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Implementing Superhydrophobic Surfaces within Various

Condensation Environments: A Review

Navdeep Sangeet Singh, Jitao Zhang, Jason Stafford, Carl Anthony, and Nan Gao*

Steam condensation is omnipresent, and inevitable in many industrial pro-
cesses. A classic example is seen within condensers that are used to liquify
various gasses. In consequence, water-vapor is eventually deposited upon the
exterior of heat pipes that passively cool the gas to form a thin film of liquid.
This macroscopic film is responsible for the degradation of heat transfer
efficiencies. Liquid repellent surfaces can microscopically manipulate the
hydrodynamics of formulating condensate to transition toward dropwise/
jumping-droplet condensation. This effect will save operating and maintenance
costs of steam condensers within power-plants, subsequently reducing emis-
sions, operating power, and fuel consumption. However, the challenges associ-
ated with the stabilization of dropwise/jumping-droplet condensation, especially
at large subcooling temperatures and high supersaturation ratios, have pro-
hibited the use of liquid repellent surfaces. This review aims to discuss recent
improvements and understanding of dropwise/jumping-droplet condensation
surfaces on superhydrophobic surfaces. Numerous examples shall be included,
showing experimental and numerical studies of various innovative properties
of superhydrophobic structures. In addition, various fabrication techniques of
superhydrophobic surfaces that are applicable within industrial systems are dis-
cussed. These topics are consolidated to provide guidelines for future research
into dropwise/jumping-droplet condensation on liquid repellent surfaces.

source, within a small temperature gra-
dient.l!! The substantial heat generation is
due to the immense amount of enthalpy
required to induce a phase change of a
fluid, compared to heat transfer within
a single-phase system. This description
can be united into a single physical prop-
erty of a fluid known as its latent heat of
vaporization.?!

Typically, these thermodynamic cycles
involve a surface condenser to condense
the steam into a liquid, by isobarically
rejecting heat to the ambient environ-
ment.’] Most steam-condensers use a
shell and tube design for its robustness
and compatibility with various hydrocar-
bons, pressures and subcooling tempera-
tures. The shell, which acts as a pressure
vessel, consists of many heat pipes inside
to cool the condensate at a constant pres-
sure.>® Overtime as the dew temperature
reaches near the surface, the saturated air
surrounding the heat pipes will become
supersaturated, where the vapor pressure
exceeds the saturation pressure of the

1. Introduction

Condensation is a natural phenomenon that occurs in many
crucial engineering processes used in industry. Such exam-
ples are shown in thermodynamic cycles used in geothermal
power plants, heating ventilation and air conditioning sys-
tems, and cryocoolers. These thermodynamic cycles contribute
to 85% of the worlds power generation as large amounts of
heat can be transferred from the working hot fluid to a cold
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environment. This causes vapor particles

to nucleate, grow, and coalesce into larger
liquid droplets on the surface due to their intermolecular attrac-
tion forces and surface energy.”l The two main types of con-
densate observed from this process are categorized as dropwise
and filmwise. Importantly, these two condensation regimes
substantially alter heat transfer performance and are dependent
upon the wettability of surfaces.

For a solid substrate, the commonly used method (also
widely considered the only way) to evaluate the wettability
is to measure the equilibrium contact angle of a droplet of
liquid deposited on its surface.®l Three different phases will be
involved in the wetting phenomenon, as shown in Figure 1. As
a result, surface tensions at the solid-liquid (sl), liquid—vapor
(Iv), and solid—vapor (sv) interfaces will need to be taken into
consideration. The relationship between the contact angle and
the three interfacial tensions in an ideal situation is given by
Young's equation, seen in Equation (1):

Ysv =7Ysl + Y1 COS 6. (1)

where 6, is the equilibrium contact angle (°), %, is the sur-
face tension (mN m™) at the solid-vapor interface, ¥ is the
surface tension at the solid-liquid interface, and ¥, shows
the surface tension at the liquid-vapor interface. On a hydro-
phobic surface, the contact angles in equilibrium will exceed

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. Diagram showing the governing surface tension vectors acting
at the droplet’s three-phase contact line. The contact angle (6.) denotes
the surface wettability.

90°. Superhydrophobicity arises when the contact angles are
greater than 150°.°) By contrast, hydrophilic surfaces have a
contact angle smaller than 90°, with superhydrophilic surfaces
making it smaller than 10°.0% When droplets move along a heat
pipe due to gravitational or shear forces, they exhibit dynamic
contact angles, known as the advancing and receding contact
angles. The difference between the advancing and receding
contact angles refers to the contact angle hysteresis (CAH).[8]

Increasing the contact angle and decreasing the CAH are
associated with the decrease in the contact area between the
droplet and the surface. This property is especially important
for establishing dropwise condensation,™ as it signifies that
the surface tension force is able to overcome the adhesion force
of the droplet, which causes droplet pinning.’! The adhesion
force acting at the three-phase contact line of the droplet can
be reduced from fabricating superhydrophobic/hydrophobic
surfaces with micro- or nanostructures.® The surfaces are able
to trap pressure (air) within its cavities,?l which induces a cap-
illary force (acting on the droplet) vertically away from the sur-
face.l’l This phenomenon was discovered by Dettre et al. using
rough waxed materials. It is worth mentioning that this effect
has been discovered on natural rough hydrophobic surfaces,
such as lotus leaves,[” rose petals,'® and water striders.'”] In
respect to increased droplet removal rates and reduced droplet
departure radius, dropwise condensation creates 4 to 28.6 times
higher heat transfer coefficients than filmwise condensation.!
This is due to the presence of a liquid film resulting from
filmwise condensation which creates a thermal resistance that
reduces the rate of heat transfer to the surface.

Nonetheless, filmwise condensation is usually transitioned
from dropwise condensation, as the adhesion forces overcome
the surface tension forces at high subcooling temperatures
or supersaturation pressures.'®201 This causes the micro/
nanostructures to become flooded, reducing their Laplace pres-
sure gradient. Further details of Laplace pressure will be high-
lighted in Sections 3 and 4. The droplets then collapse under
their own hydrostatic pressure and form a liquid film.['2! This
in turn reduces the overall heat transfer coefficient of the con-
denser and hence its efficiency. Figure 2 shows an example of
the transition from dropwise to filmwise condensation over-
time, alongside with the degradation of heat transfer.

Therefore, dropwise condensation is almost always desired
in all condensation heat transfer processes. A report published
by Lukic et al. shows by modifying the surface topography
using ion beam implantation, dropwise condensation was cre-
ated upon the heat exchanger pipes, which reduced the unit
production cost of water by 35.4%.122 This means that a smaller
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Figure 2. Condensation of toluene over a lubricant-infused surface (LIS).
a) Initially dropwise condensation, then after 60 min, it begins to transi-
tion toward filmwise condensation. b) Reduction of heat transfer coeffi-
cient in correspondence to (a) over time. Reproduced with permission.[62
Copyright 2018, Nature Research.

heat transfer area could be used for a given temperature
difference. Promoting dropwise condensation will also reduce
the operating costs since the heat transfer area required will
be compacted. Consequently, this will also lead to a reduction
in carbon emissions, and carbon taxes,?3! as less power will
be required to run smaller condensers.? Also improving the
profound understanding of dropwise condensation phenomena
will help develop novel superhydrophobic surfaces to adapt to
harsher conditions. This shall further reduce CO, emissions
than stated within the current literature.l’!

Coalescence-induced jumping-droplet condensation is a
recent evolution,?®l from dropwise condensation, that is still
currently under investigation. As droplets coalesce on a sur-
face, the excess surface energy created is converted into kinetic
energy, which propels the droplet away from the substrate.*’]
This effect is able to enhance the heat transfer coefficient by at
least 30% from dropwise condensation.) It also has the poten-
tial to retain its form at elevated subcooling temperatures. In
spite of this, jumping-droplet condensation is solely limited to
suitably designed superhydrophobic surfaces with controlled
spatial nucleation sites.l?®]

However, the main challenge is that dropwise or jumping-
droplet condensation cannot be maintained long enough to
be used within industrial condensers. Typically, superhydro-
phobic/hydrophobic coatings or micro/nanofabricated struc-
tures that are brought within condensation environments
have a lifetime of a few days to a couple of months.?*32 This
is primarily due to abrasion of structures under vapor shear
flow, lateral bending and sticking of pillars influenced by

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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capillary action, and corrosion of surfaces under high humidity
levels.3334 Many technologies have been adopted to enhance
or stabilize dropwise condensation. These include lubricant-
infused surfaces (LIS), polymer coatings, hierarchal nano-
structured surfaces, ion implantation and self-assembled
monolayers. However, all these methods have detrimental trade
off effects that prohibit industrial use, such as high manufac-
turing costs, low thermal conductivity, lubricant depletion,
reduced performance at high subcooling temperatures and
low durability of thin coatings.! A study conducted by Holden
et al. was able to stabilize dropwise condensation for more
than 22 000 h, using a polymer coating with a thickness of
60 um."*° Nevertheless, due to the large thermal resistance
created by its thickness, heat transfer coefficient was hardly
improved compared to the uncoated surface.

Therefore, the focus of this review will be set on superhy-
drophobic/hydrophobic surfaces in condensation, under condi-
tions typically observed within condensers. The aim is to dis-
cuss how industrial environments including noncondensable
gasses, subcooling temperatures, and supersaturation ratios
influence the performance of superhydrophobic/hydrophobic
surfaces. Taking these into account, this review is organized
as follows. It begins with an introduction of wetting states and
how they influence dropwise condensation. Section 2 then
describes various fabrication techniques of superhydrophobic
surfaces and their compatibility with industrial settings. This
is followed by discussions in Section 3 of how coalescence-
induced jumping-droplet condensation is formulated and its
performance upon heat transfer. In addition, numerical and
experimental studies are shown of how micro/nanostructures
become damaged under natural and forced vapor condensa-
tion in Section 4. This is also related to the impediment of
the surface’s liquid repellence. Before this review ends with a
summary of the use of liquid repellent surfaces for dropwise/
jumping-droplet condensation, Section 5 shall examine the
effects of noncondensable gasses upon the heat transfer perfor-
mance of various liquid-repellent surfaces.

