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Abstract: Condensation occurs in most of the heat transfer processes, ranging from cooling of
electronics to heat rejection in power plants. Therefore, any improvement in condensation processes
will be reflected in the minimization of global energy consumption, reduction in environmental
burdens, and development of sustainable systems. The overall heat transfer coefficient of dropwise
condensation (DWC) is higher by several times compared to filmwise condensation (FWC), which
is the normal mode in industrial condensers. Thus, it is of utmost importance to obtain sustained
DWC for better performance. Stability of DWC depends on surface hydrophobicity, surface free
energy, condensate liquid surface tension, contact angle hysteresis, and droplet removal. The required
properties for DWC may be achieved by micro–nanoscale surface modification. In this survey,
micro–nanoscale coatings such as noble metals, ion implantation, rare earth oxides, lubricant-infused
surfaces, polymers, nanostructured surfaces, carbon nanotubes, graphene, and porous coatings
have been reviewed and discussed. The surface coating methods, applications, and enhancement
potential have been compared with respect to the heat transfer ability, durability, and efficiency.
Furthermore, limitations and prevailing challenges for condensation enhancement applications have
been consolidated to provide future research guidelines.
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1. Introduction

The phase change heat transfer (PCHT) participates in almost every energy conversion application,
from small-scale processor cooling to large-scale power plants [1]. The main advantage with PCHT
is that large amounts of heat can be transferred with a small temperature difference [2–5]. It is
estimated that 50% of desalination plants and 85% of power generation plants worldwide are steam
condenser-based [6,7]. However, due to poor thermal efficiency of PCHT processes, related losses
and required footprints are high. Therefore, any improvement in heat transfer will lead to an overall
efficiency improvement, resulting in lower capital/operating expenditures (CAPEX/OPEX) and
environmental burdens. Heat transfer enhancement requires physical improvements in the system,
and with a wide range of PCHT applications, slight improvements may outcome in significant
energy, economic, and environmental impacts [8–11]. In PCHT applications, boiling/evaporation and
condensation phenomena dominate; these processes are similar to each other in terms of variable
dependency [1]. Both are surface phenomena and depend upon variables such as the nature of the
working fluid, solid surface, and the interaction surface between them. However, the conditions of the
interaction surface affecting boiling and condensation are dissimilar. For example, hydrophilic surface
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increases the maximum ability of heat transfer in boiling by delaying the vapors’ film formation, while
in condensation, they result in the formation of liquid film and hence decrease the performance of the
surface. Similarly, hydrophobic coating provides improved performance in condensation, but results
in reduced performance in boiling. In addition, the topographic nature of coatings has different effects
for boiling and condensation. For example, porous coatings have advantages for boiling in terms of
critical heat flux (CHF) and heat transfer coefficient (htc), while for condensation, these coatings are not
efficient. Therefore, for better understanding, boiling and condensation should be studied distinctly.

Condensation is a process in which the gaseous phase changes into the liquid phase by releasing
energy, which is usually involved in heat rejection systems/condensers [12,13]. Water vapors or
refrigerant vapors condense in condensers of power plant, desalination, or air conditioning systems by
rejecting heat to cooling water, which is usually from the sea, canals, or rivers. Following are some
examples of room for improvements/disadvantages associated with industrial-based condensers:

• Industrial-based condenser is mostly shell and tube exchangers and requires a high heat transfer
area, which indicates higher footprints [14].

• In addition, a huge amount of cooling water is required, which reflects in more pumping power
and intake/outfall footprints.

• The heat absorbed by cooling water from the condenser is dumped back into the water source. In
some plants, such as desalination, the condenser is used as a preheater, but approximately one
part out of ten is used as feed and the remaining nine parts are pumped back to the sea [15].

• Rejected cooling water has higher temperature and may affect the environment and marine
life [16].

Therefore, condenser load should be minimized by process optimization, and condensation
process enhancement is needed for an efficient and sustainable system. Figure 1 shows the
condensation process outside the tube surface, where condensation heat transfer by the vapor phase
is taken away by the cooling medium flowing inside the tube. The heat transfer is governed by an
overall heat transfer coefficient, which is the reciprocal of total thermal resistance.

q = U∆T =
1

Rtot
∆T (1)

and from the thermal resistance network:

Rtot = Rcool + Rw + Rcond (2)
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Any decrement in thermal resistance will affect the efficiency of the heat transfer process. For
cooling medium, nanoparticles can be used to decrease thermal resistance, but this has complications
of added operating cost and environmental effects. Condensation thermal resistance can be
reduced by surface modifications and one way is to promote dropwise condensation [17,18]. Tube
surface modification offers numerous ways to minimize thermal resistance. Figure 2 shows PCHT
enhancement techniques, which are classified into active and passive methods [19]. Active methods
involve external power while in passive methods; no external power is required. Compound methods
are combinations of two or more passive and/or active techniques that are employed together.
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Figure 2. Phase change heat transfer (PCHT) enhancement methods with active and passive techniques.

Surface treatment deals with the coating or alteration of surface structure at fine scale from the
micro- to nanoscale. Recent developments in the field of micro–nano manufacturing and surface
functionalization have expanded the boundaries for heat transfer enhancement through surface
treatment and modification [20–22]. Surface coating provides room for modification as per the
application. Surface coating application is more versatile in material selection and quite practical
to implement in already-installed surface systems. Specific textures to complex geometries can be
added to a surface by various coating techniques such as sintering, spraying and plasma coating,
gluing, electroplating, and 3D printing. Materials such as metals, polymers, ceramics, and composites
in complex geometries and shapes such as 3D porous structures, pyramid, bumps, and pillars in
micro–nanoscales can be developed through surface coating. Topology is a surface geometric property
that varies with pitch, shape, height, and depth. Each significantly affects surface characteristics, which
in turn changes the overall heat transfer coefficient in both condensation and boiling/evaporation. This
indicates countless possibilities for surface modification and provides ample room for improvement of
heat transfer for various applications’ needs and constraints [23]. Survey studies are available in the
literature focusing on boiling enhancement by micro–nano surface coatings [1,24], nanofluids [25–27],
and dropwise condensation [28–30]. Furthermore, numerical studies have been carried out to
understand PCHT at the micro/nano level. Some of the examples are as follows: Gusarov and
Smurov [31] analyzed the Knudsen layer for phase change heat transfer. Zhu and Ye [32] performed
Monte Carlo simulations to evaluate heat transfer for micro/nano devices. Liu et al. [33] used a kinetic
model based on multiple temperatures for gas flows at the micro level. Zheng et al. [34] implemented
a hybrid thermal lattice Boltzmann method to investigate dropwise condensation (DWC). Although
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experimental and theoretical work is of equal importance, the focus of this paper is oriented towards
experiments involving DWC enhancements.

