
Liquid–vapour phase-change processes have found 
immense utility in power generation, water purification, 
and heating and cooling applications. Most electricity 
produced globally is generated by the steam cycle1. In 
addition, steam has many properties that are useful in 
agricultural, industrial and domestic applications, such 
as sanitation and sterilization, food processing and chem-
ical processing2–4. Evaporation–condensation cycles are 
commonly used to purify liquid water in regions of water 
scarcity5. Furthermore, the high heat-transfer capability 
of phase-change processes, such as in heat pipes, has been 
useful for thermal management of high-power-density 
electronics6. Recent advances may lead to new phase-
change applications, such as water harvesting7, miniatur-
ized cooling8 and solar steam generation9. The growing 
presence of phase-change processes indicates the impor-
tance of attaining optimal performance through new 
materials design and nanoengineering.

Inefficiencies in liquid–vapour phase-change pro-
cesses primarily manifest themselves as temperature 
differences, because these embody lost opportunities to 
extract thermodynamic work (that is, lost exergy). Some 
superheating or subcooling is necessary for phase change 
to occur at an appreciable rate, but minimization of this 
difference can improve performance (see BOX 1 for 
more information on thermodynamic and heat-transfer 

terminology). For example, in power plants, minimizing 
superheat and subcooling at the boiler and condenser, 
respectively, could improve electrical work output. 
Similarly, in a refrigeration cycle, lowering superheat 
and subcooling at the evaporator and condenser can 
improve the coefficient of performance. In electronics 
cooling applications, ineffective heat transfer increases 
the temperature of the electronic devices, reducing their 
lifetime and reliability10,11.

Wetting behaviour is a key determinant in phase-
change heat-transfer performance because it involves 
nucleation of a phase (for example, bubbles or droplets) 
on a surface (that is, heterogeneous nucleation; BOX 2). 
Modifying the wettability with appropriate surface 
designs and materials can allow more ideal phase-change 
heat transfer. Before 2000, innovations involving features 
at the millimetre or submillimetre scale, such as grooves 
and textures12, surface heterogeneities13 or wicking mat-
erials14, were developed. Since then, with the increased 
availability of micro- and nanofabrication technologies, 
as well as new materials, there has been an increased 
focus on boiling and condensation surfaces that can 
improve heat-transfer performance. These surfaces often 
include micro- and/or nanometre-scale features, and/or 
modified surface wettability. Boiling and condensation 
surfaces are also often inspired by surfaces found in 
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Abstract | Liquid–vapour phase change is a useful and efficient process to transfer energy in 
nature, as well as in numerous domestic and industrial applications. Relatively recent advances 
in altering surface chemistry, and in the formation of micro- and nanoscale features on surfaces, 
have led to exciting improvements in liquid–vapour phase-change performance and better 
understanding of the underlying science. In this Review, we present an overview of the surface, 
thermal and material science to illustrate how new materials and designs can improve boiling 
and condensation. There are many parallels between boiling and condensation, such as 
nucleation of a phase and its departure from a surface; however, the particular set of challenges 
associated with each phenomenon results in different material designs used in different 
manners. We also discuss alternative techniques, such as introducing heterogeneous surface 
chemistry or direct real-time manipulation of the phase-change process, which can offer further 
control of heat-transfer processes. Finally, long-term robustness is essential to ensure reliability 
and feasibility but remains a key challenge.
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nature15, such as the lotus leaf 16. Given the complexity 
of these surfaces, understanding the roles that surface 
geometry and chemistry have in wetting, nucleation, and 
bubble or droplet departure behaviour, which ultimately 
dictate the heat-transfer performance17, continues to be 
a challenge. However, these surfaces can be particu-
larly susceptible to contamination and other long-term 
degradation effects, which introduce new obstacles to 
overcome before widespread commercial and industrial 
adoption can proceed.

Nucleation, growth and departure
Both boiling and condensation involve the nucleation, 
growth and departure of either liquid droplets or vapour 
bubbles on the heat-transfer surface (FIG. 1). As such, there 
are similarities between boiling and condensation, but 
also some important differences. At the saturation tem-
perature and pressure, there is no energetic driving force 
for phase change because both liquid and vapour are in 
equilibrium with each other. At supersaturation, phase 
change becomes energetically favourable. However, to 
drive this phase-change process, the energy cost of cre-
ating liquid–vapour and solid–liquid interfaces (that is, 
surface energies) must be overcome, resulting in an acti-
vation energy that is highly dependent on the wetting 
behaviour18,19 (for more information on nucleation the-
ory, see Supplementary information S1 (box)). In boiling, 
high contact angles (FIG. 1a) lead to lower activation ener-
gies, whereas in condensation, low contact angles lead to 
lower activation energies. This activation energy is linked 
to a critical nucleation radius: the radius of curvature of a 
nucleated embryo needed for continued growth17.

In boiling, the critical nucleation radius can be of 
the order of 1–10 μm for water or 0.1–1 μm for typical 
lower-surface-tension refrigerants, according to classi-
cal nucleation theory at atmospheric pressure17,19. Thus, 
nucleation usually occurs on micrometre-sized defects 
or cavities on the scale of the critical nucleation radius, 
which can exist even on relatively smooth surfaces19. 

At these nucleation sites, the release of the entrapped 
vapour occurs. These entrapped vapour sites exist 
because of incomplete wetting of a surface with rough-
ness features, making them more common on surface–
liquid combinations that have high contact angles. As 
such, nucleation densities are higher on hydrophobic 
surfaces than hydrophilic surfaces20.

In condensation, the critical nucleation radius for 
droplets is approximately several nanometres for both 
water and typical refrigerants, based on classical nucle-
ation theory at atmospheric pressure. Owing to this 
extremely small scale, condensation nucleation density 
is virtually independent of surface geometry given that 
most surfaces are smooth at this scale. Instead, nucle-
ation is primarily a function of the intrinsic contact 
angle, which is determined solely by the fluid and sur-
face chemistry. As such, hydrophilic surfaces have higher 
nucleation densities than hydrophobic surfaces21.

Heat-transfer performance is dictated not only by 
the nucleation, but also by the growth and departure of 
the nucleated phase in a continuous, cyclic manner. This 
behaviour is typically shown in a heat-transfer curve 
with surface heat flux on the vertical axis and superheat 
or subcooling on the horizontal axis (FIG. 2). In boiling, 
at very low superheats (region A in FIG. 2a), heat transfer 
is mainly due to natural convection. As the superheat 
increases, vapour bubbles start to form at the onset of 
nucleate boiling (transition from region A to B). Once 
bubbles appear in the nucleate boiling regime (region B), 
they grow (FIG. 1e) until buoyancy overcomes surface ten-
sion (FIG. 1m), which causes significant fluid motion aid-
ing overall convective heat transfer22. The result of this 
bubble-motion-induced convection is a sharp increase in 
the heat flux (qʹʹ) and the heat-transfer coefficient (HTC) 
(defined as qʹʹ/ΔT, where ΔT is the temperature differ-
ence between the surface and the bulk), a parameter that 
describes the effectiveness of the heat-transfer process. 
If flow boiling is used (forced flow in the bulk of the 
fluid), then convection and the HTC can be increased 
further17. As the superheat increases, the nucleation den-
sity increases markedly because the critical nucleation 
radius decreases, allowing more defects and cavities to 
be activated for nucleation. Eventually, the high density 
of vapour bubbles leads to the formation of a vapour film 
on the heated surface, which acts as a thermal barrier 
for heat transfer (FIG. 1j). The Leidenfrost effect, whereby 
a droplet placed on a very hot surface above a critical 
temperature (the Leidenfrost temperature) remains rel-
atively insulated by an evaporating vapour cushion, is a 
result of film boiling. Once film boiling occurs (region 
D in FIG. 2a), the temperature increases sharply, usually 
to the extent of device burn-out or catastrophic system 
failure. The transition to film boiling (dashed arrow in 
FIG. 2a) occurs at the critical heat flux (CHF). As such, 
much research has been focused on strategies to raise 
the CHF of boiling systems. In addition, efforts have 
been made to increase HTC, as this can lead to direct 
improvements in efficiency.