2. Superhydrophobic Surfaces

During filmwise condensation, the condensate will wet the wall
surface and form a continuous layer of liquid on it. The con-
densation process is therefore carried out mostly at the inter-
face between the liquid layer and the vapor. The enthalpy phase
change released by condensation must pass through the liquid
layer to be transferred to the cooling wall surface.*® In many
industrial applications where filmwise condensation prevails,
the build-up of the liquid layer becomes the main restraint
on heat transfer performance. The thinner this liquid layer
becomes, the lower the thermal resistance is across it, and
more heat is transferred. To improve the condensation heat
transfer coefficient, it is critical to avoid the thickening of the
condensate film.[”3% This may be addressed by dropwise con-
densation, during which the condensate will form tiny drop-
lets, undergoing nucleation, growth, coalescence, and even
jumping.’?) Generally, the wetting states of the droplets are
related not only to the formation process, but also to the mor-
phology and roughness of the surfaces that are in contact.[*0*!
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In view of this, this section will briefly discuss the basic models
of wetting, including the Wenzel equation and the Cassie—
Baxter (CB) equation, before discussing dropwise condensation
on superhydrophobic surfaces.

2.1. Wenzel’s Model

While Young’s model allows one to discuss the wetting state of
a sessile droplet on a homogeneous flat surface, the real-world
wetting phenomena are complicated due to the presence of
surface roughness. To amend the limitation of Young’'s model,
Wenzel proposed another method in 1936 to consider the influ-
ence of surface roughness on the contact angles of a droplet.*!
Under this circumstance, the droplet will penetrate into the
grooves on the surface and fill up the rough structure.** As a
result, when the rough surface under the droplet is completely
wetted by the liquid, the equation for the apparent contact angle
can be written as seen in Equation (2):

H(Ysv = Vsl)
Yiv

cosBy, =

(2)

where 6, is the Wenzel apparent contact angle, and r is the
roughness ratio (also known as the roughness factor) that rep-
resents the ratio of the actual area of the solid surface to the
apparent area. The Wenzel equation can be further reformed,
shown in Equation (3):

cos By, =1 cosB. 3)

where 6, is the Young's contact angle. Wenzel's equation thus
establishes the relationship between the apparent contact angle
and the ideal contact angle via the surface roughness factor

2.2. Cassie—Baxter Model

Since Wenzel's model assumes that liquid completely wets the
rough groove on the surface, as shown in Figure 3a, it is only
valid for the homogeneous wetting regime. However, when air
is trapped inside the rough surface groove under the droplet
of liquid, a heterogeneous wetting regime is formed, as shown
in Figure 3b. Cassie and Baxter developed another model to
account for the heterogeneous wetting regime.[**! Correlating
the apparent contact angle (6cp) to a composite interface, the
CB equation is shown below:

cosOcp = @5 cos O — (1 — s ) )

Here, ¢ is the fraction of the solid contacted by the droplet
in a plane geometrical area parallel to the composite interface.

(a) (b)

Figure 3. a) Wenzel model and b) Cassie-Baxter model.

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Thus, the fractional area of the liquid-air interface under-
neath the droplet is represented by 1-¢,. When the fraction
of the solid-liquid interface is 1, the Cassie-Baxter equation
reduces to the Wenzel's equation. Like the Wenzel's model,
the Cassie-Baxter model is not applicable to all cases. For
example, when the material itself is hydrophilic, droplets may
be immersed in the structural gap during spreading. In other
cases, excessive environmental pressure will cause the hetero-
geneous model to become homogeneous. During the wetting
transition from the Cassie-Baxter state to the Wenzel state,
the cavitation no longer has thermodynamic stability, and the
liquid starts to nucleate from the middle of the droplet.*%!
Nonetheless, the governing equations of wetting phenomena
indicate that superhydrophobic surfaces can be realized
by using a combination of low surface energy material and
roughened surface texture. The application of superhydro-
phobic surfaces will enhance dropwise condensation because
their large contact angles and small contact angle hysteresis
will make it easy for droplets to roll off, thereby re-establishing
nucleation sites for new droplets to form and thus improving
the heat transfer efficiency.

2.3. The Development of Superhydrophobic Surfaces
for Dropwise Condensation

Superhydrophobic materials give rise to various functions
that promote dropwise condensation. Such functions include
increased droplet removal rate, droplet growth rates, and
nucleation site densities that will prevent or delay the build-up
of filmwise condensation.*’] A wide range of techniques are
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available for fabricating these liquid repellent surfaces." The
typical preparation methods involve the formation of micro-
and nanoscaled surface structures, yet one prerequisite for
sustained dropwise condensation is a robust surface that can
endure harsh environments such as fouling, vapor shear flow,
and vibrations. Recent development of robust water repellent
surfaces has demonstrated promising results to stimulate their
applications in heat exchangers. This section will discuss sev-
eral fabrication techniques of water repellent surfaces within
the past decade.

2.3.1. Electrochemical Deposition

Electrochemical deposition is a relatively simple process to
prepare micro- and nanostructured surfaces. It involves depos-
iting a thin film of solid metal from a solution containing
metal ions onto an electrically conducting substrate, which
acts as an electrode.’”) The pattern and size of the depos-
ited structure on the substrate can be controlled by adjusting
the deposition conditions. Wen et al. fabricated a nanowire
structure on copper plates using a template-assisted electro-
deposition method (Figure 4).°0 The closely packed copper
nanowires were about 20 um long, with an average diameter
of 200-240 nm and an average spacing of 100-140 nm. The
length of nanowires was controlled by electrodeposition time
while the spacing depended on the template. The nanowires
were subsequently hydrophobized, giving rise to an apparent
contact angle of around 139° + 3°. It should be noted that the
aspect ratio of nanowires was designed to prevent vapor mole-
cules from entering the interior of nanostructures, in order

Figure 4. Hydrophobic copper nanowires. a) Scanning electron microscopy (SEM) image of the hydrophobic copper nanowires in cross-section.
b) SEM image in top view and contact angle of a 5 UL droplet of water sitting on the nanowired hydrophobic surface with an apparent contact angle of
139°. ¢) Schematic diagram illustrating spatial confinement effect that prohibits droplet formation between nanowires due to the reduced permeation

of vapor molecules. Reproduced with permission.’'l Copyright 2017, Elsevier.
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S mm

Figure 5. The physical appearance and nanoscale topography of the prepared surfaces. a) Photograph of an untreated copper surface. b) Photograph
of copper surface produced from a small deposition rate. c¢) Photograph of copper surface produced from a large deposition rate. d) SEM image of
nanoasperities for (b). e) SEM image of nanoasperities for (c). Reproduced with permission.>2 Copyright 2018, Elsevier.

to achieve enhanced condensation heat transfer over a wide
range of surface subcooling.

It should be noted that copper is a typically used material
in condensers. Various studies utilizing electrochemical deposi-
tion have thus been carried out to realize superhydrophobic sur-
faces on thin copper plates. Zhao et al. observed the wetting and
condensation phenomena on a copper-based superhydrophobic
surface.’? In this case, CuCl, solution of 100 x 107> M was used
as an electrolyte to create nanoasperities on the substrate via
electrochemical deposition. Subsequently, a self-assembled
monolayer of fluorinated silane was deposited onto the plate
surface to promote hydrophobicity (Figure 5). The prepared
copper plates showed contact angles of 160° and 158°.

The electrodeposition method can also be applied over the
outer surface of thin copper tubes to study condensation on
superhydrophobic surfaces.l*? Figure 6a shows a procedure for
preparing a superhydrophobic surface by the electrochemical
deposition method on copper tubes. Specifically, the copper
tube was electrochemically modified in an electrolyte solution
of 0.2 mol L™ of CuSO, with 1.0 mol L of H,SO,. After deposi-
tion and cleaning, the copper tube was hydrophobized to realize
surface superhydrophobicity with a low-surface-energy coating
layer of n-hexadecyl mercaptan, followed by natural curing
in air. The original unmodified surface was hydrophilic with
a static contact angle of around 53° and a high contact angle
hysteresis of around 28°, as shown in Figure 6b. The presence
of the low-surface-energy coating layer increased the static CA
to around 110° and decreased the contact angle hysteresis to
around 11° (Figure 6c¢). By contrast, the electrochemically modi-
fied surface was covered with uniformly distributed micropores
that had a pore diameter of around 20 pm (Figure 6d). This
rendered the surface with superhydrophobic properties, with

Adv. Mater. Interfaces 2020, 2001442 2001442 (5 of 28)

the static contact angle approaching 156°, and the contact angle
hysteresis approaching 0°. The formed structures can sup-
port droplets with small contact areas, thus promoting droplet
rolling and removal rates.

2.3.2. Liquid-Infused Surfaces

Different from the commonly reported superhydrophobic sur-
faces that mimic the lotus effect by using micro- and nano-
structures to repel impinging droplets directly, liquid-infused
surfaces consist of a layer of lubricating liquid that fills up the
space of a micro/nanoporous substrate.® This means that
liquid-infused surfaces are intrinsically smooth with a con-
tinuous overlying slippery lubricant layer. The design of slip-
pery liquid-infused porous surfaces (also known as SLIPS) has
been inspired by natural systems such as the Nepenthes pitcher
plant, which holds an intermediary liquid within the surface
microstructure to act as the repellent surface. When this
technique became systematically established less than a decade
ago, it utilized commercially available Teflon membranes with
existing porosity to facilitate the imbibition of lubricating lig-
uids into the porous structure.>*>®l This led to a homogeneous
surface with a roughness of about 1nm. A recent work has
demonstrated the use of femtosecond laser ablation to create
a porous layer upon a substrate, as schematically shown in
Figure 7.1 Following the laser ablation that resulted in a large
number of pores with a diameter of several hundred nanom-
eters, the formed porous structure was treated with silicone oil
to give rise to a smooth surface that allowed both water and
hexadecane droplets to freely slide down.”) Indeed, the smooth
interface generated by the liquid-infused surfaces can eliminate

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. Microscopic surface morphologies and contact angles for different surfaces. a) Procedure for preparing a superhydrophobic surface. b) Orig-
inal hydrophilic surface. c¢) Hydrophobic surface. d) Superhydrophobic surface. Reproduced with permission.3l Copyright 2020, Elsevier.

droplet pinning for both high- and low-surface-tension liquids.
Furthermore, a premise in the design of the liquid-infused
surfaces is that the lubricating liquid must wet and stably

Figure 7. Schematic diagram of the preparation process for a slippery
polyethylene terephthalate (PET) surface. a) Photo of the Nepenthes
pitcher plant. b) Femtosecond laser ablation. c) Fluoroalkylsilane modi-
fication. d) Infusion of the lubricating liquid (silicone oil). e) Foreign
liquid droplet sliding. Reproduced with permission.’”] Copyright 2018,
Wiley-VCH.
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adhere within the substrate. The principle of this requirement
is highly desirable when the surface becomes physically dam-
aged (through cutting or abrasive forces). The trapped lubri-
cating liquid around the damaged area will flow freely through
the interconnected micropores due to surface-energy-induced
capillary action without any external force.’®! Eventually, the
lubricating liquid will reinfuse the damaged gaps to achieve
self-healing.