The aim of this study is to consolidate surface coating methods applied for external condensation
process augmentation; specifically, with recently developed micro–nanoscale coating techniques for
modification of surface geometry and chemistry. Available coatings include ion implantation, noble
metals (gold, silver, platinum, palladium, and rhodium), rare earth oxides (lanthanide series), polymers
(fluoropolymers), self-assembled monolayers (thiol and saline), lubricant-infused surfaces, porous
coatings, and emerging materials (carbon nanotubes, graphene, diamond-like carbon, carbon fiber,
and nanostructured surfaces). The surface coating methods, applications, and enhancement potentials
have been compared with respect to cost, robustness, durability, and efficiency. Moreover, limitations
and existing challenges for condensation enhancement applications have been presented.

2. Condensation: Phase Change Heat Transfer Process

The phenomenon of condensation occurs when vapor, in a saturated or supersaturated phase,
makes contact with a surface/wall or fluid at a lower saturation temperature [35]. Due to lower energy
barrier in almost all industrial applications, vapors are condensed on the surface instead of its direct
condensation [36]. Convection mode dominates in the condensation process, in which surface tension
and density difference are key factors that make the flow buoyancy-driven. Natural convection and
latent heat enable higher heat transfer rate as compared to single-phase convection [37]. There are two
main types of condensation: namely, dropwise (DWC) and filmwise (FWC) condensation, as shown in
Figure 3. In DWC, droplets form as condensation occurs and move in a discontinuous fashion, while
in FWC, a continuous thin liquid film is formed and the cold surface is completely covered, due to
which thermal resistance increases, resulting in lower heat transfer coefficient.
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temperature and Tsat is the saturation temperature of the fluid.

2.1. Dropwise Condensation (DWC)

At the start of condensation phenomenon, liquid droplets appear on the cold surface due to heat
flow from vapors to cold substrate [38]. However, the mechanism of drop formation is still not clear
regarding whether they are the result of a very thin liquid film on the surface [39] or direct nucleation of
drops which then grow further [40]. Rykaczewski et al. [5] reported formation of small micro–nanoscale
satellite drops and comparatively big primary drops on a superhydrophobic condenser surface. It
was noted that the primary drops sweep up these small satellite drops without covering their area
of nucleation. Primary drops assist in transferring heat while satellite drops renucleate, as shown in
Figure 4. The number of coalescence drops can reach up to 400,000, depending on surface quality,
before sliding off from the surface [41]. This removal of condensate in drops formed in its initial stage
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of condensate nucleation on substrate surface is known as dropwise condensation. As the size of
the droplet grows, its capacity for thermal resistance increases and the phenomenon shifts towards
FWC. For these reasons, a certain size of drops is more favorable in condensation to provide new
nucleation points and area for direct contact of vapor with cold substrate. For efficient removal,
droplet size should be less than the liquid capillary length [42]. Condensation phenomena with the
departure size of condensate lower than its capillary length (~3 mm for water) have better heat transfer
(HT) performance as faster renucleation is possible [43]. Droplet detachment size increases with an
increase of surface tension and decreases with surface tilt angle and liquid contact angle [44]. Overall
condensation resistance (Rcond) in DWC is a function of the substrate resistance (Rsub), liquid droplet
resistance (Rl), and mass transfer at the liquid–vapor interface resistance (Rint) [45,46]. At the start of
condensation, for small droplet size, Rint dominates over Rl, but with the increase of droplet size, Rl
may dominate over Rint [42]. The heat transfer coefficient for DWC is reduced for lower pressures.
There are lengthy expressions for calculating heat transfer coefficient (htc) in the literature. However, a
simple correlation was proposed for heat flux as a function of temperature difference between vapor
and surface and absolute temperature only [47].

q
1000

= (T − 273.15)0.8
[
5∆T + 0.3∆T2

]
(3)

Equation (3) was developed using experimental data for vertical plates, but the correlation can
also be used for DWC on horizontal tubes with maximum underestimation of 20%. The achievement
of DWC for any condenser represents higher performance or efficiency improvement.
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2.2. Filmwise Condensation (FWC)

FWC is the most common situation occurring in real-life industrial applications. If the rate of
condensate drops’ formation is more than its removal, then these drops merge and form a liquid film.
Formation of liquid film blocks direct contact of vapor and substrate surface and hence establishes
an extra resistance to the condensation process. Due to this reason, FWC is a relatively poor form of
condensation when compared to DWC in terms of its efficiency and performance. Transformation to
FWC from DWC is undesirable for every condensation process after certain limits of time, surface
quality declination, or temperature. The causes of DWC transition to FWC are:

• The density of nucleation sites increases with a rise in temperature difference between the vapor
and cool substrate. These drops merge with neighboring drops and after a certain limit, form a
liquid film on the surface.

• Higher heat flux results in increased droplet size, which leads toward film condensation [47].

Nusselt [48] evaluated the heat transfer coefficient for a vertical plate and horizontal tube for
FWC. It was assumed that the gaseous phase is pure vapor, flow is in laminar regime, and convection
effects are negligible.

For vertical plate:

htc = 0.943

[
ρl(ρl − ρv)ghlgk3

l
µLL(∆T)

] 1
4

(4)

For horizontal tube:

htc = 0.728

[
ρl(ρl − ρv)ghlgk3

l
µLL(∆T)

] 1
4

(5)

For different modification parameters, DWC is at least one order of magnitude higher in its heat
transfer performance than FWC [47,49,50]. For industrial applications of DWC, durability of modified
surface is still a challenge [44,51].

2.3. Noncondensable Gases

Noncondensable gases act as a source of high thermal resistance [52]. The effect of noncondensable
gases on the condensation process is substantial and a point of interest for many studies [53–55]. Due
to high thermal resistance, even a small amount of noncondensable gases plays a major role in slowing
down the overall condensation process. For accurate measurements of the condensation process, it is
required to minimize their quantity to prevent a diffusion boundary layer, as noteworthy error can
result even from the tiny quantity of 3 ppm (µmol/mol) [47,56,57].

2.4. Optimal Surface Conditioning

DWC, FWC, or a combination of both can be observed on the heat transfer surface as per
operating conditions. Resultant form of condensate depends mainly on the roughness [58], surface
orientation [59], and surface tension of condensing fluid [60,61]. Extensive efforts have been made
to lower surface energy in order to achieve stable DWC mode for longer periods for real-life
applications [62]. Surfaces can be modified for condensation enhancement by increasing their ability
to produce and sustain DWC and achieve proper drainage of liquid film in FWC [23]. Three main
methods for enhancing condensation are:

• Changing surface chemistry and energy [63–65];
• Changing surface geometry, i.e., via roughening, fins, and external modifications on condenser

tubes [66];
• Use of external forces to enhance condensing phenomena (active method).
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The first two techniques can be applied by surface modification, while the third method involves
gravitational force, surface tension, and shear forces in the droplet detachment from the surface and
affects the condensation process [23]. Modifying these forces by application of an external source can
affect the overall condensation process. However, the application of such techniques for condensation
enhancement is out of the scope of this paper.

