in the steady
state on (d) 200-1000, (e) 1000-200, and (f) 1000-500. (g) Condensation mode regime plot
based on experimental results and shedding diameters of respective surfaces. Ds and Dr are the
shedding diameters for ethanol on silane and FQLS, respectively. (h) Heat transfer coefficient
as a function of heat flux for bridging DWC (500-1000), dewetting (1000-200), and lateral (200-
1000). The scale bar is 2.5 mm.

swept across adjacent FQLS widths, promoting rapid droplet growth and refreshing the surface for

re-nucleation. The FQLS stripe acted as slippery region, aiding in droplet shedding.



Furthermore, we created a regime map to facilitate future pattern design (Figure 9g). In
this map, we defined Ds and Dr as the ethanol shedding diameters on a uniform silane and FQLS
surface, respectively. When both patterns are significantly smaller than their respective ethanol
shedding diameters (Ws << Ds and Wr << Dg), the surface exhibits filmwise condensation. This
was observed in samples such as 100-500 and 200-1000, where the lateral mode prevailed. In this
mode, the FQLS stripe width is small (Wr < 500 pum), and droplets primarily undergo lateral
coalescence and shedding along the stripes. As the FQLS stripe width increases, approaching an
WE:Ws ratio of 1:2, the bridging DWC mode is achieved. This is evident in samples such as 250-
500 and 500-1000. In this mode, the droplets on the silane stripe grow and bridge across adjacent
FQLS stripes, resulting in the sweeping of multiple patterns. When Wk is increased to 500 pm
while the ratio is greater than 1:2 (e.g., 2:1), the dewetting mode is observed. In this mode, the
silane stripe remains flooded due to high pinning, and large droplets preferentially dewet the
surface, to shed as droplets. Even if Wr > Dr we expect the dewetting mode to persist. Once Ws >
Ds we expect a pure dropwise condensation to occur on each stripe with minimal pattern
interaction. Our findings have provided clear design criteria for specific condensation modes based
on pattern widths.

We experimentally investigated the HTCs of the three modes we defined (Figure 9h). The
500-1000 (bridging DWC) consistently demonstrated higher HTCs compared to the 1000-200
(dewetting), and 200-1000 (lateral) at all heat fluxes (Figure 9h). It shows an HTC of 13 kW/m? K
at a heat flux of 34 kW/m?, which is 85% and 225% higher than that on 1000-200 and 200-1000,
respectively (Figure 9h). In contrast, the 1000-200 and 200-1000 approached filmwise
condensation as the heat flux increased. Our experimental results demonstrate that the striped

design, utilizing the bridging DWC mode, achieves the highest heat transfer performance in



ethanol condensation. This study provides insights into the proper pattern widths to achieve
dropwise condensation of ethanol on a surface with chemically patterned wettability. The bridging
DWC is preferred due to maintaining dropwise condensation across the entire surface. This allows
for rapid condensate removal to provide free surface area for re-nucleation. In contrast, the lateral
and dewetting modes suffer from filmwise condensation in the silane area. By understanding the
different condensation modes and their underlying mechanisms, we can design surfaces with

optimized pattern interactions for enhanced dropwise condensation performance.

Conclusion

In this study, we have successfully demonstrated a sufficiently high contact angle is
required to maintain dropwise condensation of ethanol, using a surface with CAH patterns for
efficient condensate removal. The FQLS-Silane surface significantly reduces droplet cycle time
by 20 times compared to the silane surface. Moreover, FQLS-Silane shows 185% and 300% higher
HTCs than dropwise condensation on silane and a pure filmwise condensation, respectively. This
enhancement is attributed to the droplet interactions on adjacent patterns, which involves rapid
lateral coalescence, shedding, and sweeping along the striped pattern. Conversely, a striped surface
consisting of a slippery surface with negligible CAH, but a low contact angle exhibits a low HTC
due to filmwise condensation. Furthermore, based on our experimental observations, we provide
design criteria for achieving three condensation modes, where the bridging DWC mode proves to
be the most favorable for condensation performance. Our findings highlight the critical importance
of a sufficiently high contact angle to design patterned surfaces for dropwise condensation of low
surface tension fluids. We propose that a patterned surface with higher contact angles and lower

CAH would further enhance condensation performance, although current state-of-the-art surface



coatings have limitations in achieving this configuration. Through a thorough investigation of
surface chemistry on patterned surfaces, we present a paradigm for the design of future high-
performing condensation surfaces, particularly in systems utilizing low surface tension fluids. We
envision that the insights gained from this study will contribute to the development of advanced

condensation surfaces for thermal energy systems.
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