However, the water repellence of the liquid-infused surfaces
is not solely based on the roughness of substrate. Tsuchiya et al.
reported a liquid-infused smooth surface called “SPLASH” (sur-
face with 7-electron interaction liquid adsorption, smoothness,
and hydrophobicity).l” The SPLASH was prepared on a copper
plate, using silicone oil as the lubricating liquid. The effects of
surface roughness and liquid viscosity were investigated. While
the contact angle on the liquid-infused surfaces increased as
a function of the root-mean-square roughness (Ry) (from 13
to 1077 nm), the SPLASH featuring the lowest roughness dis-
played the lowest contact angle hysteresis and sliding angle.
The effect of viscosity (from 30 to 300 cSt) on water repellence
was marginal, which surprisingly led to a magnified effect on
the calculation of condensation heat transfer coefficients. This
is because less viscous lubricating oil endowed the surface
with higher droplet mobility. Quan et al. also observed a sim-
ilar trend on oil-infused nanograss surfaces fabricated upon a
horizontal copper tube.®?) Here, clean copper substrates treated
with vinyltrimethoxysilane were grafted with polydimethylsi-
loxane chains before they were filled with two types of silicone
oil. While the contact angle of oil-infused nanograss surfaces

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 8. a) SEM and b) focused ion beam (FIB) cross-section images of a CuO surface with knife-like oxide nanostructures. Water, ethanol, and
hexane microdroplets in the apparent advancing state in (c) for a hydrophobic Cu (HP Cu) and (d) Krytox 1525 infused LIS (LIS K1525). Reproduced

with permission.®!l Copyright 2019, American Chemical Society.

remained unchanged (103°-105°) regardless of the viscosity, the
sliding of water droplets on the low-viscosity oil was around ten
times faster.

Sett et al. used structured copper oxide plate as a substrate to
prepare lubricant-infused water repellent surfaces.[°!! Figure 8
shows the chemical-oxidation-based CuO nanostructures with
low total characteristic oxide thickness (=1 um). This resulted
in a low conduction thermal resistance (=20 W m™ K1), a
key to enhancing dropwise condensation heat transfer. Con-
tact angle measurements indicated that liquid repellence of
the nanostructured copper oxide impregnated with the Krytox
lubricant was improved in comparison with the smooth Cu
surface hydrophobized with heptadecafluorodecyltrimeth-
oxysilane. For example, the advancing and receding contact
angles of water droplets were around 121° and 119° on the
liquid-infused CuO surface. By contrast, the advancing and
receding contact angles were only 96° and 87° on the smooth
Cu surface. Similar results were reported by Preston et al.
to repel both high and low surface tension fluids (water and
toluene).[2 1t should be noted that, in spite of displaying
high water contact angles approaching 170°, commonly used
superhydrophobic surfaces without the lubricant layer often
fail to repel low surface tension fluids. The lubricant-infused
surfaces therefore provide an advantage compared to flat or
micro- and nanostructured superhydrophobic surfaces for
the promotion of dropwise condensation of low surface ten-
sion fluids. The challenge in implementing this technique
into industrial environments is that the lubricant layer will
eventually be depleted, which will cause the surface to exhibit
properties somewhere between that of the infused and dry
surfaces.[%¥] To maintain the slipperiness and repellence of

Adv. Mater. Interfaces 2020, 2001442 2001442 (7 of 28)

the surface, it is essential to minimize this depletion by opti-
mizing the configuration of the lubricant layer.

2.3.3. Etching

Etching is a commonly used method to fabricate superhydro-
phobic surfaces, both in laboratory and industry applications. It
involves physical or chemical treatment to peel part of the sub-
strate in an orderly or disorderly manner, which allows a rough
surface to be formed with regular or irregular patterns.®
The surface roughness can be changed by controlling the
etching conditions during the fabrication process. Parin et al.
observed dropwise condensation on aluminum surfaces cre-
ated by etching.[®®] By varying the etching agents among AlCl;,
FeCl;, and CuCl,, they produced different surface morpholo-
gies. Superhydrophobic aluminum surfaces were obtained by
combining the etching processes with subsequent fluorosilane
coating.

Hou et al. fabricated hybrid surfaces with high wetting con-
trast on silicon wafers by mimicking the hard-shell-like struc-
tures of beetles (Figure 9).°¢ For the surface fabrication, after
creating SiO, patterns on a silicon wafer using standard pho-
tolithography and oxide etching processes, micropillars with
SiO, tops were etched using tetramethylammonium hydroxide.
A modified deep reactive ion etching process was further
implemented to form nanograss covering the valleys of the
micropillar arrays. Before buffered oxide etching was used to
selectively remove the superficial layers of the micropillars to
recover the hydrophilicity of the SiO, patterns, the fabricated
surface was coated with a thin hydrophobic layer. This led to

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 9. a) Schematic diagram of a hybrid surface showing the heteroge-
neous wettability. The top of the micropillars (dark red area) is hydrophilic,
which is energetically favored for droplet nucleation and growth. A hydro-
phobic layer is selectively coated on the nanograss (green area), providing a
global superhydrophobicity for dropwise condensation. The right schematic
shows a single droplet staying in the Cassie—Baxter and hybrid-wetting state.
b) SEM image of the hybrid nanostructured silicon surface consisting of
micropillar arrays and surrounding nanograss. Scale bar is 10 um. The inset
shows the contact angle of the hybrid surface is 161°. Reproduced with per-
mission.[%8 Copyright 2015, American Chemical Society.
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a so-called hybrid structure to mimic the Namib desert beetle,
which utilizes its bumpy back with hydrophilic and hydrophobic
patches to condense and collect water droplets.l””] Despite the
presence of hydrophilic patches, the apparent contact angle on
the hybrid surface was 161° £ 4° (inset of Figure 9b), indicating
a global superhydrophobicity to facilitate distinct dropwise con-
densation and droplet self-departure.

Indeed, etching can be used in conjunction with other
methods to prepare superhydrophobic surfaces. Ji et al. inte-
grated etching into a multistep process to create hierarchical
micro—nanostructures on an aluminum tube (Figure 10), which
was 440 mm long with an outer diameter of 25 mm and a thick-
ness of 2 mm.®l An uneven microstructure with a 1-10 um
scale was formed on the aluminum tube via HCI etching. This
was followed by DI water oxidation to form a layer of nano-
structure on the top. Dropwise condensation was observed on
the formed superhydrophobic aluminum tubes, and it was fur-
ther reported the overall heat transfer coefficient was improved
by 105% over the bare tube.

Similarly, Peng et al. fabricated a hierarchically microgrooved
superhydrophobic surface by using mechanical broaching and
chemical etching.®) The treated surface exhibited a contact
angle of around 171°, which promoted dropwise condensation
and droplet jumping. Zhao et al. combined laser processing,
chemical etching, and vapor deposition to fabricate aluminum
superhydrophobic surfaces with microcone structures, which
exhibited a water contact angle of around 164°."%) Apart from
distinct dropwise condensation and droplet jumping, the sur-
face also facilitated antifrosting properties, with over 90 min
frosting delay under simulated harsh operating conditions.

Superhydrophobic surfaces resulting from etching treatment
can also be used in defrosting to increase the efficiency of heat
exchangers. Wang et al. studied the effect of different surface
characteristics on frosting and defrosting of a fin-tube heat
exchanger, which was prepared by means of sodium hydroxide
solution etching.”! In the frosting stage, the frosting thickness
and frosting quality of the superhydrophobic heat exchanger
were 171% and 28.8% lower than the heat exchanger without

Figure 10. a,b) SEM images of a bare aluminum surface, d,e) SEM images of the hierarchical micro-nano structure fabricated on the aluminum surface,
and c,f) contact angle of bare aluminum surface and modified superhydrophobic surface. Reproduced with permission.!%8 Copyright 2019, Elsevier.
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surface treatment. In the defrosting stage, an aqueous film was
formed on the fins of the heat exchanger without surface treat-
ment, while small spherical water droplets were formed on the
superhydrophobic fins. Wang et al. produced aluminum foils
with superhydrophobic properties through chemical oxidation
and subsequent chemical modification.” In particular, etching
was used to remove oxides and roughen the foil surface, which
was subsequently boiled in deionized water to create Al(OH);
nanoarrays, before a layer of fluorosilane was coated on the tex-
ture to achieve superhydrophobicity.