2.5. Surface Roughness: from Young’s to Wenzel and Cassie States

When the liquid droplet touches a flat surface, it makes a certain contact angle with the surface
depending upon the surface’s free energy. The contact angle is determined by the hydrophilicity
or hydrophobicity of the surface. Young [67] proposed the following relationship to evaluate
contact angle:

cos θ =
γsv − γsl
γlv

(6)

where γsv, γsl, and γlv represents interfacial energies between the surface (substrate) and vapor,
surface and liquid, and liquid and vapor, respectively, as shown in Figure 5. For rough surfaces, this
equation is modified, as described by Wenzel [68]. When liquid fully covers a rough surface, the
apparent contact angle is defined as:

cos θwz = rcos θ (7)

where r is the roughness ratio, which is the total surface area divided by projected area. Cassie and
Baxter [69] found that at some conditions, liquid droplet rests on the tips of a roughened surface and
the apparent contact angle can be evaluated as:

cos θc = ϕ(cos θ+ 1)− 1 (8)

where ϕ is the ratio of the contacting solid area to the projected area of the droplet. The three states
of drops that exist in condensation are suspended (S)/Cassie (C), Wenzel (W), and partially wetted
(PW), as shown in Figure 6. Morphology of droplet, i.e., W, PW, or S, is strongly dependent on surface
geometry and nucleation density. Wenzel-state droplets have high wettability due to more adhesion to
the surface as compared to the Cassie state, and hence are less desired. Many studies were conducted
on creating hydrophobic surfaces to limit droplet adhesion [70].
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2.6. Wettability

Wettability strongly influences the development and sustaining of DWC and it can be directly
measured from the contact angle formed by the resulting liquid drop. Incomplete wettability ensures
the enhancement of condensation. High-wettability surfaces are the surfaces with high surface energy
and low contact angle. They do not quickly remove the resultant droplets of condensate, and hence
these drops grow and join, resulting in FWC [71]. In contrast, surfaces with low wettability have low
surface energy, so they assist in the release of drops soon after their formation, which results in DWC.
Wettability helps in the enhancement of condensation heat transfer by [23]:

• Encouraging droplet nucleation and early removal, and hence maximizing htc;
• Ensuring drainage of condensate before film formation;
• Sustaining surface quality to maintain its performance for long time.

Changing wettability with a hydrophobic coating ensures removal of the liquid drops,
which sustains DWC. Almost all condensation enhancement techniques at the micro–nanoscale,
whether involving surface energy modification or morphology modification, are wettability-oriented.
Wettability directly affects departure diameter, contact angle, and nucleation density and hence heat
transfer performance [72].

3. Condensation Enhancement by Surface Coatings

The surface energies of commonly used metals for condenser application, such as copper (Cu),
aluminum (Al), stainless steel (SS), and titanium (Ti), are high, which results in high wettability and
hence formation of FWC [49]. Surface coatings have been applied in many studies to reduce surface
energy and to achieve DWC [73–75]. Figure 7 shows a copper surface with some part of it coated with
a film and the rest untreated. Coated locations demonstrate DWC, while bare parts of the surface are
covered with a liquid layer, which indicates FWC [76]. Different types of surface coatings have been
tested for condensation enhancement, such as inorganic compounds, noble metals, polymers, surface
alloys, and organic compounds (for steam/high-surface-tension fluid systems) [77–80]. For each
surface modification type and technique, there are advantages and disadvantages associated with them.
The main parameters to evaluate different coatings are hydrophobicity, thermal resistance/conductivity,
durability/stability, and cost.
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3.1. Noble Metals

Noble metals have the ability to resist corrosion and oxidation. They have higher contact angles
with water; for example, silver (Ag) = 68◦–89◦, gold (Au) = 55◦–85◦, rhodium (Rh) = 65◦–82◦, platinum
(Pt) = 50◦, and palladium (Pd) = 74◦, due to lower surface energy [81]. Erb [82] reported that DWC
arises naturally on noble metals such as silver, gold, rhodium, chromium, and palladium. Noble metals
were formerly considered as the only source for natural DWC [62]. However, later on, the formation of
FWC of steam was discovered for pure, clean noble metals [83] before the observation of FWC of steam
on noble metals. Noble metals have the innate ability to absorb impurities and hydrocarbons, which
helps in the formation of liquid droplets of micron to millimeter size on their surface [83–85]. High
price of the material limits their practical application, but the problem can be solved to an extent by
using thin coatings. Condensation enhancements by noble metal coatings are summarized in Table 1.

Woodruff and Westwater [86] studied different thicknesses of gold coatings through
electrodeposition on copper substrate for steam. The results showed that thicknesses up to 20 nm
have no clear achievement in enhancement of DWC, while a minimum thickness of 200 nm was
recorded as being required for DWC. Transition region was observed from FWC to DWC as the coating
thickness was increased from 20 to 100 nm. However, it is worth noting that the thickness distribution
by electrodeposition was not uniform. Smith [87] reported a minimum gold thickness of 100 nm
as a lower limit to obtain DWC on Cu substrate. In addition, Westwater [41] briefly reviewed thin
gold coatings’ applications for condensation enhancement by achieving DWC and also the direct
application of gold surfaces for DWC. He concluded that the brighter and purer the gold coating on
a substrate, the higher the DWC that can be achieved. Characterization of silver coatings for DWC
of steam has been performed by O’Neill and Westwater [88]. Although the effectiveness of silver
and other noble metals in DWC was already known, the effectiveness of minimum thickness and
lifetime of these Ag coatings was unknown before this study. The thickness of Ag coating was varied
between 0 and 3000 nm by using an electroplating technique. Temperature difference between the
silver plating and steam was varied from 1 to 58 K. They observed heat flux up to 1.5 MW/m2, which
was far greater than that of FWC for the same temperature difference. Plates with coatings thicker than
150 nm were reported to produce DWC, while those thinner than 30 nm resulted in FWC. Between
the different coating thicknesses, a maximum DWC sustaining time of 2400 h was documented for
300 nm. The effectiveness was decreased due to increasing resistance with their thickness. Instead
of only surface modification by silver coating, Gore et al. [35] studied the combined enhancement
condensation effect of surface modification by Ag coating and n-heptane surfactant. Surfactant’s
quantity was varied between 0 and 2% in a silver-coated condenser. It was concluded that silver
coating resulted in increased htc as compared to bare Cu surface and the addition of surfactants further
helped in increasing its condensation htc. In their study, overall enhancement of 57.72% with 2% of
n-heptane has been reported. It was mentioned that such a coating can be sustained for a long time,
but duration was not reported.

Ge et al. [89] studied the effect of noncondensable gas (CO2) on steam condensation. Higher CO2

concentrations exist in CO2 capture processes [90] and seawater desalination [91], which affect the
condensation process. They performed experiments for a vapor mixture with 45–95% of CO2 on bare
stainless steel (SS) and gold-plated vertical plates. It was found that with rich CO2 concentration, the
condensation enhancement was negligible due to increased thermal resistance. However, condensation
can be enhanced by adopting finned surface. Erb and Thelen at the Franklin Institute [92,93] evaluated
the cost of electrodeposited noble metals for DWC and came up with total cost of around 0.07–0.20 $/m2.
The noble metal coatings enhance the condensation process, but durability is still a challenge and
surfactants are required to maintain DWC mode.
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Table 1. Condensation enhancements by noble metal coatings.