Condensation performance can be characterized by an 
analogous heat-transfer curve (FIG. 2b). At very low sub-
cooling, condensation may be non-existent, but at some 

Box 1 | Key concepts in boiling and condensation

The heat-transfer coefficient (HTC) in boiling or condensation is the proportionality 
constant between the heat flux (that is, the rate of heat transferred per unit 
projected surface area) and the temperature difference between the solid surface 
(Tw) and the bulk fluid (usually Tsat). The HTC describes the ease with which the heat 
is transferred across a surface. When phase change occurs, the bulk fluid is usually at 
the saturation temperature (boiling point), and the temperature of the surface is 
higher or lower than the fluid temperature for boiling and condensation, 
respectively. In boiling, the temperature above the saturation temperature is the 
superheat, and in condensation, the temperature below the saturation temperature 
is the subcooling. Both superheat and subcooling describe a state of 
supersaturation, which is defined as the ratio of the surrounding vapour pressure to 
the saturation pressure at a particular temperature. When describing performance 
on a heat-transfer curve, the superheat or subcooling is often taken to be the 
difference between the wall temperature and the saturation temperature. To 
achieve a required heat flux, a higher HTC results in a lower temperature difference 
between the solid surface and the fluid, which is desired to improve the overall 
efficiency of the system. In boiling and condensation, the heat flux increases with 
increasing superheat or subcooling until a critical point, at which the heat flux 
decreases as the superheat or subcooling further increases. The corresponding heat 
flux is the critical heat flux, beyond which the HTC decreases sharply.
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level of subcooling, droplets nucleate (region B in FIG. 2b).  
Once droplets have nucleated, heat transfer will depend 
highly on droplet morphology. As opposed to boiling for 
which convection of the liquid is the dominant mode 
of heat transfer, in condensation, conduction from the 
wetted area to the liquid is important23. Therefore, con-
sideration of the wetting states (Cassie and Wenzel) is 
often necessary. On rough surfaces that exhibit Wenzel 
wetting (FIG. 1c), an initial droplet will continue to grow as 
a Wenzel droplet (FIG. 1g). On rough surfaces that favour 
Cassie wetting (FIG. 1d), an initial Wenzel droplet can form 
if nucleation occurs within roughness features24–27. This 
initial Wenzel droplet will transition into a partial-wetting  
mode where the droplet continues to grow on top of the 
roughness features, leaving a small wetted region at the 
source of nucleation (FIG. 1i) that significantly aids heat 
transfer. Alternatively, if nucleation originates from the 

top of a roughness feature, a suspended wetting mode 
will occur, in which the droplet remains fully above the 
roughness features (FIG. 1h) and relatively insulated from 
the surface28,29. If the morphology is favourable for heat 
transfer (Wenzel and partial wetting), and droplets are 
large enough for gravity to cause them to shed and create 
new nucleation spots (FIG. 1k,m), then high-HTC, gravi-
ty-assisted, dropwise condensation occurs, which is often 
referred to simply as dropwise condensation. However, at 
sufficiently high subcooling, nucleation may be too fast 
for departure, and a transition mode may begin after the 
CHF (region C in FIG. 2b) with eventual filmwise con-
densation (FIG. 1j) occurring at even higher subcoolings 
(region D in FIG. 2b). Characterized by a relatively thick 
liquid film and low liquid–vapour surface area (compared 
with dropwise condensation), filmwise condensation 
has relatively poor HTC. For systems with low contact 
angles (typical of most condensers in practice), filmwise 
condensation can occur at very low subcooling owing to 
early droplet coalescence (FIG. 1f) and insufficient drop-
let sizes for gravity to cause departure. Because filmwise 
condensation has poor performance compared with drop-
wise condensation, research has focused on strategies to 
remove droplets from the surface before a film develops.

Uniformly modified wetting surfaces
Given the importance of wetting for both boiling and 
condensation, much of the recent literature has focused 
on modifying surface chemistry and roughness of 
heat-transfer surfaces for specific wetting characteristics 
to improve the CHF and HTC. These modified wetting 
surfaces can be broadly described as uniform in terms 
of surface chemistry and features.

Boiling
Boiling on modified wetting surfaces can be divided by 
application. In applications requiring high-heat-flux 
dissipation, such as boilers in nuclear power plants or 
cooling in high-performance electronics, a high CHF is 
desired. In low-heat-flux applications, such as in most 
conventional boilers, high nucleation density is more 
important for achieving lower superheats. Although 
many boiling systems in practice make use of flow boil-
ing, performance varies greatly depending on various 
factors, such as flow rate, channel geometry and pressure 
drop30; thus, our discussion focuses on pool boiling of 
water (boiling in a static body of liquid, rather than in 
a flowing body of liquid) at atmospheric pressure (that 
is, a saturation temperature of 100 °C), given the large 
amount of work at this condition.

For pool boiling of water, changing the intrinsic con-
tact angle on smooth surfaces can alter the CHF and 
HTC. Depending on the intrinsic contact angle, CHFs 
for these surfaces are of the order of 0.6–1 MW m−2 at 
superheats of about 20–30 °C and at atmospheric con-
ditions (FIG. 3a; note that a detailed version of FIG. 3 with 
references and surface descriptions can be found in 
the Supplementary information S2,S3 (figure, table))20. 
Decreasing the contact angle (that is, making the sur-
face more wetting) increases the CHF but also lowers 
the nucleation density owing to an increased activation 

Box 2 | Key concepts in wetting

Boiling and condensation are highly dependent on wetting behaviour (that is, the 
behaviour of droplets and bubbles on surfaces that stem from molecular interactions of 
the fluid and surface). For a completely uniform and defect-free surface, a droplet or 
bubble will form an intrinsic contact angle192, conventionally defined as the angle 
between the solid–liquid and liquid–vapour interfaces within the liquid (FIG. 1a). For 
example, if we define phase 1 to be liquid and phase 2 to be vapour, the intrinsic 
contact angle, θ1, is a force balance at the three-phase contact line, expressed as the 
Young equation:

cosθ1 = 
γs,2 – γs,1

γ1,2

where γs,2, γs,1 and γ1,2 are the solid–phase 2, solid–phase 1, and phase 1–phase 2 
interfacial (surface) tensions, respectively. On real surfaces, there is typically 
contact-angle hysteresis, which is defined as the difference in advancing and receding 
contact angles, θa and θr, during quasi-static or incipient droplet motion, as shown in 
FIG. 1b. Hysteresis can be caused by non-smooth features or surface contamination. 
Contact-angle hysteresis allows droplets or bubbles to resist body or surface forces that 
may promote departure; thus, it is an important property to characterize. Surfaces that 
exhibit high and low contact angles for water are called hydrophobic and hydrophilic 
surfaces, respectively. The terms oleophobic and oleophilic can be used to describe 
surfaces in contact with an oil where the contact angle is high and low, respectively.