3. Coalescence-Induced Jumping-Droplet
Condensation

3.1. How Do Droplets Jump?

Jumping-droplet condensation was discovered by Boreyko et al.
inspired from an analogous mechanism created from ballisto-
spore mushrooms.?l These mushrooms discharge spores
from the tip of their sterigma, powered by rapid movement of
droplets over the spore surface.”3! Specifically, a droplet known
as Buller’s drop is formed from condensation of water on the
spore surface, where water also condenses on a spot adjacent
to the spore known as the adaxial drop.”3! The merging of these
two droplets causes the center of mass of the spore to move
rapidly, which subsequently causes the entire spore to depart
due to a change in momentum. Figure 11 shows a schematic
mechanism of the ballistospore mushroom discharge process.
Initially, Boreyko et al. named this mechanism self-propelled
dropwise condensation since droplets were ejected consistently
from the surface as they coalesced. The excess surface energy
resulting from coalescence is translated into kinetic energy,
which causes droplets to be propelled away laterally. Conven-
tional dropwise condensation focuses on the removal of drop-
lets due to gravitational forces overcoming the adhesion force
of the surface. This highly depends upon the orientation of the
surface and affects droplets whose diameters reach the capil-
lary length (2.7 mm for water at 25 °C).’>”/) The continuous
self-propelled dropwise condensation was realized on a two-tier
superhydrophobic surface that was created by depositing carbon
nanotubes on silicon micropillars. The pillars were coated with
hexadecanthiol and then applied on a flat copper plate. Results
of average droplet diameter and velocity were compared with

Spore adaxial
\ drop
hilar N
appendix
> /
sterigma Buller’s
N drop

Figure 11. Diagram showing the formation of Buller’'s drop and the
adaxial drop due to condensation on the spore surface. The coalescence
of these two droplets causes the center of mass of the spore to fluctuate,
propelling the spore upward. Reproduced with permission.’ Copyright
2015, Public Library of Science.
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a hydrophobic surface once steady state condensation was
achieved where enough droplets covered the surface for coales-
cence to begin. The hydrophobic surface showed immobile coa-
lescence where the center of mass of droplets did not change
before or after the coalescence and continued to nucleate.

It is noteworthy that with the superhydrophobic surface,
droplets became mobile immediately after coalescence.?’! The
coalesced droplets propelled instantaneously away from the
surface with a lateral velocity of 1 m s™.. However, droplets only
began to “jump” off the surface when their merged diameter
became greater than 10 um. The surface coverage (equal to the
ratio of the area covered by droplets over the total surface area)
upon the superhydrophobic surface was nonetheless smaller
than the hydrophobic surface due to having higher droplet
removal rates. This phenomenon also reduces the surface’s
thermal conductive resistance, as heat transfer increases with
a small average fall-off droplet diameter.”® Figure 12 shows the
comparison between the hydrophobic and superhydrophobic
surfaces for their average droplet diameter and surface cov-
erage against time.

The self-induced droplet motion can be explained from the
relationship between the inertia and viscous forces.”8% As the
difference between the size of droplets that coalesce reaches
a critical value, the inertia force is able to overcome the vis-
cous force of the merged droplet. This creates a change in
momentum causing the droplet to be propelled resulting in a
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Figure 12. a) Average droplet diameter and b) surface coverage as a func-

tion of time. Reproduced with permission.?®l Copyright 2009, American

Physical Society.
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Figure 13. Image of the coalescence procedure of droplets on a super-
hydrophobic flat plate. Reproduced with permission.[®! Copyright 2009,
American Physical Society.

high Reynolds number therefore creating a large lateral velocity.
Figure 13 shows an example of how autonomous droplets jump
off the surface during coalescence within a small-time scale.
Reynolds number is defined as the ratio between the inertial
and viscous forces of a fluid shown in Equation (5):

Re= ”7"1 (5)

where p is density of the liquid (kg m™3), v is the velocity of
the droplet (m s7Y), I is the hydrodynamic length of a fluid (m)
(equal to the diameter of the droplet), and u is the liquid’s
dynamic viscosity (Pa s). To further convolute upon the critical
value that instigates droplet propulsion, Equation (6) shows the
relationship between the critical radius of coalesced droplets
and the ratio of viscous to inertial forces:

2
Fert o< E— (6)

where 1. is critical radius (um) and yis the surface tension
(mN m™). This equation states that as the inertial force of
the droplet increases, the critical radius required for droplet
removal decreases contrary to the increase in viscous force.
Hence, as the Reynolds number for a droplet increases, the
critical radius required for self-propulsion decreases, since
the Reynolds number is directly proportional to the inertial
force of a fluid.

However, a profound understanding is still required upon
the physics of coalescing droplets to harness the applica-
tions of jumping-droplets within condensers. An example
is from understanding the process of converting surface to
kinetic energy during coalescence which induces its vertical
momentum.?®l A study developed by Enright et al. provides
a more detailed insight into this process during condensa-
tion within a pressure-regulated environmental chamber.®! It
reports that only 6% or less of the surface energy is converted
into translational kinetic energy (equal to the surface’s energy
conversion efficiency). The inefficiency has been further vali-
dated against a numerical simulation of binary droplet coales-
cence. This leads to further questions as to what determines the
efficiency of jumping-droplet condensation.

The size of droplets that coalesce plays a significant role into
the magnitude of the jumping speed. Various studies have tried
to explain this factor from deriving energy-balance equations to
describe the energy conversion process. Many have considered
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Figure 14. a) Superhydrophobic CNT (carbon nanotube) surface with a
P2i (plasma enhanced vapor deposition) hydrophobic coating. b) AFM
scan of surface. c) Droplet in a receding state on the CNT surface having
an apparent contact angle of 166° £ 2°. d) Environmental scanning elec-
tron microscope (ESEM) image of condensed droplets at an inclination
angle of 8°. e) Advancing contact angles of P2i-CNT surface measured
from ESEM images at different diameters. Dashed line shows an average
advancing contact angle of 170.2° £ 2.4°. Reproduced with permission.8l
Copyright 2014, American Chemical Society.

the viscous dissipation, surface adhesion force and the velocity
vector components,#28 but these factors could not be meas-
ured qualitatively to be successfully verified. In order to isolate
the energy conversion process, Enright et al. utilized superhy-
drophobic surfaces that had an apparent contact angle of =170°
with nearly zero contact angle hysteresis to neglect the effect
of surface adhesion.B!l This was achieved from preparing fluo-
ropolymer-coated carbon nanotube superhydrophobic surfaces,
with cavity spacings of 100 nm and a diameter of 40 nm. Using
atomic force microscopy (AFM) scans, surfaces showed a max-
imum height variation of 820 nm. Figure 14 shows microscopic
images of the fabricated surface, and its apparent contact angle.

From observing their coalescence procedure, two equally
sized condensed droplets have been simulated within a 2D
axisymmetric model. After the interfaces of the two droplets
make contact, a liquid bridge is formed, accelerating radially
from its contact point due to the difference in curvature. Vis-
cous forces initially control the bridge dynamics, although the
inertia force becomes dominant when the bridge radius exceeds
the critical bridge radius.®"#+%° Within the next eatly stages of
coalescence, fluid flow enters the expanding liquid bridge due
to the low-pressure region seen from the large change in curva-
ture created from the bridging effect.””#! Figure 15 shows the
velocity flow field of the merging droplets, just before jumping
occurs.

The bridging process creates a capillary wave that propa-
gates along the droplet interface, away from the contact point.
Here, a capillary wave travels along the interface between two
mediums, whose kinematics are dominated by the effects
of surface tension rather than gravity.®® In the case of the
bridging process, the pressure within the droplet starts to
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Figure 15. a) Schematic diagram of two droplets coalescing having an initial radius R, with time dependent capillary bridge radius r,(t), w(t) shows
time dependent capillary bridge width. b—f) Flow field of the coalescence process contours, showing the radial velocity components with red and blue
colors indicating flow away toward the z-axis. Reproduced with permission.[®!l Copyright 2014, American Chemical Society.

fluctuate above and below its initial equilibrium pressure.
The capillary wave then travels to the end of the droplet and is
reflected to the point of the coalescence symmetry plane (point
of contact).®! The following creates large pressure fluctuations
causing a positive and negative radial velocity component to be
created.®B! The capillary wave is then dispersed, reducing the
pressure fluctuations. In addition, this renders a change in
the droplet interfacial shape and its internal flow field during
coalescence, which induces a flow momentum.®U This flow
momentum was observed from a negative momentum field
seen within the lower region of the coalescing droplet, and a
positive momentum field ascertained within its upper region.®!

Eventually the difference between these momentum fields
creates a positive radial flow where the devised bridge impacts
the surface to create a high-pressure region that converts the
dynamic pressure of the flow field into a static pressure.-%]
In consequence this creates a hydrostatic force upon the liquid
interface, which increases its positive momentum dramatically,
creating droplet lift-off.B To substantiate the methodology
of this process, the results of the measured jumping velocity
against droplet diameter and dimensionless jumping velocity
against Ohnesorge number were compared with experimental
results. Ohnesorge number represents the ratio of the internal
viscous dissipation to the surface tension energy,® which is
shown in Equation (7):

oh=—t_ 7)

eyl
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A smaller Ohnesorge number (less than one) shows that the
viscous force acting on a fluid is weaker than its surface tension
force. The exact opposite can be said as Ohnesorge number
increases, for fluids that have an Ohnesorge number more than
one, the viscous force acting on the fluid is dominant over its
surface tension force.® Figure 16 shows the jumping velocity
results in comparison with numerical results. The significance
of Ohnesorge number in jumping droplets is that while it is
independent upon the velocity of the fluid, it is adequate to be
used to describe the fundamental forces that govern droplet
ejection.®¥ A larger Ohnesorge number makes it difficult
for droplets to be ejected. Figure 16¢ reveals that increasing
Oh from 0.01 to 0.12, the dimensionless jumping velocity is
reduced by half its amount. The same correlation can be seen
in Figure 16a,b, as the magnitude in jumping velocity decreases
with increasing droplet diameter.

Vahabi et al. induced droplet jumping for different hydro-
carbon liquids.®% This technique involved using a wooden
microgroove ridge with two identical droplets placed adja-
cent to the groove. The system was assessed using different
hydrocarbon liquids such as n-tetradecane and water—glycol,
to determine whether droplets with low surface tension or
high viscosity lead to forced coalescence-induced jumping.
It was reported that as the droplets coalesced between the
microgroove, a capillary bridge (liquid bridge) was created
that impinged upon the microgroove. The symmetry of the
droplet was then broken, which shifted the center of mass verti-
cally upward, resulting in an upward release in kinetic energy.
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Figure 16. a,b) Jumping velocity against droplet diameter and c) dimen-
sionless jumping velocity against Ohnesorge number. (a) The results
evaluated at T, (5 °C). (b) Results evaluated at T,, (26 °C). The open
circles in (a) is the experimental data for the P2i-CNT surface and the
open triangles are the experimental data from Boreyko et al.l?®l For (b)
the squares show data for the P2i-CNT surface and diamonds show data
for a P2i-CuO surface. In (a—c) the closed circles show the results of
numerical simulation. The dashed lines show the numerical prediction
of the maximum momentum boundaries of the jumping droplet. Repro-
duced with permission.BBll Copyright 2014, American Chemical Society.