Substrate Coated
Metal

Coating
Method

Condensate/
Environment

Effective
Life of

Coating (h)

Effective Coating
Thickness (nm)

Enhancement
in htc (%) Ref.

Cu Ag Electroplating Steam 2,400 300 nm 550% max [88]

Cu
Ag (with

n-heptane as
surfactant)

− Steam − − 57% [35]

SS Au Electroplating Steam/CO2 − 15,000–50,000 nm
Negligible (with

rich CO2
environment)

[89]

Cu Au Electroplating Steam − 100 nm
~1000% max as

compared to
FWC

[86]

3.2. Rare Earth Oxides (REOs)

Different studies have proved the hydrophobic nature of lanthanide series rare earth oxides and
their promotion of DWC [94–96]. The hydrophobic nature of REOs makes them different from other
metal oxides. Their unique outer shell electronic configuration of 5s2p6 minimizes their interaction
with water molecules [96]. Comparison between the water molecule orientation on aluminum oxide
(alumina), as a representative metal oxide, and a REO is shown in Figure 8. The ability of an alumina
surface to maintain hydrogen bonding means it is hydrophilic. Cost of REOs is less than 1% of that
of noble metal coatings [97], and their thermal conductivity is approximately 50 times higher than
fluoropolymers [98]. These properties make REOs favorable for condensation enhancement, but there
are still hurdles that need to be overcome for industrial applications [99]. Researchers have developed
methods to form coatings at the micro/nanoscale for praseodymium oxide, cerium oxide, gadolinium
oxide, holmium oxide, lanthanum oxide, and terbium oxide. Superhydrophobic surfaces can be
manufactured from REOs either by laser ablation, textured coating by spray or colloidal process, or by
thin film or layer-by-layer deposition on a substrate [96]. Azimi et al. [94] used laser ablation of rare
earth oxides for the production of robust superhydrophobic surfaces to investigate their potential for
industrial application.
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Heat transfer quantification for REO coatings is limited. In a study by Khan [100], CeO thin film
coatings (~300 nm) were developed by sputtering and tested for 100 h. Results showed sustained
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DWC without deterioration of the structure and enhancement of htc by 10 times (>100 kWh/m2·K)
as compared to htc in the case of FWC (<10 kWh/m2·K). Recently, Shim et al. [101] developed a CeO
coating of less than 200 nm thickness on Cu, Al, and steel surfaces by a one-step wet chemical process.
This process resulted in the formation of superhydrophobic surfaces with contact angle hysteresis
less than 5◦. They calculated the heat transfer coefficient by thermal resistance network and using
microscopic data from their condensation experiments. The htc for the CeO coating was found to be
5 times higher than that of silane-treated surfaces. More heat transfer studies need to be carried out
concerning coating condensation enhancement, durability, and robustness.

3.3. Ion Implantation

Ion implantation is a process in which ions of certain elements are targeted to a solid surface
to change its physical, chemical, or electrical properties. Zhang et al. [102] and Zhao et al. [103]
were amongst the first to propose ion implantation technology for DWC enhancement. Zhao
and Burnside [104] reported 1.8 times higher htc for a Cr ion-implanted polymer-coated surface.
Zhao et al. [103] made four types of surface alloys on Cu substrate using H, He, Ar, and N. Surface
energy was affected by both the dose and type of implanted ion. It was noted that the resulting
layers were durable. Due to lower coating thickness, thermal resistance was negligible. Resultant
surface alloys: Cu–Ar, Cu–N, Cu–He, and Cu–H, showed excellent performance with respect to DWC
formation. They compared results from different publications and with their ion-implanted surface and
showed its effect to be better than Teflon, silver, and gold; in particular, the heat transfer coefficient was
found to be 3 times (max) more than that of noble metals. It was deduced that with ion implantation,
the surface changes to an amorphous state. This decreases the modulus of elasticity and hence its
surface energy, as the modulus of elasticity is directly related to surface energy, by:

e =
Ea
4π2 (9)

where e is the surface energy, E represents modulus of elasticity, and a is a constant. However,
Rausch et al. [105] stated that it is not still very clear as to what characteristics of the ion-implanted
surfaces made them feasible for DWC. In another study of ion implantation of N+ ions on a titanium
surface, the ability to achieve and sustain increased DWC was pointed out [106]. C+, O+, N+, and Ar+

ions were implanted in aluminium alloy AL 6951, stainless steel AISI 321, and pure titanium grade 1
using ion beam implanting technology. Their results suggested that particulate precipitates caused
inhomogeneity on the surface. This nanoscale roughness and surface chemical inhomogeneity helps in
nucleating DWC and sustaining DWC even at increased wettability [105,107]. It was supposed that
these precipitates were formed by supersaturation of the resultant ion-implanted surface with doping
elements. Surface roughness and composition changes are also confirmed by [108] as the cause of
DWC, instead of decreasing behavior of wettability, during their study of ion implantation of N+ and
Ar+ on Al alloy.

Kananeh et al. [109] found a positive effect of steam pressure on DWC, and htc increased by
3.2 times for a N+ ion-implanted SS surface was also reported in their study. Ion implantation for
condensation has been studied broadly by Leipertz and Froba [49] and Guo et al. [110], who stated
that it is mechanically stable. Recently, Kim et al. [111] experimented with Cr ion implantation on an
Al surface and sustained DWC for over 6 months; the htc was found to be twice that of FWC. Table 2
summarizes experimental work related to DWC enhancement by ion implantation. Diezel et al. [112]
and Lukic et al. [113] performed a cost analysis of an ion-implanted condenser for desalination
application. They found that the cost for unit distillate can be reduced by up to 35.4%. However,
their developed model and assumptions were not verified with experimental data, thereby limiting
its usage for industrial applications. Ion implantation showed significant results, but its performance
decreased with an increase of subcooling beyond a specific level. Moreover, cost-effectiveness is still a
barrier to overcome [62].
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Table 2. Steam condensation enhancements by ion implantation.

Substrate Coated
Metal

Coating
Method

Effective
Life of

Coating (h)

Effective
Coating

Thickness
(nm)

Enhancement
in htc Ref.