Often, the apparent contact angle — an important property in determining 
heat-transfer characteristics of boiling and condensation — is different from the 
intrinsic contact angle, because wettability can be modified by altering the structural 
properties of a surface. For example, addition of surface roughness, such as micropillars 
or nanowires, changes the wettability of a surface by forcing a liquid droplet placed on 
the surface to interact with a larger solid area and by changing the apparent surface 
energy of the solid–liquid interface. By altering the surface structure, the wetting 
properties can be tuned to morphologies ranging from highly pinned (that is, a Wenzel 
state33) to superhydrophobic (that is, a Cassie state)193,194. 

The Wenzel and Cassie states can be understood as a global energy minimization of a 
nucleated phase on a structured surface. For a surface with roughness r, defined by the 
ratio of the total surface area to the projected area, Wenzel33 showed in 1936 that for a 
fluid that wets the total surface area, the apparent contact angle in the Wenzel state, 
θW, is defined by:

cosθW = rcosθeq

A Wenzel droplet is illustrated in FIG. 1c. When the droplet rests on the tips of the 
features, Cassie and Baxter193 showed in 1944 that the apparent contact angle in the 
Cassie state, θCB, is defined by:

cosθCB = φ(1 + cosθeq) – 1

where the solid fraction, φ, is the ratio of the structure or roughness area contacting the 
droplet to the projected area. A Cassie droplet is illustrated in FIG. 1d.
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energy for phase change. By increasing nucleation and 
aiding convective heat transfer around bubbles, the 
HTC is improved (that is, the boiling curve at higher 
nucleation densities is shifted left where the heat flux 
is higher for a given superheat, as illustrated by the dif-
ference in the boiling curves for contact angles of 18° 
and 90° in FIG. 3a). By contrast, the CHF decreases with 

increased contact angle and nucleation density. With 
closer proximity of nucleating bubbles, the probability 
of bubble coalescence and eventual vapour film form-
ation is higher. In addition, the advancing three-phase 
contact line is retarded at higher contact angles31, slow-
ing the rewetting of the vapour region under a bub-
ble, which can aid in the generation of a vapour film.  

Figure 1 | Common wetting, growth and departure mechanisms for generic phases 1 and 2, which could be liquid 
or vapour. a | A droplet or bubble rests on a smooth surface with a contact angle of θ1 (if phase 1 is liquid) or θ2 (if phase 2  
is liquid) that is determined by a force balance between γs,1, γs,2 and γ1,2. b | As the droplet or bubble begins to move, 
wetting hysteresis occurs, with different advancing (θa) and receding (θr) contact angles. On rough surfaces (typically for 
liquid droplets), Wenzel wetting occurs if liquid is completely in contact with the roughness features (part c), whereas 
Cassie wetting occurs if it is only partially in contact with these features (part d). Growth on smooth surfaces can occur by 
addition of fluid through evaporation and condensation at the liquid–vapour interface (part e) or coalescence events 
(part f). On rough surfaces, growth (typically for liquid droplets), can occur within roughness features if Wenzel wetting is 
energetically favoured (part g). If Cassie wetting is favoured, either suspended (part h) or partial-wetting modes (part i) 
appear depending on initial nucleation. Departure of the nucleated phase can occur by formation of a film (film 
condensation or film boiling) (part j), by droplet or bubble sliding (part k), by coalescence (part l, where the coalesced 
droplet surface energy (SE) is less than the sum of the originial two droplets) or directly by gravitational body forces 
(part m) when there is a difference in densities (ρ1 ≠ ρ2).
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The importance of contact angle for the CHF has been 
explained by a physical force-balance model incorpora-
ting the effects of surface tension, momentum and buoy-
ancy, which showed accurate predictions for smooth 
surfaces32. Therefore, for high-CHF applications using 
smooth surfaces, a smaller contact angle is desirable 
and can be achieved relatively easily on metal surfaces 
by introducing oxidation20. However, for low-heat-flux 
applications, hydrophobic surfaces are desired for high 
nucleation density, which can be achieved by applying 
low-surface-energy coatings, such as polymers.

Because boiling depends strongly on wettability, 
a large amount of research has focused on modifying 
wettability not just through intrinsic surface chemis-
try, but also through surface geometry. From the early 
work of Wenzel, it is known that introducing roughness 
can magnify either hydrophobicity or hydrophilicity33. 
Roughness has been used to create superhydrophobic 
surfaces with high nucleation densities, but often with 
significantly reduced CHF34. Thus, many researchers 
have investigated rough, superhydrophilic surfaces for 
enhanced CHF. Superhydrophilicity has been achieved 
by having micro- and nanometre-sized features on 
hydrophilic metal and silicon dioxide surfaces. Some 
examples of structures include nanowires35–37 (FIG. 4a), 
silicon dioxide structured pillars38 (FIG. 4b), hierarchical 
structured surfaces36,39,40 (FIG. 4c), bio-templated surfaces40 
and sintered particles34,41 (FIG. 4d), most of which are 

represented for water at atmospheric conditions in FIG. 3a 
(CHF-optimized surfaces34,35,37,39,40,42,43). Many of these 
surfaces and processing techniques are summarized in 
detail in a recent review44. Often the goal of using such 
surfaces is to be able to pull liquid quickly into the sur-
face to prevent the formation of a vapour film. The idea 
is that small features on the surfaces are significantly 
smaller than the capillary length (~2.7 mm for water); 
thus, the menisci formed by these features can provide 
a high capillary driving force that pulls liquid into the 
surface. These CHF-optimized surfaces have CHF values 
in the range of 2–3 MW m−2, which can be several times 
higher than for smooth surfaces (FIG. 3a). Also grouped 
with these surfaces are nano fluids42,45, whose improved 
performance is due primarily to the deposition of nano-
particles (which increase the surface roughness), rather 
than contributions from the bulk fluid46. Similarly, rough 
surfaces have been used to manipulate the Leidenfrost 
effect and partial-wetting droplet behaviour47–49, as well 
as to induce preferential wetting or droplet motion 
with wettability gradients50. Studies of this type could 
be useful in improving quenching51 or spray-cooling52 
applications.