Figure 17 shows the jumping-coalescence process of a low sur-
face tension liquid (26.6 mN m™) and a high viscous liquid
(220 mPa s). Coalescence-induced jumping was observed for
fluids with their viscous force being dominant. The dominance
of the droplet’s viscous force was described from Ohnesorge
number, which was calculated to be more than one. In correla-
tion, the predominant factor that allowed jumping to occur for
such viscous droplets was the surface’s high energy conversion
efficiency, which was found to be equal to 18.8%.

The implication of this result shows that the spontaneous
release in kinetic energy after droplet coalescence was greater
than the adhesion force produced from the viscosity of these
fluids. This indicates that the surface was superomniphobic.
Superomniphobic surfaces are defined as a surface that has a
contact angle more than 150°, for both high and low surface
tension liquids.®” To summarize the profound physics of
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jumping droplets, it is necessary to increase the energy conver-
sion efficiency of surfaces to unlock the potential of jumping
droplets in various applications. The arise in energy conversion
efficiency is associated with the effective redirection of in-plane
velocity vectors to out-of-plane velocity vectors.[®? Thus, future
superhydrophobic surfaces should ambitiously be designed to
control this aspect further.

3.2. Effect on Heat Transfer Performance and Subcooling
Temperature

To provide insight into the heat transfer characteristics of this
phenomenon, a study conducted by Miljkovic et al. created
jumping-droplet condensation upon a copper pipe.”) Supe-
rhydrophobic surfaces were developed by growing a sharp
knife-like nanostructure upon a copper pipe using chemical
oxidation based CuO. Figure 18 shows the formulated nano-
structure using field emission scanning electron microscopy.
The advancing contact angle was reported to be 172.0° £ 3.2°
and the receding angle 167.8° + 3.2°. The nanostructure reduced
the droplet adhesion force by minimizing the solid fraction
area on the surface.l’)

For a low supersaturation ratio (1.08), macroscopic results
showed high droplet removal rates for the superhydrophobic
surface due to droplets being thrusted laterally off the surface
after they coalesced. Droplets had a critical radius of =7 pm
before they coalesced. Large nucleation number densities were
also observed which additionally aided droplet removal as more
droplet to droplet interactions were established. By contrast,
the smooth hydrophobic surface showed typical dropwise con-
densation in which droplets nucleated to a size equal to its cap-
illary length (=2.7 mm in diameter) before being removed by
gravitational forces. Capillary length, k7, is defined as the ratio
of the Laplace pressure of the droplet to its hydrostatic pres-
sure. Its value can be determined from Equation (8):°+%2

k= |- (®)

For a high supersaturation ratio (1.54), the coalesced-
jumping droplets on the superhydrophobic surface transitioned
to pinned Wenzel droplets, which wetted the surface completely
and flooded the nanostructure cavities. This transition could
not be reversed as the water trapped within the nanostruc-
ture cavities stayed there even after condensation stopped, due
to the high intermolecular forces observed within very small
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Figure 17. Coalescence-jumping droplets on microgrooved ridges with a,b) low surface tension liquid (n-tetradecane) and c,d) high viscous liquid
(water + glycol). Experimental contours were compared with simulation contours. Reproduced with permission.’®%l Copyright 2018, AAAS.
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Figure 18. a) Top plane view of CuO nanostructure with no silane. b) Side
view of nanostructure with no silane. c) Top view with greater magnifica-
tion, showing the cavities of the nanoflakes. d) Increased magnification
of top view after silane has been deposited to increase the thickness of
nanoflakes which increases their rigidity. Reproduced with permission.l"’]
Copyright 2013, American Chemical Society.

spacings.>* Figure 19 shows condensation occurring upon
the superhydrophobic copper pipe at different time intervals for
various levels of supersaturation ratios.

The highest heat transfer coefficient was created from the
superhydrophobic surface with a 30% increase in heat transfer
coefficient (92 £ 12 kW m™ K™') compared to the hydrophobic
surface. However, flooding condensation at high supersatura-
tion ratios degraded its heat transfer coefficient by 40%. This
was evidently shown as droplets remained in a pinned Wenzel
state, where droplet departure radius was larger than 2 mm.
Eventually this increased the population of larger droplets that
remained upon the surface, resulting in a larger thermal con-
ductive resistance.

It should be noted that transient temperature fluctuations
upon the surface will undoubtably affect the heat transfer
results.? In addition, low subcooling temperature (less than
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0.8 K) used for condensation are too small to consider its
impact on surface flooding.1®”! Furthermore, it still remains a
challenge to identify which surface factors of the nanostructure
design contributed most to the jumping-droplet condensation
effect.

Wen et al. investigated this effect by creating a hierarchical
superhydrophobic surface consisting of micropatterned nano-
wire arrays.” The design was formulated in order to control
the nucleation density and droplet departure radius, by uti-
lizing the Laplace pressure gradient of the droplets within
the arrays.[® Figure 20 shows the design of the hierarchical
superhydrophobic surface with patterned microvalleys, with
a schematic diagram of the jumping droplet removal mecha-
nism. As droplets within the microvalleys grow larger than the
width of the cavity, the pressure developed inside the droplet
pushes itself to the top of the nanowire array. This is estab-
lished as the lower section of the droplet within the microvalley
remains under high pressure due to having a smaller radius
than the upper section of the droplet, which remains under low
pressure.

The assistance of microvalleys can manipulate the growth of
a droplet between the upper and lower section of its meniscus.
This is needed to enhance the Laplace pressure gradient inside
nucleating droplets, in order to overcome their large localized
pinning force at greater subcooling temperatures.”%l Also, it
is noteworthy that hierarchical nanoscale pillars are required
to stabilize jumping-droplet condensation at such large sub-
cooling temperatures (12 K).%!

Wen et al. further showed that the subcooling temperature
range for jumping-droplet condensation can be as high as 28 K
when using a 3D superhydrophobic nanowire network.””l The
nanowire network allows improved growth rates of droplet for-
mation and spatial control of their nucleation sites, from using
long nanowire arrays and having greater interconnections
between the nanowires. Figure 21 shows an abstract image
of the 3D copper-nanowire network array including its heat
transfer performance.

Figure 19. Condensation occurring upon a superhydrophobic copper pipe at different time evolutions at a constant vapor pressure of 2700 * 68 Pa.
a) Jumping-droplet condensation at a low supersaturation ratio of 1.08. b) Flooding condensation at a high supersaturation ratio of 1.54, which eventu-
ally shows pinned Wenzel droplets. Reproduced with permission.¥] Copyright 2013, American Chemical Society.
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Figure 20. a) Diagram showing how creating high density spaced nanowires induce controlled droplet nucleation. b) Droplet movement due to the dif-
ference in Laplace pressure, c) SEM image of the hierarchical nanostructure showing the micropattern valleys, and d) contact angle of surface showing
to be 167° £ 3° for a 5 uL droplet. Reproduced with permission.I®>! Copyright 2017, American Chemical Society.

A recent study from Mou et al. established jumping-droplet
condensation up to a subcooling temperature range of 20 K.12%
A porous hierarchical superhydrophobic surface imbedded
with nanoscale dendritic structures was used to achieve this.
While being porous, the fabricated surface is similar to the
hierarchical superhydrophobic surface reported by Wen et al.>®!
Pore diameters of 20 and 50 um were manufactured on a
copper pipe to test the optimum pore size required to stabilize
jumping-droplet condensation against surface subcooling. The
dendritic nanostructures were grown on the surface in random
orientations. The notion of using randomly orientated dendritic
nanostructures was for droplets to be propelled in different
directions, thus increasing the volume of condensate removed
in each successive propulsion from sweeping the neighboring
droplets.'%% In addition, the dendritic nanostructure shape can
increase the number of nucleation sites for vapor clusters,!%"
which can increase the removal frequency of condensate
droplets.

Both 20 and 50 um porous superhydrophobic surfaces dem-
onstrated coalescence-induced droplet jumping with diameters
within order of 10 um.?% For a smaller pore size of 20 um,
the number of jumping droplets was greater than that for the
50 um pores. This was attributed to the closer distance between
the neighboring droplets that nucleated on the 20 um pores,
which increased the rate of droplet coalescence. Subsequently
this increased the heat transfer coefficient of the 20 pum surface
substantially compared to the 50 um surface and especially the
hydrophobic surface. However, the quantity of jumping drop-
lets started to dwindle after the subcooling temperature reached
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over 4 K for both superhydrophobic surfaces. As expected, both
surfaces’ heat transfer coefficients gradually started degrading,
with the 50 pm surface showing a steeper decline. In addition,
when the subcooling temperature reached over 7 K, a con-
densate film started formulating across the superhydrophobic
pipes. The film eventually became thicker with gradual increase
in surface subcooling, due to more droplets being pinned on
the surface. Despite this, the superhydrophobic surfaces still
persevered to show fractional droplet jumping up to 19 K.
Heat transfer coefficient and heat flux fell below of the hydro-
phobic surface, in which the hydrophobic surface kept showing
coherent dropwise condensation. To scrutinize these observa-
tions, Zhang et al. further tested this type of superhydrophobic
surfaces at an elevated subcooling temperature range, in which
its performance was benchmarked against a plain and hydro-
phobic surface.”® Figure 22 shows the heat transfer results for
each individual surface with additionally endorsing the results
against Nusselt's model. Further details of this work will be
reviewed in Section 5.