Cu tubes N, Ar, He, H,
and Cr

Ion
implantation − Thin layer

(~1 nm)

3 times than
that of noble

metals
[103]

Cu tubes Cr and O Ion
implantation

15,600
(continued)

Thin layer
(~1 nm) − [110]

polytetrafluoroethylene
(PTFE) coated surfaces Cr+ Ion

implantation −
5 µm PTFE

with Cr+ ion
implantation

1.8 times [104]

Stainless steel tubes N+ Plasma ion
implantation − Thin layer

(~1 nm) 3.2 times [109]

Titanium N+ Ion beam
implantation − Thin layer

(~1 nm) 5.5 times [106]

Al Cr Plasma ion
implantation − 9–13 nm 2 times [111]

3.4. Polymer Coatings

For industrial condenser application, polymer-coated tubes seem to be an effective method from
both cost and performance aspects [114]. Parylene, silicones, and polytetrafluoroethylene (PTFE)
coatings are effective with thin layers to encourage DWC. Durability of polymers is confirmed only for
higher thicknesses, but thickness also increases thermal resistance, and hence overcomes advantages
of DWC after certain levels. The adhesion between a substrate and thin film is critical for robustness
and durability; this problem could be solved with proper binding material/method between the
thin polymer layer and substrate to reduce their thermal resistance and increase their heat transfer
capacity [62]. Condensation enhancements by polymer coatings are listed in Table 3.

The ability of organic coatings for DWC of steam have been evaluated by researchers [77,78].
Marto et al. [78] concluded that organic coatings give 3–6 times better htc than that of FWC, but
long-term operation may lead to poor performance. In order to find an effective technique to form
polymer films with long-term ability to sustain DWC, Ma et al. [114] studied surface processing
conditions. They used an ion beam mixed implantation technique for coating of PTFE films on Cu,
brass, stainless steel, and carbon steel tubes with different surface processing techniques. Results
showed that conditions of surface processing have a key role in a polymer film’s adhesion to the
substrate and in variation of its physiochemical properties. However, optimal processing conditions
vary between different substrate materials. Depending upon processing conditions, htc for brass
substrate with polytetrafluoroethylene (PTFE) polymer film was reported to increase by 1.6–28.6 times,
as compared to bare brass surface. Haraguchi et al. [115] concluded that htc can be increased by up
to 20 times with polyvinylidene chloride coatings. In another study by Holden et al. [77], dropwise
condensation was sustained for more than 22,000 h of operation, but due to higher coating thickness of
60 µm, thermal resistance was increased and not much improvement in heat transfer was observed.

Miljkovic et al. [116] used plasma-enhanced physical vapor deposition (PVD) for study of
fluoropolymers for DWC. Also, chemical vapor deposition (CVD) of fluoropolymers is an attractive
method for thin and robust coating [117,118]. Initiated and plasma-enhanced CVD have been recently
used to produce very thin polymer coatings (~40 nm) achieving DWC phenomena [72]. Their
mechanical and chemical stability is yet to be studied. A detailed review of applications of polymers
for surface DWC was conducted by the authors of [119]. Zhang et al. [64] compared polymers such as
polyphenylene sulfide (PPS) and polytetrafluoroethylene (PTFE) with self-assembled micro/nanosilver
(SAMS). PPS and PTFE both showed better results with respect to wettability due to their high contact
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angle. Nevertheless, results showed that polymers have poor heat flux compared to SAMS due to their
high thermal resistance. Erb and Thelen [92,93] evaluated the cost of thin polymer coatings for DWC
and came up with a total cost of around 0.01–0.02 $/m2. The figures for thin polymer coatings are
attractive; however, the durability of thin polymer coatings is still a challenge.

Recently, surface morphologies have been crafted with the combination of hydrophilic and
hydrophobic networks using polymer coatings [120,121]. It was found that hybrid surfaces result
in enhanced condensation processes as compared to only hydrophilic or hydrophobic surfaces. The
enhancement also depends on grid spacing and type of coating. However, the durability of such
hybrid networks still needs to be addressed.

Table 3. Steam condensation enhancements by polymer coatings.

Substrate Coated Metal Coating Method
Effective

Life of
Coating (h)

Effective
Coating

Thickness (nm)
Enhancement in htc Ref.

Cu, Cu–Ni/Au,
Ti, brass

Organic coatings (parylene
D/N, fluoroacrylic) − >1200

2000–3000
(fluoroacrylic)

500–1000
(parylene N/D)

3–6 times [78]

Cu, brass,
Stainless steel

(SS) and carbon
steel (CS) tubes

PTFE Ion-beam mixed
implantation >1000 − 1.6–28.6 times [114]

Cu block Polyvinylidene chloride − >21,568 50–500 20 times [115]

Cu condenser
coil and Al

Ultrathin copolymer films:
poly-(1H,1H,2H,2H-

perfluorodecyl
acrylate)-co-divinyl

benzene p(PFDA-co-DVB)

Initiated CVD >48 40 7 times [118]

Glass Teflon-coated titanium (Ti)
pillars Spray coating − 200 (Ti pillars) − [120]

SS PTFE+SiO2 Spray coating − −

2.7 and 3.4 times that
of hydrophilic and

hydrophobic surfaces,
respectively

[121]

Cu substrate Needles soldered
superhydrophobic surface

Impaling
superhydrophobic

film
>2.9 200,000 4 times [63]

Al, Cu Polytetrafluoroethylene
(PTFE) thin films Electrospun − 1000 1.64 times [122]

Cu fluorosilane polymer
(EGC-1720) Spin-coating >3 − >2.1 times [123]

3.5. Self-Assembled Monolayers (SAMs)

SAMs are a family of coatings with the ability to form individual-molecule-thickness coatings on
a substrate. SAMs have negligible thermal resistance when compared to other hydrophobic coatings
such as Teflon [119,124]. Chemicals used in such techniques are usually polymers with a reactive
functional group on one side. One side of the chemical has the ability to react with the surface and hold
it by making chemical bonds, while the other side usually has a function group with low surface energy
and hence helps in decreasing wettability, as shown in Figure 9. The ability of SAMs to turn a surface
from being hydrophobic to hydrophilic can be suitable for enhancement of condensation phenomena.
In addition, these surfaces have impressive applications in biocompatibility, adhesion, and tribology.
Due to their highly hydrophobic nature, the surfaces can be used for passive transformation of liquid,
even against gravity [17]. SAM coatings show significant performance for condensation enhancement.
Some of the notable work related to dropwise condensation by SAMs are listed in Table 4.
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Table 4. Steam condensation enhancements by SAM coatings.

Substrate Coated Metal Effective Life
of Coating (h)

Enhancement
in htc Ref.