Predicting the CHF on highly featured surfaces 
remains a challenge. Because the contact angle of many 
of these superhydrophilic, high-CHF surfaces is effec-
tively zero, differences in CHF cannot be explained 
by the intrinsic contact angle alone. For roughened 

Figure 2 | Schematic diagrams of typical boiling and condensation heat-transfer curves. For both boiling (part a) and 
condensation (part b) curves, the heat flux (qʹʹ) on the vertical axis is plotted as a function of the superheat or subcooling  
of a surface at a temperature TW (ΔT = TW − Tsat, where Tsat is the bulk temperature) on the horizontal axis. Both boiling and 
condensation share convection, nucleate (dropwise for condensation in which large droplets shed because of gravity, g), 
transition and filmwise modes. Heat flux increases with increasing temperature difference, especially in the nucleate 
modes. The critical heat flux (CHF) is the local maximum in the heat flux, beyond which a much less effective filmwise 
mode develops. In a system with controlled heat flux, the heat-transfer curve typically follows the dashed arrow when 
transitioning from nucleate to filmwise modes. Transition modes can occur when the temperature is controlled, but these 
are seldom used. ONB, onset of nucleate boiling.
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surfaces with minimal porous features, CHF has been 
attributed to effectively higher surface tension forces due 
to increased surface roughness on pillared38 and hier-
archical pillared structures39. By contrast, on surfaces 
with a high density of features, liquid flow within the 
features can be impeded by viscous resistance similar to 

porous media flow. In one study in which vertical cap-
illary tubes filled with liquid were put in contact with a 
boiling surface, the volumetric speed at which the liq-
uid flowed onto the surface (termed the wickability) was 
shown to correlate closely with the CHF40. Surfaces with 
high wickability exhibited higher CHF values, which 
suggests that CHF is determined by the speed at which 
liquid rewetting occurs on the surface below a departing 
bubble. A separate study that visualized single bubble 
dynamics also showed that CHF is related to the speed 
of this rewetting process53. As shown in FIG. 3b, surfaces 
with higher wickability (blue and purple) have higher 
CHFs than lower wickability surfaces (orange). This 
process is dependent not only on the wetting behaviour 
(that is, the driving force for liquid to contact the sur-
face), but also the viscous resistance through a struc-
tured porous network (porous media flow). Thus, any 
flow impediments due to porous media flow should be 
taken into account when developing rough, high-CHF 
surfaces for enhanced wetting.

Although CHF-optimized surfaces have improved 
CHF compared with smooth surfaces, the superheats 
remain relatively unchanged (20–30 °C). However, the 
presence of mixed micro- and nanoscale features (that 
is, hierarchical features) can provide some control over 
the HTC. Nanostructures may be primarily responsible 
for wetting enhancement, but microstructures that are 
closer in size to the critical nucleation size provide ne ces-
sary nucleation spots. As shown in FIG. 3b, for smaller 
microstructures (average spacing between features 
less than ~20 μm; purple), the plot of heat flux versus 
superheat is shifted left (higher HTC) compared with 
larger microstructures (average spacing between features 
more than ~90 μm; blue and orange). This is probably 
because of the increased nucleation density associated 
with smaller microstructures. Thus, the incorporation 
of features close to the critical nucleation size should be 
taken into account when designing boiling surfaces to 
improve the HTC.

Condensation
Like boiling, condensation performance can be enhanced 
by modifying the surface design for specific wettability 
characteristics with the objective of increasing HTC and 
CHF (increasing the CHF promotes the more effective 
dropwise condensation mode). However, in contrast 
to boiling, condensers typically operate in the filmwise 
mode; thus, strategies have been developed to improve 
the filmwise HTC. The filmwise HTC can be increased 
by adding surface features such as fins (FIG. 5a; note 
that a detailed version of FIG. 5 with references and sur-
face descriptions can be found in the Supplementary 
information S3,S4 (table, figure)), which has resulted in 
up to a 400% improvement in HTC for water at atmos-
pheric pressure; the enhancement mechanism is often a 
combination of the local HTC (for example, from film 
thinning due to surface tension effects)54 and overall 
HTC coefficient improvement due to extended sur-
faces (that is, fins)55,56. However, the most recent litera-
ture has focused on promoting dropwise condensation 
and subsequently reducing the droplet departure size,  

Figure 3 | Recent developments in pool-boiling performance. a | Boiling curves  
up to the critical heat flux (CHF) for various pool-boiling systems reported in the 
literature20,34,35,37,39,40,42,43,125,128–131,135. The dependence on contact angle for smooth 
surfaces is shown in dark grey. The data in the top-right corner are taken from studies 
in which the CHF was optimized with micro- and nanoscale features and homogenous 
surface chemistry. The data in the top-left corner represent work in which both the 
CHF and heat-transfer coefficient (HTC) were optimized, usually with new, 
heterogeneous surfaces. Bottom data points represent work with minimal surface 
engineering and surfactants in the bulk fluid. b | CHF values of various micro- and 
nanostructured surfaces grouped according to microstructure size and wickability.  
A detailed version of this figure with references and surface descriptions can be found 
in the Supplementary information S2,S3 (figure, table). 
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with reported improvements in HTC of over 1,000%.  
We note that not all condensation work has been per-
formed at atmospheric conditions with water; for 
comparison, we have adjusted any condensation data 
of water to atmo spheric pressure (see Supplementary 
information S5 (box)). Meanwhile, the CHF can be 
improved to delay the transition from dropwise to 
filmwise condensation by decreasing the contact-angle 
hysteresis and, in contrast to boiling, by increasing the 
contact angle. However, there is less literature on CHF 
enhancement, particularly because the peak heat fluxes 
required for CHF during water condensation are of the 
order of 10 MW m−2 at subcoolings over 20 °C, which is 
well outside the typical operating range for most practical 
condensers57. However, CHF is still an important con-
sideration for fluids other than water, because lower sur-
face tensions and contact angles lead to correspondingly  
lower CHF values58,59.

Altering the intrinsic contact angle is the simplest 
method of modifying condensation heat transfer. By 
promoting dropwise condensation, HTCs are improved 
compared with filmwise condensation, as shown in 
FIG. 5a (the dark grey curves are experimental data 
taken from the literature for dropwise condensation on 
flat hydrophobic surfaces58,60–68; the grey dashed curve 
is the experimentally verified Nusselt model for film-
wise condensation). Dropwise condensation is opti-
mized by increasing the contact angle and decreasing 
the contact-angle hysteresis to aid in the departure of 
highly mobile droplets69. This can increase the HTC if 
the contact angle is not significantly greater than 90°, 
which would limit heat transfer because of the small 

conduction area29,69. High contact angle and low hys-
teresis have been achieved in the past by self-assembled 
monolayers (usually with fluorosilanes)70, polymer coat-
ings70,71, ion-implanted surfaces72, noble metal coatings73, 
rare earth oxides74 and graphene coatings75. A summary 
of some techniques can be found in a previous review44.