The abrupt display in surface flooding at low subcooling
temperatures was concluded from the use of a porous struc-
ture. Porous structures are known for condensation to occur
easily within their interstices, as a phenomenon known as cap-
illary condensation will transpire.[02103] According to the Kelvin
equation,1% the vapor pressure inside a cylindrical (porous)
surface is smaller than the normal saturation pressure in the
bulk phase which can be seen in Equation (9). The smaller
pressure is revealed as the liquid wets a wall of a capillary, a
concave liquid-gas interface is formed.'" Further aspects of
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Figure 21. Stable and efficient jumping droplet condensation is demonstrated on 3D superhydrophobic copper nanowire networks. Due to the inter-
connections among nanowires, the microdefects in straight nanowire arrays are eliminated while the spacing between the neighboring nanowires is

reduced. By spatially controlling nucleation for highly mobile droplets, 100% higher heat flux is achieved compared with that on the state-of-the-art
hydrophobic surface. Reproduced with permission.>l Copyright 2017, Elsevier.

the capillary condensation phenomenon will be reviewed in
Section 4.

RTlnP_Vz_Zchose

Here, r, is the radius of the capillary pore (um), € is the
contact angle between the liquid and the pore walls (°), V is
equal to the liquid molar volume (m?® mol™), T is the surface

(9)  temperature (K), R is the specific gas constant (] mol™' K7}, P,
sat rp is the vapor pressure (Pa), and P, is the saturation pressure
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Figure 22. Heat transfer performance comparison of a 20-um hierarchical microporous superhydrophobic surface against a plain and hydrophobic
surface. a) Heat transfer coefficient and b) heat flux against subcooling temperature. Reproduced with permission.53l Copyright 2020, Elsevier.
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(Pa). The minus sign on the right side of the equation was
added to account for the negative radius of curvature formed
on the concave meniscus.'" The difference in pressure
(Laplace pressure) causes the vapors to protrude through
the pore to create capillary condensation. This causes the
local pinning force of the droplets to become stronger at
smaller subcooling temperatures. Droplets will then start
transitioning from a Cassie-Baxter mobile state to a pinned
Wenzel state.[1%]

Another investigation conducted by Peng et al. showed both
“forced” and coalescence-induced jumping-droplet condensa-
tion on a hierarchical microgrooved superhydrophobic sur-
face.l® This investigation was inspired by the works of Vahabi
et al. who developed the hierarchical surface mentioned in
Section 3.1.%8 As briefly mentioned in the previous section,
these structures can redirect the planar velocity vectors within
the droplet toward the atmosphere. Consequently, this improves
the magnitude of the resultant lateral jumping velocity of the
droplets after they coalesce. At subcooling temperatures less
than 5 K, the hierarchical microgrooved superhydrophobic
surface showed a 90% increase in heat flux compared to plain
hydrophobic surfaces. At a larger subcooling temperature
(179 K), jumping-droplet condensation transitioned to coales-
cence-induced sweeping in which droplets started sweeping
off the surface at an amplified diameter range between
500 and 800 pum. The sweeping process was independent of
gravity, which was determined from the Bond number of the
droplets that is seen in Equation (10):

2
Bo=PE- (10)
%

The Bond number describes the ratio of the gravitational
force to the surface tension force of a droplet. The calculated
Bond number was found to be between 0.038 and 0.098, indi-
cating that the surface tension force was the predominant factor
for droplet sweeping. The transition of coalescence-induced
jumping to sweeping caused the heat flux of the superhydro-
phobic surface to degrade by 24% as the subcooling tempera-
ture increased to 24 K. Nonetheless, heat flux was still enhanced
in comparison to the hydrophobic surface. The enhancement
was indicative of the increased nucleation rate of droplets and
reduced droplet departure diameters whilst sweeping. As the
hydrophobic surface was only gravity driven, droplet removal
was less effective as condensate droplets lingered on the sur-
face longer. It should be stated that the droplets that nucleated
within the superhydrophobic grooves became “stretched.” A
stretched droplet induced a positive Laplace pressure differ-
ence created from the difference in the internal pressure of the
upper and lower part of their menisci.

This approach is similar to the work reported by Wen et al.l%’]
In addition, when the stretched droplet coalesces with a smaller
spherical droplet on-top of the structures, a rapid pressure drop
will be generated in the upper menisci of the merged droplet.
This new pressure gradient contributes to the driving force that
leads to droplet discharge.[1%!

To improve the quality of the investigation, the stability
of the superhydrophobic structures should be considered.
Such factors include the shear stresses developed during the
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sweeping process and the effect of noncondensable gas near
the surface.’>%4 These aspects will be presented in detail within
the subsequent chapters, including additional examples such as
surface flooding and droplet motion.

4. What Affects Superhydrophobic/Hydrophobic
Surfaces’ Performance?

The inability to prevent steam condensation along the walls of
the cavities, due to the adhesion force generated at the cavity
walls, is a major problem. This is known as capillary conden-
sation,'% where water vapor molecules will creep inside the
micro- or nanostructure’s cavities. The initiation of conden-
sation can occur at cavity widths or pores less than 10 nm
depending upon the magnitude of heat flux, contact angle of
surface and properties of the fluid.’>171%8 This phenomenon
can also occur below supersaturation conditions,!'* depending
upon the cavities’ width and the pore radius as previously
explained in Section 3.2.%71 As the vapor accumulates within
the capillary, the molecules will form a bridge between the
walls that will create a meniscus.'%! The meniscus will either
rise or be depressed depending upon the contact angle of
the capillary and the surface tension of the liquid, according
to the Young-Laplace equation.¥ The flooded interstices will
induce a capillary force on the structures that will impair the
surface’s performance as they will be mechanically stressed.!'!!

4.1. Capillary Condensation and Its Implications
on Nanostructures

Recent studies have started to measure the mechanical proper-
ties of superhydrophobic or hydrophobic structures to further
analyze upon the mechanical failure during condensation.
In addition, advances in modeling capillary condensation in
nanostructures have been further scrutinized and validated to
provide insight upon surface flooding phenomena. Gor et al.
present a thermodynamic model using the Kelvin-Laplace
equation that describes the mechanical stress and deformation
of a mesoporous material that is induced by capillary conden-
sation.21B3] The methodology proposed was authenticated
against experimental data from literature. Figure 23 shows
elastic strain experienced by capillary condensation against
saturation ratio (relative pressure) for an SBA-15 silica mate-
rial having a pore size of 8.2 nm. The calculated strain on the
left-hand side of point E and right-hand side of point D, was
determined from using two separate elastic strain equations.!'!?!
Conversely, the calculations done by Gor et al. to determine
the elastic strain within the mesopores are limited to a certain
range of cavity sizes, which shall be discussed in further details
within the next paragraph.

It is worth mentioning that in a very recent work, Yang et al.
discovered large calculation errors when using the Kelvin equa-
tion to determine the vapor pressure for pore sizes less than
10 nm.% During capillary condensation, the Kelvin equation
assumes that the liquid is incompressible and has a constant
surface tension with the vapor acting as an ideal gas. These
were found to be invalid for a fluid situated in very small
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Figure 23. Water desorption upon SBA-15 silica at 20 °C showing strain
as a function of saturation ratio (P,/P,). Points show experimental data
against a solid curve showing the calculated result. Experimental and the-
oretical data are validated from the vertical shift shown in point D. Repro-
duced with permission.l"? Copyright 2010, American Chemical Society.

cavity sizes as stated above."*11] Therefore, the current Kelvin
equation must be modified to take into consideration the pore
size effects on surface tension and the real gas effects.

For an ideal gas, the intermolecular forces between the mole-
cules are negligible. However, under real gas conditions, vapor
molecules confined within a very small nanoscale cavity will be
affected by these forces and occupy a much smaller volume.']
The same reasoning is applied to modifying the surface ten-
sion. Surface tension is known to decrease at smaller pore sizes
from the increase in van der Waals forces between the mole-
cules.’>1181] Introducing these modifications will substantially
increase the accuracy of calculating the vapor pressure inside
nanocapillaries. From modifying the surface tension parameter
and including the real gas effect parameters into the Kelvin
equation, the new equation becomes:[*3]

P P 2.V

RT ln—v+(xRTPsat(l— v ):— 14 (1)
sat sat 1, — &
P2

where A represents the molecular interaction between the pore
walls and the fluid. This can be found experimentally for dif-
ferent liquids at their particular porous radius (r,) from Tan
et al.”?% y_is equal to the bulk surface tension (mN m™) for a
surface that has an infinite radius of curvature.'?% ¢ is the gra-
dient of the compressibility factor of a liquid against the relative
pressure. The value for this parameter can be found from the
Standing-Katz chart for different liquids.!"?!l

It should be noted, however, bulk surface tension is tempera-
ture dependent and will change accordingly. The temperature
dependent surface tension can be calculated from the differ-
ence in densities between the vapor and liquid interface.['?2!
The Kelvin equation can also be further modified for multilayer
absorption for binary fluid mixtures.

This will have a significant impact upon increasing the accu-
racy of calculating the vapor pressure under these conditions.
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Figure 24. Saturation ratios of different fluid against their pore size
experimentally measured shown by the symbols; Solid lines show the
result using the modified Kelvin equation, with dashed lines showing
the results using the original Kelvin equation. Reproduced with permis-
sion.1¥l Copyright 2019, American Chemical Society.

Using the original Kelvin equation, the saturation ratio was
found to be 582.47% higher than its experimental value, and
it was only 6.52% higher using the modified Kelvin equation.
Figure 24 shows the saturation ratio for different fluids with
their corresponding change in pore radius, against experi-
mental measurements, using the modified and original Kelvin
equations. This data shows that the original Kelvin equation
should not be used for determining the vapor pressure within
nanoporous cavities less than 10 nm. Therefore, in regard to
the strain calculations Gor et al. presents, the modified Kelvin
equation should be used to calculate mechanical stresses and
strains for cavity widths less than 10 nm. This will allow future
superhydrophobic nanostructured surfaces to be accurately
designed against capillary condensation.