Cu and Au heptadecafluoro-1-decanethiol >6480 – [17]

Cu and Cu–Ni hexadecylthiol − 5 times [73]

Cu n-octadecanethiol − 1.7–2.1 times [127]

Cu stearic acid solution and
n-octadecyl mercaptan solution >2600 1.8 times [126]

Cu aqueous silver nitrate solution and
1-dodecanethiol was spray-coated >500 4.18 times [64]

Cu tube docosanoic acid − 10 times [125]

Das et al. [73] studied the application of SAM coating of hexadecylthiol on copper, copper–nickel
alloy, and gold-sputtered aluminum surfaces. The performance enhancement of Cu and Cu–Ni
alloy was noted to be superior to that of the Au-sputtered Al surface. The results showed that
heat transfer for Cu, Cu–Ni alloy, and Au-sputtered Al surfaces was increased by 5, 5, and 4 times,
respectively, compared to their respective filmwise condensation. There are similar studies in the
literature which have proved the enhancement of condensation with the application of SAMs on
substrates [125–127]. These studies show that SAMs have strong bonds with the substrate surfaces
and hence the coating is more durable and has a long lifetime. Bonner et al. [17] studied the
durability/lifetime of heptadecafluoro-1-decanethiol SAM coatings with sulfur as the functional
group on Cu and gold substrates. The result showed that both the coatings continued to perform
over 9 months. SAM coatings were also compared with other type of coatings; the durability and
condensation htc of SAMs was reported to be higher than polymer coatings such as polyphenylene
sulfide (PPS) and polytetrafluoroethylene (PTFE) in [64].

Since the coating thicknesses of SAMs are in the order of ~1 nm, this means that htc will decrease
sharply as the SAM coating deteriorates. Thus, the need for SAM coating robustness and durability
still need to be enhanced for industrial-based applications. Silanes and thiols are two of the most
commonly used SAM coatings. Silanes are more stable than thiols, which limits the use of thiols on the
laboratory scale [128]. In order to overcome deterioration, self-healing coatings have been established,
which will increase the effective lifetime of coatings [129,130].

3.6. Lubricant-Infused Surfaces (LIS)

Drops on the superhydrophobic surfaces remain in the Cassie state and easily slide off/detach
from the surface. However, the nucleation of droplets inside the pores of these surfaces make them
poor in performance for condensation. In order to solve this problem of superhydrophobic surfaces,
lubricant-infused surfaces (LIS) were developed by coating lubricant over them [62]. These surfaces
help to enhance droplet mobility compared to uncoated superhydrophobic surfaces due to decrease
in its pinning behavior to the substrate [131]. The advantages of LIS include self-healing [132],
self-cleaning [133], antifouling [134], and omniphobic [132,135] properties.
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Quan et al. [136] developed oil-infused nanograss on copper surface and found htc to increase by
50% as compared to the bare surface. The increment was due to sustained DWC and rapid droplet
removal from the surface. In another study [137], droplet size distribution was measured and it was
concluded that droplet size variation is independent of lubricant viscosities. As the temperature
changes, thermophysical properties of fluids also change. Thus, at elevated temperature, surface
tension of water drops and htc for hydrophobic surfaces decreases. However, LIS was found to sustain
DWC at higher temperatures [138]. Xiao et al. [72] introduced a biphilic functional layer to reduce
interfacial energy between condensate and lubricant; this increases nucleation droplet density, and
hence htc. They found that the htc achieved was doubled as compared to the normal DWC heat
transfer coefficient.

Lately, Preston et al. [139] experimented with the condensation of water and toluene and found
that htc was 4.5 times higher with the implementation of LIS. Nevertheless, they noticed that with the
passage of time, condensation mode changes from DWC to FWC due to lubricant depletion. LIS can
be effective for condensation enhancement, but the longevity of these surfaces in terms of lubricant
durability stills need to be improved. In addition, in applications where quality of condensate is
critical, such as desalination, the removal of these lubricants and contaminating condensate makes its
practical applications inadequate.

3.7. Graphene, Carbon Nanotubes (CNT), and Nanostructured Surfaces

Graphene, carbon nanotubes, and other nanostructured surfaces are getting researchers’ attention
for various heat transfer applications. Application of these coatings for condensation enhancements
are listed in Table 5. Graphene has received remarkable attention for its wide range of applications
from electronic devices to membrane desalination and many others under exploration during the last
decade [140,141]. Similarly, its applicability for DWC was explored by Preston et al. [65]. They observed
that with a single-layer thin graphene coating on 99.99% pure copper substrate, htc enhancement
for condensation was 4 times greater than the corresponding sustained FWC and DWC, as shown in
Figure 10. They used both low-pressure CVD and atmospheric-pressure CVD for graphene coating,
and both samples showed enhanced results as compared to the uncoated one. Furthermore, the
durability of both coated surfaces was experimentally observed, and no sign of degradation was
observed during a 2-week period. Graphene coatings also offer a potential solution to common
challenges in practical applications of DWC coating on an industrial scale, such as chemical unitability,
robustness, or high thermal resistivity.
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Like graphene, the unique thermal, mechanical, and electrical properties of carbon nanotubes
(CNT) make them a point of interest in many applications. CNTs can be developed in multiwalled
or single-walled forms. Thermal conductivity of multiwalled CNT was reported to be up to 3000
W/m·K at room temperature by [142]. High thermal conductivity and hydrophobic nature of CNT
also make it remarkable for condensation enhancement application. However, unlike the wide boiling
applications of CNT, where CNT coatings have been tested widely, its study regarding condensation
phenomena is limited. Chen et al. [143] reported a CNT coating using a Cr–Ni layer as catalyst. They
developed superhydrophobic surfaces resembling lotus leaves by depositing CNTs. It was found that
superhydrophobicity for a hexadecanethiol-coated surface is more durable than for a CNT-coated
surface for steam condensation application. Kim et al. [144] studied multiwalled CNT and Fe coatings
on steel substrate; the objective was to find optimal conditions for powder composition and sintering
for maximum enhancement of condensation heat transfer. Increase in CNT volume showed an increase
in contact angle, and optimum conditions were noted with 10% of CNT composite with 1.6 times
enhancement in htc. Diamond-like carbon (DLC) film coating is a nanocomposite coating with unique
properties of high hardness and corrosion rate and low friction, and is one of the methods that have
been developed and tested for DWC of steam on metallic surfaces [145]. DLC coatings are mechanically
stable, hydrophobic, chemically inert, and highly resistant to solvents, alkalis, and acids. However,
they give extra resistance to heat transfer, which can be overcome by ion implantation [102]. The cost
estimation for scalable graphene by CVD has been calculated to be 11.98 $/m2, including gas and
electricity usage for lab-scale production [65,146]. The estimated cost is very high as compared to
noble metal, REO, and polymer coatings, but it is expected that the cost may reduce significantly with
coating application optimization and large-scale production.

Among emerging materials such as graphene and CNT, carbon fibers (CFs) also exhibit favorable
properties, such as light weight, high porosity, and strength, which make it valuable for many
applications including condensation. Ko et al. [147] produced nanostructures with CFs to achieve
superhydrophobic surfaces for condensation study of super-saturated vapors. They reported
contact angle hysteresis to decrease from 71◦ to 5◦ and htc enhancement due to resultant dropwise
condensation. Zhao et al. [148] deposited monomolecular layers of barium stearate on copper surface,
and 30 times higher htc as compared to bare surface was reported. The performance was evaluated for
few weeks and it was expected that these monomolecular layers might sustain DWC for a long time.