Often used in conjunction with intrinsic contact- 
angle modification, the addition of surface structures 
or roughness has a crucial role in determining the con-
densation behaviour. Specifically, when surface struc-
tures are combined with a sufficiently hydrophobic 
intrinsic contact angle (for example, by roughening an 
intrinsically hydrophobic surface or by coating a rough 
hydrophilic surface with a hydrophobic treatment), the 
resulting superhydrophobic surface can promote con-
densation of suspended and partial-wetting morphol-
ogies (FIG. 1h,i). Structures ranging from the micro- to 
nanoscale and from highly ordered to disordered have 
been used. Arrays of microfabricated silicon pillars 
tend to have ordered geometries at the micrometre 
scale70,76, whereas metal oxide coatings grown hydro-
thermally, with chemical vapour deposition (CVD) or 
plasma-based approaches, are more disordered and 
often at the nanometre scale70,77. A commonly used 
combination of these approaches produces hierarchical 
roughness composed of large ordered structures covered 
with small disordered structures. Because these sili-
con and metal oxide surfaces are typically hydrophilic, 
they are functionalized with hydrophobic coatings to 
achieve superhydrophobicity using the same techniques 
for improving and harnessing dropwise condensation. 
Condensation heat transfer on superhydrophobic 

Figure 4 | SEM images of representative micro- and nanostructured surfaces for pool boiling. a | Nanowires. 
b | Micropillars. c | Hierarchical structures. d | Sintered copper particles. e | Wire meshes. f | Biphilic surfaces.  
SEM, scanning electron microscopy. Part a is reprinted with permission from REF. 37, American Chemical Society. Part b 
is reprinted with permission from REF. 38, American Institute of Physics. Part c is reprinted with permission from REF. 40, 
American Chemical Society. Part d is reprinted with permission from REF. 41, Elsevier. Part e is reprinted with permission 
from REF. 126, the American Society of Mechanical Engineers. Part f is reprinted with permission from REF. 128, Elsevier.
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surfaces (self-assembled monolayers (SAM) on nano-
textured Cu (flooded); FIG. 5a)78 can be higher than that 
of filmwise condensation but inferior to that of dropwise 
condensation on a flat surface if the droplet nucleation 
density is high enough to cause a ‘flooded’ mode similar 
to filmwise condensation77,79. Thus, recent works have 
been focused on coalescence mechanisms and alterna-
tive droplet departure modes.

One method to prevent flooding is to induce a ‘jumping- 
droplet’ mode of condensation. Surface energy release 
during coalescence of droplets can result in spontane-
ous departure (FIG. 1l), with a typical condenser surface 
shown in FIG. 6a,b (REF. 77) at droplet diameters that are 
orders of magnitude smaller than those observed dur-
ing gravitational dropwise shedding via sliding80–82 
(FIG. 1k). Early droplet departure at small droplet sizes 
is beneficial because this minimizes thermal resistance; 
for maximum heat transfer, a minimum departure size 
of 10–20 μm is the consensus between modelling and 
experiment77,83–85, although departure sizes as small as 
1 μm have been reported in the most recent literature86,87. 
Recently, condensation of water in suspended or partial 
wetting morphologies with non-jumping88 and jumping89 

behaviours have been demonstrated, in which HTCs can 
be enhanced by up to 40% compared with gravity-driven 
dropwise condensation77,90. Furthermore, droplets depart-
ing during jumping condensation have recently been 
shown to carry an electrostatic charge85, and therefore 
the use of electric fields can improve heat-transfer perfor-
mance by enhancing removal of droplets91–94. Subsequent 
research has shown that jumping-droplet condensation 
occurs on different geo metries, including hierarchi-
cally structured surfaces95,96, and in devices such as 
vapour chambers97, thermal diodes97,98, fibre coalescers99  
and self-cleaning surfaces100,101.

However, to achieve jumping-droplet condensation,  
special considerations should be used in structure design 
to ensure suspended or partial-wetting droplet mor-
phologies, as opposed to droplets in the Wenzel state, 
which results in large, immobile droplets leading to 
‘flooded’ condensation76,77,102–104. Although the intricate 
liquid–structure interaction dynamics dictate droplet 
morphology for droplet nucleation within the structure, 
the energy barriers encountered by the droplet can be 
predicted approximately by comparing the energies of the 
non-equilibrium, advancing Cassie and Wenzel states. 

Figure 5 | Recent developments in condensation heat-transfer performance. a | Water condensation heat flux as a 
function of subcooling for a fixed vapour temperature of 100 °C. Dropwise condensation experiments58,60–68 
conducted on flat hydrophobic surfaces before 2000 are plotted in dark grey lines grouped within a shaded ‘dropwise 
regime’ region that is also shown in parts b and c; other condensation experiments with surface modification via 
roughening and coatings55,71,75,77,78,116 are plotted in colour; and the Nusselt filmwise condensation model is plotted as 
a dashed grey line for comparison. Some of the experimental data since 2000 were obtained at vapour temperatures 
of <100 °C and were adjusted for comparison (see Supplementary information S5 (box)). b | Dropwise-condenser 
coatings degrade over time — a problem not typically observed during filmwise condensation. c | All modes of 
condensation have impeded heat transfer in the presence of non-condensing gases (NCGs), which build up at the 
condenser surface and act as a diffusion boundary layer. iCVD, initiated chemical vapour deposition; SAM, 
self-assembled monolayer. A detailed version of this figure with references and surface descriptions can be found in 
the Supplementary information S3,S4 (table, figure). 
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Wenzel-state droplets emerge when the Wenzel energy 
state is favoured, whereas suspended or partial-wetting  
droplets emerge when the Cassie energy state is 
fa vour ed76. In addition to this energy barrier criterion, 
jumping has been observed only when the nucleation 
density is low enough that the distance between nuclei 
of droplets is two to five times the spacing between 
the structures. If the distance between droplet nuclei 
is shorter than this threshold, the energy barrier asso-
ciated with individual droplet growth is overcome by 
many coalescence events and flooding occurs, form-
ing Wenzel-state droplets. Experimental demonstra-
tion shows that flooding can occur even on surfaces 
that initially exhibit jumping-droplet condensation 
once the subcooling is increased past a critical value. 
This is probably attributable to an increase in the 
density of nucleation sites at higher subcooling while 
the length scale of the structure remains constant. 
Therefore, it appears that smaller, more closely spaced 
structures with higher surface roughness and more 

intrinsic hydrophobic behaviour will most stably promote  
jumping-droplet condensation.