4.2. Boundaries for Surface Flooding with Binary
Fluid Condensate

Jo et al. discussed how micro/nanostructures can be flooded
at high supersaturation ratios, and at which pitch size this can
occur.™! Tt was observed that for a hydrophobic micro/nano-
structure, the droplet partially wetted the substrate as it first
nucleated. Observations also include a wetted and nonwetted
region as droplets nucleated toward other cavities. Figure 25
shows a transformation of droplets partially wetting the surface
to an apparent Wenzel wetting state, as many small droplets
merge to increase the amount of liquid filling the cavities. The
phenomenon of condensation inside hydrophobic cavities was
described by comparing the vapor and liquid filled states within
a nanoscale interstice. The critical gap size for the cavities is
shown in Equation (12):1%]

RT
I
Vin (g) Xcrit
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Figure 25. a) Time capture images showing the stages of droplet growth and coalescence with a tilt angle of 40°. The arrows, and dashed lines
indicate where the droplet becomes unstable, leading toward the Wenzel state. b) Initially shows coalescence of many small droplets to partially wet
the surface to transition toward a Wenzel state. Dashed lines show droplets before they coalesce. Reproduced with permission.'"/l Copyright 2015,

Nature Research.

with x; showing the critical pitch size between the nanocavi-
ties (nm). Furthermore, from this equation, boundary con-
ditions can be defined to see when condensation will occur.
Equation (13) shows that for saturation ratios less than one and

a surface with a contact angle more than 90°, the pitch size
should be:["""]

RT

Vin (;—V) 2y1y cos@

Xerit <

(13)

However, for saturation ratios that are more than one with
a surface that has a contact angle more than 90°, critical pitch
sizes should be as shown in Equation (14).117)

RT

Vin (;—V) 2y, cos@

sat

Xerit > (14)

This states that if the pitch size is less than the capillary con-
densation criterion, droplet nucleation will occur at the top of
the structure.””] Droplets will then be removed more rapidly
as they are in a Cassie-Baxter state. For nucleating droplets to
penetrate into other cavities, the droplet must have a greater
hydrostatic pressure than the vapor pressure inside. How-
ever, for a surface that has a contact angle less than 90°, the
right-hand side of the equation becomes negative showing that
condensation occurring within cavities is now possible at any
pitch width.""”] Figure 26 shows where capillary condensation
will occur for hydrophilic and hydrophobic surfaces at different
contact angles and supersaturation ratios for the equations
stated above.

Not much attention has been made toward using liquid-
repellent surfaces within binary fluid mixtures, as further
comprehension is required of its intuitive physics compared to
singular condensate fluids. It is observed that binary fluid mix-
tures have a surface tension gradient across its hydrodynamic
length.'23] This factor promotes a Marangoni flow, which
affects the kinetics and internal dynamics of how condensate
droplets move along the surface.?#12°] Utaka et al. investigated
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Figure 26. Graph of critical pitch width of pillars against saturation ratio
for different contact angles. a) For a hydrophilic surface and b) for a
hydrophobic surface. Reproduced with permission.™l Copyright 2015,
Nature Research.

© 2020 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

eadad s

t=0ms =

ITITITIT

t=80ms =100 ms

INTERFACES

www.advmatinterfaces.de

Pressure (Pa)
40.00
38.16
36.32
34.47
32.63
30.79
28.95
| 27.11
25.26
23.42
21.58
19.74
17.89
16.05
14.21
12.37
|1 10.53
8.68
6.84
5.00

t=40 ms t=60 ms

t=120 ms t=150 ms

Figure 27. Comparison of experimental results from Killion et al.,*% against the numerical CFD results of different droplet formations underneath the

first tube. Reproduced with permission.['?°l Copyright 2018, Elsevier.

condensate drop movements of a binary fluid mixture, which
consisted of water and ethanol, on a brass surface coated with
TiO, having a surface area of 20 x 20 mm?2.['2®l [t was found
that Marangoni dropwise condensation was created upon the
brass surface, due to the difference between the surface ten-
sion of the fluids. This established a surface tension gradient
across the interior of the condensate droplets. Condensate
drops were found to move along the surface from the differ-
ence in bulk surface temperature gradient, shown from either
side of the droplet.?3] The main difference between conven-
tional dropwise condensation and Marangoni condensation
is that the thickness of the condensate film is not uniform
in Marangoni condensation.l”?®! Thicker condensate areas are
formed as the surface temperature is higher than the conden-
sate in thinner areas, due to the difference in surface tension
across its length.

The movement of the droplet can be enhanced from
increasing the Marangoni force’s instability, after amplifying
its bulk temperature gradient. In consequence, as the Maran-
goni force increases, the droplet velocity also increases, which
gives rise to thermocapillary stresses within the liquid that pro-
motes a shear stress gradient along the droplet.'¥28 Hence,
the kinetics and kinematics that Marangoni drops produce on
the surface must be recognized for superhydrophobic surface
designs to control its performance. Droplet movement in fluid
mixtures is shown to be mainly dominant toward thermocapil-
lary forces than just capillary forces.

4.3. Droplet Motion and Shear Flow

Many factors affect the susceptibility of using superhydro-
phobic surfaces upon heat pipes. Specifically, more analysis
is needed upon the flow dynamics of vapor shear flow and
droplet impact, which are commonly observed inside heat
exchangers.””l The hydrodynamics of these fluid motions will
affect the durability of various liquid-repellent surfaces.¥ Fur-
thermore, to elaborate upon the nature of the flow behavior
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observed, a condenser will also experience different flow
regimes along the exterior of the tube’s axial direction. The
types of flow regimes can be quantified as stratified, annular,
and spray flows depending upon the vapor mass fraction along
the condenser.’l These various types of flow regimes will need
to be tested upon different liquid repellent surfaces to show
their adaptability within industry.

Ding et al. conducted a numerical simulation upon the types
of flow configurations observed within heat exchangers on
multiple horizontal pipes.?”) The simulation used a volume-
of-fluid approach to treat the liquid-gas interface and was val-
idated against an experiment from Killion et al. as shown in
Figure 27.3% Three different flow regimes were established
on the underside of the horizontal tube namely: droplet for-
mation, falling film/jet, and sheet regions in their respective
order. The transition from droplet formation to the jet mode
can be quantified from the increase in Reynolds number, which
is proportional to the increase in mass flow rate over the sur-
face. Transition periods may differ depending upon the liquid’s
modified Galileo number,['?l which describes the ratio between
the gravitational force to the viscous force.

It is noteworthy that the droplets which nucleate beneath
the tube start to detach off the surface when the gravitational
force becomes greater than the surface tension force upon its
circumference. After liquid droplets fall and impact the second
pipe wall, they spread along the circumferential and axial direc-
tions. This is where surface tension, inertia, and gravitational
forces govern the flow behavior of the droplet.'?] Figure 28
shows a saddle wave created upon impact which propagates
and interacts with each other to form a ring of liquid.

In another study of dropwise condensation on a copper-
based nanostructured superhydrophobic surface during
forced convection,?¥ mass flow rates were varied across the
surface to find out the influence of vapor shear flow upon
the heat flux and heat transfer coefficient. The influence was
computed from observing the droplet removal rates after
steady state condensation was achieved. When the drag force
overcame the adhesion force, the droplet started to diminish
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Figure 28. Stages of droplets impacting the second tube surface under gravity, showing the pressure contours of the liquid at the interface. Reproduced

with permission.'?%l Copyright 2018, Elsevier.
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Figure 29. Heat flux against wall subcooling of the superhydrophobic
copper surface over 6 days tested at 110 °C and vapor velocity of 12 m s~
showing heat transfer performance drop on the 6th day. Reproduced with
permission.?4 Copyright 2013, American Chemical Society.
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off the surface at smaller sizes.?¥ This effect may result in
the increase of heat and mass transfer as the thermal resist-
ance of smaller droplets is lower.””"3! Tt should be noted that
the copper-based superhydrophobic nanostructure maintained
a constant heat transfer performance for 5 days (Figure 29).
However, at the 6th day for the same subcooling temperature,
heat flux was degraded by 33% due to mechanical degradation
of the nanostructure under high vapor shear flow. Its degrada-
tion was enumerated from the transition of dropwise to film-
wise condensation.

Sharma et al. reported that droplets nucleated inside the
cavities of copper microcones covered with papillae-like
nanostructures until a favorable Laplace pressure gra-
dient was created by the difference in the upper and lower
meniscus radius.®” The meniscus formed at the bottom
of the cavity was due to the nanostructured wall roughness
that was created across the microcones.'**! The pioneering
mechanics of this surface is comparable to the hierarchical
surfaces discussed in Section 3.2. Figure 30 shows the micro-
hydrodynamics of droplet coalescence within adjacent cavities
leading to progressive ejection. The detachment of drop-
lets was realized from the asymmetrical coalescence that
was facilitated by the truncated microcones. This led to the
Laplace pressure imbalance, which caused the droplets to
be removed from the microcavities by overcoming the local-
ized droplet pinning force.'® The hierarchical microcone
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with dissimilar size causing smaller droplets to be depinned, and (iv) formation of fresh condensate drops, to repeat the droplet ejection cycle (seen
from N1, N2, and N3). b) Laplace pressure of the nucleating droplet against normalized height of the truncated microcones at the top meniscus of the
droplet. c) Diagram showing procedure of droplet ejection, where Q, equals the critical radius. d) Laplace pressure of the nucleating droplet against
normalized height of the truncated microcones at the bottom meniscus of the droplet. Reproduced with permission.[2 Copyright 2018, American

Chemical Society.

structure was then combined with the effect of vapor shear
flow to enhance the shedding of the droplets sitting on top
of microcones as they coalesced.’®?) When vapor veloci-
ties increased from 3 to 9 m s}, heat transfer coefficient
was amplified by 37%. This was caused by the decrease in
droplet departure diameter from 2.5 to 1.3 mm. Indeed, vapor
shear flow is able to reduce the droplet departure radius and
increase condensation heat flux. In particular, the additional
features of reduced droplet departure radius and increased
vapor velocity aid the addition of the heat transfer area, seen
from the surge in droplet ejection.® A durability test was
also conducted upon the hierarchical surface that was under
exposure to vapor shear flow at a velocity of 9 m s7! for 5 days.
After 5 days, the surface began to degrade as filmwise con-
densation was observed at the central region of the sample.
This is similar to the result reported by Torresin et al.l* It
should be noted that a noncondensable gas diffusion barrier
can alter the heat transfer performance of the surface.* Fur-
thermore, the complexity of manufacturing these microcones
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combined with the nanostructure coating can be deterrent
toward applying this upon condensers.