With the potential of sustaining DWC using nanostructuring, researchers have been focusing more
on understanding and implementing nanostructures in the past few years [149–151]. Park et al. [152]
investigated slippery asymmetric bumps for condensation. They reported six times higher
growth rate, higher turnover rate, and faster onset with improved collection of water volume.
Bahrami and Saffari [153] theoretically investigated droplet distribution and DWC performance
for micro–nanostructured surfaces. The overall heat transfer for vertical tubes was found to be 5 times
higher than that of horizontal tubes in some cases. In another similar study by Chen [154], optimization
of two-tier roughness of nanostructures was carried out and it was highlighted that the second-tier
roughness of a nanostructure can diminish the dissipation and pinning of condensate at the contact
line. For durability test, Parin et al. [155] conducted experiments on a silane-based nanostructured
surface and analyzed condensation processes. They found that htc can be enhanced by up to 8 times of
the FWC htc. However, as time passes, condensation mode changes from DWC to hybrid and FWC,
hence decreasing htc was observed. Experiments were conducted for a maximum of one hour and htc
dropped during this period, which shows that robust nanostructured surfaces are required in order to
sustain DWC. Zhu et al. [156] reported 125% enhancement in dropwise condensation heat transfer by
growing cluster ribbed nano needles, as shown in Figure 11.

In a related study by Xie et al. [157], silane-based nanograssed surface durability was tested
for one week. During this period, the htc dropped on the third day, as the drop dynamics change
from rolling/jumping to sliding mode, and beyond the third day htc was stabilized. The long-term
operation changed surface roughness and morphology. However, emerging surface coatings may be



Coatings 2019, 9, 117 17 of 28

a promising technology for obtaining DWC, but a lot of work still needs to be carried out for their
durability and robustness.

Table 5. Condensation enhancements by graphene, carbon nanotubes (CNTs), and other
nanostructured surfaces.

Substrate Coated Metal Coating Method Condensate
Effective

Life of
Coating (h)

Enhancement in
htc Ref.

Cu Graphene Low- and
atmospheric-pressure CVD Steam >336 4 times [65]

Si CNT with Cr–Ni as catalyst Plasma-enhanced CVD Steam − − [143]

Carbon
steel

Composite of multiwalled
CNTs and Fe

Electrostatic spraying followed
by sintering at 900 ◦C R-134a − 1.6 times [144]

Cu Barium stearate
monomolecular film

Langmuir–Blodgett
(L–B) built-up film technology Steam − 30 times [148]

Cu 1H,1H,2H,2H-
perfluorooctyltriethoxysilane

Wet oxidation +
self-organization of

macromolecules
Steam >168 Decreased on 3rd

day [157]

Al Trichloro (1H,1H,2H,2H-
perfluorooctyl) silane Spin-coated Steam ~1 8 times [155]

Cu Cu nanoneedles In situ grown Steam − 1.25 times [156]

Si CNT on Si micropillars CNT growth Humid air −
Self-propelled

jumping motion
was investigated

[42]

Al flurorosilane film Etching and flurorosilane film Steam − 4 times [158]

Cu Cu micro–nanostructured
surface

Spin coating followed by
soft-baking at 100 ◦C Humid air −

Droplet growth was
compared with only
nanocoated surface

[159]

Cu Nickle nanocone film In situ growth Steam − 89% [160]

Cu Copper nanowires
porous anodic alumina

template-assisted
electrodeposition

Steam − 100% higher heat
flux [161]

Cu ZnO ZnO nanopencil array Steam − 140% increase [162]

Si Si nanowires Electroless etching Steam − 155% increase [163]

Cu Cu nanowires 3D porous anodic alumina
oxide templates Steam − 100% increase [164]
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3.8. Porous Coatings

Porous coatings have an ability to increase overall surface area, which can make the condensation
process quick. However, the ability to trap liquid inside has a negative effect on the overall heat
transfer from gas phase to the substrate. Unlike boiling, this property of porous coatings makes them
less feasible for condensation processes. The liquid entrainment problem has been handled by liquid
infusion, and these surfaces are termed as slippery liquid infused porous surfaces (SLIPS) [165]. The
disadvantage of SLIPS are their durability; after a certain time, liquid infusion diminishes, and due to
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condensate pinning, htc decreases [166]. Attempts have been made to develop microporous surfaces
along with SAMs [167,168]. It was found that heat transfer coefficient greatly depends on microporous
powder diameter. As the diameter decreases, htc increases; for a 4-µm diameter, 23% htc increment
was reported as compared to bare surface [168]. However, the improvement is low as compared to
other coating techniques.

4. Discussion and Challenges

The heat transfer coefficient of DWC is higher than FWC by several times [155,157], while the
overall heat transfer coefficient can be augmented by three times [114,146]. Therefore, obtaining stable
DWC mode will improve overall performance, but stability of DWC mode depends on several factors
such as wettability state, hydrophobicity, condensate surface tension, contact angle hysteresis, and
droplet departure/removal. These required properties can be achieved by micro–nanoscale surface
coating implementation. The contact angle can be tailored by microscale roughness, whereas contact
angle hysteresis can be reduced by nanoscale roughness [169]. However, robustness, cost, durability,
and application methods are some hurdles that need to be overcome for industrial application [24,27].
The degradation of coatings under transient conditions usually results in FWC within weeks or months.
The advantages and disadvantages associated with different types of coatings are presented in Table 6.

Table 6. Advantages and disadvantages associated with different types of surface coatings.

Surface Coating Technique Advantages Disadvantages

Noble metals DWC increases due to the absorption of
impurities and hydrocarbons.

High price of the material limits its
practical application.

REOs Possesses hydrophobic nature, which
promotes DWC.

Low thermal conductivity.
Lack of heat transfer studies.

Ion implantation Enhances heat transfer capability at low
subcooling. Low-temperature process.

Performance decreases with increase of
subcooling after a particular level.

Expensive, which limits its scalability.

Polymer coating
Effective method from both cost and
performance aspects. Increases DWC

and htc.

Durability of thin coating needs to be
addressed.

SAMs Negligible thermal resistance. High htc.
Robustness and durability for SAM needs

to be improved for industrial-based
applications.

Lubricant-infused surfaces
(LIS)

Effective for condensation enhancement.
Advantages include self-healing,

self-cleaning, antifouling, and
omniphobic properties.

The removal of lubricants and
contaminating condensate makes practical

application inadequate.

Nanostructured Surfaces
htc enhancement for condensation.

Offers chemical unitability, robustness,
and low thermal resistivity.

Long-term durability issues.
Limits scalability at the industrial level.

Porous coating Increases overall surface area.
Quick condensation process.

Liquid trapped has a negative effect on the
overall heat transfer from gas phase to the

substrate. Unlike boiling, this property
makes it less feasible for condensation.