Definitive measurements of enhanced heat trans-
fer through jumping-droplet condensation remain 
limited. Many studies have explored jumping-droplet 
condensation through environmental scanning elec-
tron micro scopy (ESEM) imaging23,105–111, but even with 
advances in ESEM imaging technology112–114, these exper-
iments do not allow direct comparison of macroscopic 
heat-transfer performance and are therefore speculative. 
Although experimentally measured heat transfer for 
jumping-droplet condensation on a superhydrophobic 
surface was found to be higher than for dropwise con-
densation on a flat hydrophobic surface (SAM on CuO 
nanostructure (jumping) versus SAM on Cu (dropwise); 
FIG. 5a), much of this work was performed under sub- 
atmospheric pressure77,110,115, in contrast to older studies 
on flat hydrophobic surfaces at atmospheric pressure. 
Further experimentation at atmospheric pressure could 
elucidate the exact degree of enhancement as well as 

Figure 6 | SEM images of representative micro- and nanostructured surfaces for condensation. a | Copper oxide 
nanostructures with silane coating. b | Environmental scanning electron microscopy (ESEM) time-lapse images of 
jumping-droplet condensation on this surface. c | Biphilic virus-templated nanostructures with hydrophilic circular 
regions that serve as nucleation sites. d | ESEM time-lapse images of condensation on this surface. e | Silicon micropost 
structures without (left) and with (right) lubricant. f | ESEM time-lapse images of slippery liquid-infused porous surface 
(SLIPS) condensation on this surface. Parts a and b are reprinted with permission from REF. 77, American Chemical 
Society. Parts c and d are reprinted with permission from REF. 151, American Chemical Society. Parts e and f are 
reprinted with permission from REF. 157, American Chemical Society.
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any effects of the higher vapour pressure on the onset 
of flooding. A subsequent jumping-droplet condensa-
tion experiment (SAM on Cu nanoneedles (jumping); 
FIG. 5a)116 showed worse performance, but it is possible 
that surface flooding occurred or that non-condensable  
gases (NCGs) were present, possibly indicated by the 
decreasing HTC at higher subcooling (this effect is 
highlighted in FIG. 5c)117,118. We note that the HTC on 
the superhydrophobic surface was still higher than the 
HTC for dropwise condensation in this study, indicat-
ing that NCGs were the more likely source of this dis-
crepancy116. Heat-transfer data recorded in the presence 
of NCGs110,119, although illustrative, are not useful for 
comparison. There has also been interest in multi-drop 
coalescence82,87,93,96,120–122, including sweeping (lateral) 
jumping whereby many droplets can be removed owing 
to an in-plane component of the jumping velocity123,124, 
but no heat-transfer measurements were made for 
comparison with past work. Future studies exploring 
high-performance jumping-droplet condensation should 
involve appropriate heat-transfer measurements, thus 
assisting in materials and structure design.

Nucleation control
Although the incorporation of relatively uniform surface 
chemistry and features can enhance the CHF or HTC 
for boiling and condensation, the different surface- 
energy requirements to achieve both higher CHF and  
HTC have sparked interest in surfaces with alternative, non- 
uniform chemistry and features. These include surfaces 
with heterogeneous surface chemistry, transient changes 
in surface chemistry and patterning of various features on 
the submillimetre to millimetre scale. Usually the goal of 
such surfaces is to provide more control over nucleation.

Boiling
Although applications such as cooling for nuclear power 
plants focus on preventing CHF because of safety con-
cerns, many other applications require both high CHF 
and HTC. An ideal boiling surface would have a char-
acteristic boiling curve that lies in the top-left quadrant 
of FIG. 3a (that is, CHF- and HTC-optimized). Achieving 
this by designing surfaces with a single wettability is 
difficult, although work using relatively thick layers 
(~1 mm) of sintered wire mesh showed fairly high CHF 
and HTC125,126 (FIGS 3a,4e). Non-wetting surfaces typically 
assist in achieving a higher HTC, whereas wetting sur-
faces lead to a higher CHF. This dual wettability require-
ment has inspired the development of biphilic surfaces, 
which have spatially varying wettability (FIGS 4f,7a). The 
hydrophobic regions are designed to promote vapour 
nucleation, whereas the hydrophilic regions suppress lat-
eral expansion of the bubbles and thus can prevent film 
formation. Recent studies have created well-controlled 
hydrophilic and hydrophobic patterns on smooth127 and 
nanostructured surfaces128. Specifically, hydrophobic sur-
faces with hydrophilic islands showed the highest HTC at 
a small superheat owing to the abundance of nucleation 
sites; however, this did not enhance the CHF because the 
nucleation regions were connected and vapour bubbles 
could still expand laterally. Hydrophilic surfaces with 
hydrophobic islands demonstrated both enhanced CHF 
and HTC (with a maximum CHF of 1.9 MW m−2 on a 
smooth surface)127. In this configuration, bubbles were 
pinned to the borders of the hydrophobic islands, limiting 
the bubble size. Further increasing the wettability differ-
ence between the background and islands by roughen-
ing the surfaces significantly enhanced the HTC (FIG. 3a, 
superbiphilic) compared with that on homogeneous, 

Figure 7 | Nucleation control through mixed materials, channels or transient effects for boiling. a | Biphilic 
surfaces are largely hydrophilic with hydrophobic islands on which bubble nucleation occurs. b | Biconductive surfaces 
have regions of low thermal conductivity, k, interspersed among high-temperature, high-conductivity regions on which 
nucleation occurs. c | Surfaces with open microchannels allow separate regions of liquid and vapour flow, which can aid in 
the nucleation and departure of bubbles within the channels. d | Controlling adsorption of surfactants by means of electric 
fields can allow transient activation of nucleation. 
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hydrophilic-structured surfaces (FIG. 3a, hydrophilic 
micro- and nanostructured surfaces), and moderately 
improved the CHF (1.3 MW m−2 at 8.3 °C superheat)128. 
The hydrophobic island size could be further optimized 
for smaller bubble departure and further enhancement 
of HTC127. More work is required to understand and 
optimize the dimensions of these biphilic patterns, and 
to optimize the hydrophilic surface structure to obtain 
higher CHF. Although the use of biphilic surfaces to 
enhance both the HTC and the CHF has been successfully 
demonstrated, these surfaces rely on surface wettability 
and are thus naturally sensitive to fouling and degradation 
over time. In addition, they are not effective for highly 
wetting, low-surface-tension fluids such as refrigerants.

In addressing some of the challenges of biphilic sur-
faces, a new substrate with spatially varying thermal 
conductivity129 (FIG. 7b) was developed to enhance both 
the HTC and CHF through controlled nucleation. The 
surface consists of an epoxy array (thermal conduc-
tivity <1 W m−1K−1) embedded into a copper substrate 
(thermal conductivity ~400 W m−1K−1). Because of the 
orders-of-magnitude difference in thermal conductiv-
ity, heat is conducted to the liquid mainly through the 
copper, while the epoxy remains thermally insulated. 
The surface temperature becomes non-uniform with 
the copper being hotter than the epoxy, which remains 
closer to the saturation temperature. Therefore, nucle-
ation is activated only on the high-temperature copper 
surface. The temperature of the epoxy is lower than that 
required to initiate vapour nucleation; thus, the region 
above the epoxy serves as a liquid pathway in which liq-
uid has continual access to the substrate, and this pre-
vents film boiling and increases the CHF. These liquid 
pathways also promote efficient removal of the vapour 
bubbles as they expand and coalesce. This contributed to 
a maximum fivefold enhancement in the HTC (FIG. 3a, 
biconductive) compared with boiling on a bare copper 
surface. The optimal pitch of the low-conductivity array, 
and hence the spacing of the temperature variation, was 
identified to be around the capillary length of the fluid 
(2.7 mm for water), which is a length scale on which 
buoyancy balances surface tension.