5. Effects of Noncondensable Gas during
Condensation

The presence of noncondensable gas (NCG) cannot be com-
pletely eliminated for condensers, even when operating under
vacuum pressure conditions.'””) As steam condensation pro-
ceeds, a thin boundary layer of noncondensable gas will be
formed over the cooling surface.®® This boundary layer pro-
vides a barrier for vapor to diffuse through, preventing it from
being transported to the cooling surface. This severely reduces
the heat and mass transfer of the condenser as less condensate
is produced.!”

To further allude upon, the existence of the diffusion barrier
near the surface causes the vapor pressure to be decreased.!*!
As a consequence, the saturation temperature near the surface
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Figure 31. Condensation heat transfer coefficient comparison for various surfaces for different concentrations of noncondensable gas. a) 1.5%, b) 6.8%,
c) 13.7%, d) 27.8%. Reproduced with permission.’3l Copyright 2020, Elsevier.

decreases, meaning the working fluid must be cooled fur-
ther to be liquified. Specifically, this is what causes the overall
heat transfer coefficient of the condenser to degrade. The
amount of deterioration can be at least 50% just with a volume
concentration of 0.5% of NCG.I#"1#2 Therefore, the required
heat transfer area of the condenser will need to be twice its
value to accommodate for its loss. By reversing the logic previ-
ously mentioned in the introduction, this will increase the pro-
duction costs of a heat exchanger.

As briefly mentioned in Section 4, steam condensation
experiments were recently carried out by Zhang et al. to study
the effect of NCG on honeycomb-like microporous superhy-
drophobic surfaces having a diameter of 20 um.’3 The sur-
face pattern was applied onto a copper pipe, which was then
compared with a plain hydrophobic surface and a hydrophilic
one. When the NCG concentration was 1.5%, coalescence-
induced jumping-droplet condensation was observed for the
superhydrophobic surface. By contrast, dropwise and filmwise
condensation phenomena were observed on the hydrophobic
and hydrophilic surfaces, respectively. However, a decrease in
heat transfer coefficient for all surfaces was observed as the
percentage of NCG concentration kept increasing up to 27.8%.
In particular, the degradation on the superhydrophobic surface
was associated with an increased number of pinned droplets.
Figure 31 shows heat transfer coefficient results for each indi-
vidual surface as NCG concentration increases.

Hence it indicates that the NCG boundary layer thickness
(that increased with the NCG concentration) is what impeded
the heat and mass transfer to the surface. The superhydro-
phobic surface, however, showed the highest heat transfer
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coefficient as the occurrence of jumping droplets increased the
rate of vapor diffusion to the surface. Jumping droplets were
able to perturbate the NCG boundary layer, compared to the
standard dropwise condensation. On the hydrophobic surface,
dropwise condensation was unable to affect the NCG boundary
layer as droplets were simply shed off the surface due to gravity.
The visualization of droplet jumping and shedding for different
noncondensable gas concentrations and subcooling tempera-
tures can be seen in Figure 32. The trapped NCG impeded
flooding condensation for the microporous structured surface
at large subcooling temperatures. However, despite this phe-
nomenon, heat flux and heat transfer coefficients still degraded
for high NCG concentrations.

To further understand the mechanism of dropwise conden-
sation in the presence of NCG, a study from Zheng et al. estab-
lished a numerical simulation, which was validated against
experimental results.'*¥l The mechanism of droplet growth was
characterized through the heat and mass transfer process from
the freestream vapor to the cold substrate where condensation
occurred. As the nucleation and subsequent droplet growth
process spanned multiple length scales, the approach pre-
sented a description for the Knudsen layer to handle the tran-
sition between the continuum and kinetic limit. This droplet
growth model was shown to have good agreement with average
heat flux measurements from condensation experiments. On
top of the additional diffusion barrier at the droplet interface,
the presence of NCG was also shown to decrease nucleation
site density. Figure 33 shows a schematic diagram of the pres-
ence of noncondensable gas particles, impeding water vapor
particle diffusion toward the droplet during condensation. It
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Figure 32. Observation of types of condensation shown upon the superhydrophobic surface and hydrophobic surface at different noncondensable gas
concentrations and subcooling temperature combined, for the superhydrophobic surface a transition is seen from jumping-droplet condensation to
dropwise as noncondensable gas concentrations increase with subcooling. Reproduced with permission.*3l Copyright 2020, Elsevier.

should be noted that the presence of NCG introduced a diffu-
sion resistance of vapor molecules outside the droplet. Further
to that, Wen et al. noted for hydrophobic and hydrophilic sur-
faces that by increasing the NCG concentration up to 30%, the
nucleation energy barrier of condensate droplets became four
times higher than of pure water vapor.*4

A different approach adopted by Xiao et al. investigated how
to enhance heat transfer on an oil infused heterogenous surface

Adv. Mater. Interfaces 2020, 2001442 2001442 (23 of 28)

during condensation.! Impregnating oil on the surface
reduces the droplet adhesion force significantly, as reported
within recent literature.’>¢62l The combined effect of high-
surface-energy sites and reduced water—oil interfacial energy
allowed water droplets to nucleate within the oil. Figure 34
shows a schematic diagram of the process of condensation
upon an oil-impregnated surface and its corresponding images.
The increased nucleation density, and greater droplet removal
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Figure 33. Diagram showing the diffusion of water vapor particles during
droplet condensation upon a cold surface. a) With pure steam condensa-
tion, and b) with presence of noncondensable gas particulates (NCG).
Reproduced with permission.l3 Copyright 2017, Elsevier.

was responsible for increased heat transfer performance. In
particular, it was deemed that the nucleation density provided
an 80% contribution to the increase of heat transfer coefficient
in the presence of NCG.[""! For the superhydrophobic surface
without the impregnated oil, however, flooding and strong
pinning of condensate droplets were observed due to the high
supersaturation ratio within the chamber.

Further work is required of using lubricant-infused surfaces
within condensers. One such reason is that the rate of heat
transfer to the surface will be abridged as the thickness of the
oil creates a conductive thermal resistance. Also, the drainage
of oil upon the surface during condensation will eventually
render the surface to its original state,*! due to droplet shed-
ding which carries the oil away. This phenomenon cannot be
overlooked and needs to be minimized to regulate the surface
properties.

6. Conclusion

The industrial applications of the existing literature in drop-
wise/jumping-droplet condensation have been expanded
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from studying the effects of the physical phenomena that
occur within condensers on micro/nanostructures. Examples
include vapor shear flow, high supersaturation ratios, large
noncondensable gas concentrations, and the hydrodynamics of
droplets falling off multiple tubes, during different modes of
condensation. Various technologies have been developed within
the past decade to tackle these effects posed. The main focus
was to ensure that dropwise/jumping-droplet condensation can
be further stabilized under high subcooling temperatures and
large noncondensable gas concentrations. This was established
from being able to control where nucleation occurs spatially
to increase the coalescence rates of droplets and hence their
departure rates.

Controlling the nucleation sites was achieved using hierar-
chical multitier micro/nanopillar structures, which can manip-
ulate the Laplace pressure gradients within nucleating droplets.
This type of feature has allowed the range of subcooling tem-
peratures and heat transfer coefficients records to be broken.
The fact that new surfaces are becoming more compatible at
higher pressure/temperature ranges proves that superhydro-
phobic, micro/nanostructures are becoming more possible to
be implemented within condensers. By contrast, even though
novel superhydrophobic structures can overcome these bound-
aries of condensation, their heat transfer coefficients and heat
flux are degraded to become almost the same as of a plain
hydrophobic surface. The reason for this is the increased adhe-
sion force droplets experience under high subcooling tempera-
tures, as the rate of vapor mass flux is increased to the surface.

On the other hand, it is critical that superhydrophobic surfaces
must have reasonably low production costs and high durability
under high humidity rates and vapor velocities to be consid-
ered for industrial applications. However, micro/nanostructures
require a high amount of precision to manufacture, which dras-
tically increases its production cost to be applied upon large
surface areas. In addition, most of the proposed surfaces have
not been tested under long periods of time to show quantitatively
its mechanical durability at the reported conditions.

To further elaborate, there are still no studies reporting the
economic and environmental sustainability of these fabricated
liquid-repellent surfaces. It is true that these surfaces may
enable various solutions to mitigate the problems encoun-
tered within condensers, and potentially save the cost in the
long term. But their potential problems, in both short and long
terms, are not touched upon. This includes manufacturing fea-
sibility for different heat exchanger designs and various envi-
ronments they will be situated in, such as strong vibrations or
acoustic sounds. Will fouling inhibit their hydrophobicity? How
will the surfaces be maintained? And what are the inspection
procedures to determine this and its cost?

To comment on the feasibility of liquid-repellent surfaces,
more studies dealing with different condensate liquids and
binary mixtures should be conducted as well. Most other con-
densate liquids have lower surface tension values than water,
which means they are more prone to wet the surfaces. In
regard to this, binary fluid condensate on superhydrophobic
surfaces will act differently. Aspects for future research should
consider how to increase Laplace pressure gradients, within
cavities to eject droplets away at vastly smaller radii. Simi-
larly, whether superhydrophobic structures can be engineered
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Figure 34. a) Diagram showing vapor diffusion through oil film to form droplets immersed in oil, b) top of micropillar showing high surface energy
sites upon its surface to allow droplet nucleation upon its tip instead of within its cavities, c,d) AFM images of a TFTS ((tridecafluoro-1,1,2,2-
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images of micropillar structures coated with TFTS showing before and after oil-immersion, g,h) contact angle hysteresis of the superhydrophobic
surface without and with oil-immersion, i,j) showing white light optical microscope images of the micropillar structures before and after oil-immersion,
k) shows predicted nucleation rates against contact angle of surface, as a function of having different oil surface tension. Reproduced with permis-

sion.] Copyright 2013, Nature Research.

further to trap noncondensable gasses within cavities, which
will allow increased droplet ejection and alleviate flooding at
large subcooling temperatures. Likewise, the jumping-droplet
condensation phenomenon should be taken into consideration
when designing future superhydrophobic surfaces. Dropwise
condensation enforces gravity or shear driven droplet departure
methods. This reduces the durability of surfaces from imposing
shear stresses upon structures. Sustainability analysis of sur-
faces should be provided and further physical phenomena that
occur within condensers need to be tested upon novel liquid-
repellent surfaces.
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