Despite the past nine decades of efforts in research and development on DWC enhancement,
the industrial implementation studies are very limited. This is due to the lack of fundamental
understanding, lower stability, and required maintenance of coatings [170]. In the 1950s, organic
substances were used with steam to enhance DWC in a marine condenser and DWC was sustained for
two years [171]. The heat transfer measurements were not taken and organic compounds were found
to be unsuitable for the application [171]. Another commercial example includes an ion-implanted
condenser, which was used for the Dalian power plant in China [104]. The condenser was operated
successfully for four years; the measured htc was more than twice those of normal values and the
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number of tubes was reduced to half than that required [172]. Some of the existing challenges and room
for improvements in implementing surface-coated condensers at the industrial scale are as follows:

• Erb and Thelen [92,93] reported a total cost of 0.07–0.20 $/m2 for electrodeposited noble metals
and 0.01–0.02 $/m2 using their experimental data. In addition, Preston et al. [65] also used
experimental data and calculated the cost for scalable graphene as 11.98 $/m2. Diezel et al. [112]
used simulations to evaluate ion-implanted condenser cost reduction, which was around
35.4%. Although different studies accounted for cost analysis, they are inconclusive as the
techno-economic comparison depends on several interdependent factors. Detailed economic
analysis is needed for accurate cost estimation and to be used for the comparison of different
coating techniques. In addition, novel manufacturing techniques need to be studied to achieve
cost-effectiveness of these coatings.

• Toxicity and compatibility with condensing medium should be investigated for industrial
applications [171]. For the LIS coating system, the lubricant may be deteriorated with condensing
steam and affect steam quality.

• Kim et al. [144] studied multiwalled CNT and Fe coatings for refrigerant R-134a condensation,
which is widely used in the refrigeration industry. However, most of the condensation experiments
in the literature are for steam and at low pressure and temperature. For higher pressure and
temperature, experiments need to be carried in order to facilitate the studies for different
condensing liquids as per industrial applications.

• Although researchers have developed different numerical models [31–34] in order to understand
PCHT fundamentals at the micro/nanoscale, accurate and generic theoretical models are lacking
in the literature. More insight into droplet nucleation is needed, as it is crucial for sustained DWC.

• Standardized lifetime test needs to be developed for performance and lifetime measurement to
make fair comparison of these coating techniques. The long-term experimental data is required
that can provide information on the durability, performance, and shortcomings of surface coating
techniques. These kinds of experiments can help in identifying the root causes of physical
mechanisms of failures of these surfaces and in implementing surface-coated condenser at the
industrial scale. In addition, corrosion, erosion, and adhesion problems of micro–nano surface
coatings need to be addressed.

• For the past few years, more emphasis has been given to nanostructured coatings, CNT, and
graphene coatings. As these types of coatings are new and in development stages, as compared
to other coating techniques, certain issues need to be resolved for their practical application.
The main drawbacks of these coatings are durability and scalability. Furthermore, to ensure
droplet-jumping phenomenon and sustained DWC, controlled methods for nanostructured
coating needs to be considered.

• Industrial applications are not reported in the literature for structured hydrophobic coatings.
Further investigation is required for deterioration, erosion, and maintenance requirements for
this type of coating. In addition, projected area is normally used for heat transfer calculations
rather than actual surface area, which may lead to inaccurate and overestimated results.

5. Conclusions

Micro/nanomanufacturing technologies give a wide range of possibilities for surface modification
and hence performance enhancement for condensation processes. The idea of the enhancement of heat
transfer performance through surface modification or coatings is not new, but the development of
surface modification technologies, especially micro/nanoscale fabrication and wettability modification
of coatings (from hydrophilic to hydrophobic), have provided a wide range of possibilities for their
usage in practical applications. In this survey, available coatings at the micro–nanoscale are discussed
and evaluated, and existing challenges with respect to their implementation are highlighted. Some of
the main highlights are as follows:
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• Ion implantation and noble metals offer better hydrophobicity, but the cost of developing coatings
is high and their hydrophobicity is not stable as compared to polymer coatings.

• REOs’ cost is less than 1% of noble metal coatings and thermal conductivity is approximately 50
times higher than fluoropolymers. Nevertheless, the heat transfer studies on REOs are limited, so
more in-depth analysis is needed before commercialization.

• Polymer coatings can provide stable DWC mode and durability if the coating’s thickness is in
the order of microns. Nevertheless, higher thickness leads to increased thermal resistance. On
the contrary, low coating thickness can be effective and may achieve 10 times higher htc. The
challenges associated with thin coatings are uniformity and durability.

• SAM coatings’ thickness is very low (~10 nm) and uniformity can be maintained; the thermal
resistance is negligible, which is beneficial for heat transfer. Despite these favorable properties, its
thermal stability in hot streams limits its practical implementation.

• LIS can be an effective alternative for obtaining stable DWC mode, but with the passage of
time, DWC mode changes to hybrid/FWC mode due to lubricant deterioration. The lubricant
durability still needs to be improved. In addition, in applications where quality of condensate
is critical, the removal of these lubricants and contaminating condensate makes its practical
applications inadequate.

• Emerging surface coatings such as CNTs, CF, graphene, and nanostructured surfaces can be
promising alternatives for stable DWC mode, but the development of these coatings is in early
stages and needs maturity for its real-world implementations.

• Hybridization of different techniques should be applied to study the possibilities of enhanced
heat transfer results, such as combination of nanoparticles and structured porous coatings using
durable materials, coating processes, and combination of structured porous and hydrophilic and
hydrophobic coatings.

• Despite the significant improvements in condensation heat transfer performance with
newly developed coating materials and processes, their industrial application is still not
realized practically.
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Nomenclature

A Heat transfer area
a Constant
C Cassie state
CAPEX Capital expenditure
CF Carbon fiber
CHF Critical Heat Flux (W/m2)
CNT Carbon nanotubes
CVD Chemical vapor deposition
DLC Diamond-like carbon
DWC Dropwise condensation
E Modulus of elasticity (N/m2)
e Surface energy
FWC Filmwise condensation
g Acceleration due to gravity (m/s2)
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HT Heat transfer
h Enthalpy (J/kg)
htc Heat transfer coefficient (W/m2·K)
k Thermal conductivity (W/m·K)
L Length (m)
LIS Lubricant-infused surfaces
OPEX Operating expenditure
PHCT Phase change heat transfer
PTFE Polytetrafluoroethylene
PVD Physical vapor deposition
PW Partial wetting
Q Heat transfer rate (W)
q Heat flux (W/m2)
R Thermal resistance (m2·K/W)
REOs Rare earth oxides
r Roughness ratio (total surface area divided by projected area)
S Suspended state
SAMs Self-assembled monolayers
SLIPS Slippery liquid-infused porous surfaces
T Temperature (◦C/K)
U Overall heat transfer coefficient (W/m2·K)
W Wenzel state
Greek Letters
∆ Difference
µ Viscosity (kg/m·s)
ρ Density (kg/m3)
θ Contact angle (degrees)
γ Interfacial energy
ϕ Ratio of contacting solid area to the projected area of the droplet
Subscripts
c Cassie state
cond Condensation
cool Cooling medium
int Interface
l Liquid phase
s Surface
sat Saturation
sub Substrate
tot Total/overall
v Vapor phase
w Wall
wz Wenzel state
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