Another scheme that has been used to spatially sep-
arate the liquid and vapour pathways is surfaces with 
open microchannel geometries130. A surface coating 
that promotes nucleation is applied either to the channel 
walls or to the microchannel fin tops that separate the 
channels (FIG. 7c). The coated regions are more favour-
able for bubble nucleation, while the uncoated regions 
serve as liquid pathways to rewet the nucleating regions. 
A CHF value of 4.2 MW m−2 was demonstrated on an 
open microchannel surface with sintered porous meshes 
on the channel walls (FIG. 3a, sintered microchannels)131. 
The mechanism for the enhancement was mainly attrib-
uted to bubble-induced liquid-jet impingement on the 
heating surface. The optimal channel pitch was smaller 
than the capillary length (a few hundred micrometres), 
suggesting that another mechanism such as momentum 
may be at play in addition to buoyancy.

In addition to engineering surfaces with modified 
surface or substrate properties, tuning the heat-transfer 

performance of boiling by adding surfactants to the bulk 
liquid has gained interest because it does not require 
modification of the solid substrate. The use of surfactants 
increases bubble nucleation and the HTC132,133. This is 
attributed to the fact that surfactants adsorb at the liquid– 
vapour and the solid–liquid interfaces. The adsorption of 
surfactant at these interfaces lowers their surface energy. 
A lower liquid–vapour surface tension leads to a decrease 
of the adhesion force of the bubble to the solid surface 
and aids bubble departure. Surfactants at the solid–liquid  
interface make the solid surface more hydrophobic,  
which promotes bubble nucleation and a higher 
HTC134. Recently, active control of the heat-transfer  
performance of boiling was demonstrated by manipu-
lating the adsorption of charged surfactants by means 
of an electric field135. Charged surfactants were attracted 
or repelled from the surface when an electrical potential 
of the opposite or same polarity was applied. Switching 
between potentials can thus lead to the adsorption or 
desorption of surfactant molecules to the boiling surface 
and completely suppress or activate bubble nucleation 
(FIG. 7d). Both nucleation and heat flux were altered within 
several hundred milliseconds after the electrical potential 
was switched, allowing transient tunability in boiling per-
formance (FIG. 3a, surfactant adsorbed versus surfactant 
desorbed). However, surfactant boiling systems, in gen-
eral, have relatively low CHF. Therefore, using surfactants 
to improve the boiling HTC is most suitable for low- 
heat-flux applications. Active control of boiling has also 
been achieved by applying large electric potentials (of the 
order of kilovolts) to dielectric fluids136,137.

In summary, combining contrasting wettabilities, 
substrate conductivities or surface-feature length scales 
(nanometre-scale roughness to millimetre-scale open 
channels) to promote bubble growth and departure, as 
well as preventing lateral expansion of bubbles, offers 
promising ways to achieve both high CHF and HTC. In 
addition, dynamically manipulating the interfacial ten-
sion by means of surfactants provides opportunities for 
real-time control of heat transfer.

Condensation
Nucleation control can be used during condensation, 
whereby hydrophilic areas induce nucleation138,139. 
Typically, the desert beetle (whose wing surface fea-
tures alternating, micrometre-sized hydrophilic bumps 
and hydrophobic troughs) is cited as inspiration15,140–144, 
although recent work has suggested that completely 
hydrophilic surfaces outperform biphilic surfaces in 
some environments7. Incorporation of hydrophilic 
nucleation sites on otherwise hydrophobic or super-
hydrophobic condensation surfaces can cause selective 
nucleation, which can result in favourable suspended 
or partial-wetting droplet morphologies21,145–149 (FIG. 8a). 
Although most current designs lose their efficacy at 
practical subcooling levels owing to nucleation within 
the structures and subsequent flooding76, recent mixed-
mode designs have demonstrated an enhancement150 
or delay in flooding151 compared with a superhydro-
phobic surface with no nucleation sites. This enhance-
ment is due to preferential nucleation and growth from 
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hydrophilic islands151 (FIG. 6c,d; FIG. 8b). Although the 
delay in flooding was demonstrated in the presence of 
NCGs with ESEM imaging151, with no heat-transfer data 
recorded for pure-vapour condensation, there remains 
promise for mixed-wettability structured surfaces to 
delay flooding under condensation of pure vapour and at 
higher subcooling. Hydro- and oleophobic surfaces that 
rely solely on the surface structure will also flood upon 
significant subcooling when the condensate nucleates and 
spreads inside the structures and irreversibly transforms 
the system to a Wenzel state152–155. In essentially the inverse 
scheme for selective nucleation on pillar tops, hydrophilic 
structures with a hydrophobic top coating were used to 
allow fluid transfer from small to large droplets through 
the structures, in a phenomenon similar to Ostwald rip-
ening; however, only ESEM data were provided, and the 
potential for heat-transfer enhancement has not yet been 
confirmed156 (FIG. 8c). Given the limited number of useful 
results in this area, the effectiveness of mixed-wettability 
surfaces for condensation remains unclear.

An alternate approach, called slippery liquid-infused  
porous surface (SLIPS), relies on infusing porous or 
structured surfaces with condensate-phobic lubricants157  
(FIG. 6e,f; FIG. 8d). This approach, conceptualized158  
in rudimentary form in 1959 and explored briefly in 
subsequent work159,160, has recently seen a resurgence 

in interest starting in 2011 with the development of 
new coatings161,162. SLIPS requires the following crite-
ria for dropwise condensation: the lubricating fluid is 
immiscible with the condensing liquid; the lubricating 
fluid preferentially wets the rough nanostructure, even 
in the presence of the condensing liquid; and the con-
densing fluid forms discrete drops (as opposed to a film) 
on the lubricating fluid surface owing to the balance of 
surface energies. Initial work suggested that the high 
droplet mobility could result in improved heat-transfer 
performance. However, although the first experimental 
measurement of heat transfer for dropwise condensation 
on SLIPS showed an improvement relative to dropwise 
condensation on a flat surface, the performance in both 
cases was measured in the presence of the same level of 
NCGs163. Because these gases were not removed, in order 
to preserve the lubricating fluid required for SLIPS, the 
performance of SLIPS was worse than filmwise conden-
sation with no NCGs present. In a subsequent study 
including water and other condensing fluids, it was sug-
gested, on the basis of a model, that the heat-transfer per-
formance with SLIPS could be greater than for filmwise 
condensation164; however, this study also did not account 
for the effect of NCGs and did not provide experimen-
tal heat-transfer characterization of condensation on 
SLIPS. The nucleation and growth of the condensate  

Figure 8 | Mixed wettability surfaces and other advanced techniques for condensation heat-transfer enhancement. 
a | Hydrophilic nucleation sites can cause selective nucleation (particularly to promote suspended and partial-wetting 
droplets). b | A mixed hydrophilic–superhydrophobic surface can be used to control nucleation and delay flooding during 
jumping-droplet condensation. c | A wicking substrate with a hydrophobic top layer can be used to promote the formation 
of discrete droplets that merge by capillary-driven flow through the substrate. d | A slippery liquid-infused porous surface 
(SLIPS) promotes droplet mobility for removal at smaller sizes. Surfaces with a wettability gradient (part e) or a geometric 
surface-energy gradient (part f) can induce droplet motion, even in the absence of other forces, such as gravity or vapour 
shear. In part f, droplets move away from the tip of a cone to minimize their respective surface energies.
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on SLIPS were also explored165, and SLIPS surfaces were 
used in conjunction with geometric surface-energy gradi-
ents to promote droplet movement166. However, condensa-
tion of a single fluid without a significant amount of NCGs 
present (and accordingly any significant improvement  
in heat transfer) remains to be demonstrated.

Other proposed methods to improve the HTC, par-
ticularly in environments without external shedding 
mechanisms, such as gravitational body force or vapour 
shear, take advantage of surface-energy gradients. 
Wettability gradients induce droplet motion owing to a 
difference in contact angle from one side of the drop-
let to the other, which results in a net force167 (FIG. 8e). 
Geometric energy gradients rely on surface geome-
tries whereupon droplet energy minimization causes 
motion166,168,169: for example, droplets on a convex surface 
moving towards a flatter region (FIG. 8f). These methods 
may be useful for space applications where gravity is 
negligible and could also aid in the removal of droplets 
smaller than the capillary length. However, heat-transfer  
measurements in well-controlled conditions of any of 
these proposed techniques have yet to be performed.

Long-term performance and robustness
Boiling and condensation are often involved in contin-
uously run plant-scale applications; ensuring long-term 
performance and robustness is therefore crucial for 
wide-scale commercial adoption of nanoengineered sur-
faces. Adding new features to surfaces often exacerbates 
heat-transfer degradation in various ways: for example, 
by increasing fouling170,171. In addition to heat transfer, 
surface features can also introduce undesirable effects, 
such as increased ice formation in certain environments, 
that can affect safety, usability and other factors172.

Boiling
As early as the 1930s, it was known that surface rough-
ening on boiling surfaces had performance benefits but 
with significant degradation typically occurring over 
the course of a few hours173. After 24 hours, the HTC 
of roughened surfaces can decrease by more than 50% 
from just being immersed in water173. Even on smooth 
surfaces, the HTC can decrease by approximately 10–15% 
over time173. Owing to the ageing effects of simple rough-
ening, there was limited commercial interest in enhanced 
boiling surfaces until the development of the entrapped 
vapour theory of nucleation19, which guided the develop-
ment of new finned and porous structures in the 1960s 
and 1970s174. With entrapped vapour theory, degradation 
from simple roughening techniques could be attributed 
to deactivation of nucleation sites by wetting of cavities 
over time175,176.

Fouling (that is, deposition of unwanted physical 
mat erial) of boiling surfaces can also degrade per-
formance over time. One of the most common prob-
lems that affects heat-transfer equipment is crystalline 
deposits of inverse-solubility salts, such as calcium car-
bonate177. Most boiling work conducted within the past 
10 years does not report long-term boiling performance. 
However, a few studies indicate that fouling may be an 
important issue for micro- and nanostructured surfaces. 

The adhesion of fouled substances on rough surfaces can 
be 30 times as high as on smooth surfaces170, and fouling 
rates have been shown to increase by 30% with increased 
roughness in some cases171. To mitigate these effects, 
chemical-fouling inhibitors may need to be incorporated 
within the fluid itself. Commonly used inhibitors, such 
as condensed polyphosphates, organophosphates and 
polyelectrolytes, have been shown to be effective for cal-
cium carbonate fouling177. Alternatively, coating surfaces 
with a lower-surface-energy material, such as titanium 
dioxide, have been shown to increase pool-boiling life-
times by approximately 10 times over plain copper sur-
faces178. Thin, low-surface-energy coatings, such as PTFE 
(polytetrafluoroethylene), can reduce crystalline foulants, 
as well as biofoulants, which can be an important issue in 
offshore plants179.

Other factors that could affect the long-term perfor-
mance include corrosion changing the intrinsic contact 
angle and the development of new structures through 
chemical reactions. Corrosion can occur by oxidation 
from acids or oxygen, or by reduction from alkali metal 
salts178. Some of these changes can be beneficial, such as 
in the formation of ‘crud’ (porous hydrophilic layers that 
grow from natural oxidation) in nuclear power plants 
that can increase CHF and safety margins180. Similarly, it 
was found that plain aluminium develops a porous struc-
ture in contact with hot water over the course of tens of 
minutes, which could also benefit heat transfer181. Steel 
oxidized over time would form more brittle structures, 
which could be easily broken apart by the convective 
flows in boiling, causing a degradation in CHF182. Owing 
to the complexity (and often the mixture) of materials in 
state-of-the-art boiling surfaces, study of the long-term 
performance is of paramount importance if commercial 
viability is to be realized.

Condensation
Dropwise condensation is achieved on most industrial 
condenser materials (for example, metals) by func-
tionalizing the condenser surface with a hydrophobic 
coating, such as a fluorocarbon monolayer, wax or 
polymer70,183,184. Monolayer coatings (~1-nm thick) 
of long-chain fluorocarbons or fatty acids can induce 
hydrophobicity with negligible added thermal resistance, 
but are often not robust (that is, chemically stable) over 
extended periods of time and are therefore unsuitable 
in industrial applications71,184,185. Thicker polymer coat-
ings (>1 μm), such as PTFE, have shown the potential 
to maintain robust hydrophobicity, but typically have 
a large thermal resistance that can negate the heat- 
transfer enhancement gained by promoting dropwise  
condensation184. Consequently, almost all industrial  
condensation applications rely on filmwise condensation.

Recently developed methods, such as initiated chem-
ical vapour deposition (iCVD) and plasma-enhanced 
chemical vapour deposition (PECVD), have been used 
to grow ultrathin (<40 nm) conformal polymer coatings 
with success in achieving dropwise condensation71,85. 
However, the durability of iCVD and PECVD coat-
ings requires further characterization because of the 
limited extended testing that has been carried out to 
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assess mechanical wear and chemical stability for long-
term condensing applications. Although iCVD coat-
ings are not initially the highest-performing, the heat 
flux with an iCVD coating on aluminium maintained 
good performance after 48 hours (iCVD fluoropolymer  
(dropwise); FIG. 5a)71, whereas fluorosilane coatings 
degraded within an hour.

An alternative approach using condenser coatings 
made of chemically stable ultrathin graphene has a 
HTC comparable to other dropwise studies reported 
in the literature (graphene on Cu (dropwise); FIG. 5a)75; 
robustness was demonstrated over a two-week period at 
100 °C without signs of degradation. By contrast, a sim-
ilarly performing monolayer coating failed within hours 
(SAM on Cu (dropwise); FIG. 5a)77. Other work78,186 that 
explored the condensation HTC as a function of time 
on structured and smooth surfaces with monolayer coat-
ings confirms the degradation in performance over time,  
as shown in FIG. 5b.

Another class of material, rare earth oxides, has been 
used as hydrophobic and structured superhydro phobic 
coatings74,187, with some researchers asserting that rare 
earth oxides are intrinsically hydrophobic74,187,188 and 
others proposing that they obtain hydrophobicity on 
contamination from the air189–191. Regardless of the 
mechanism for hydrophobicity, rare earth oxides war-
rant further exploration as coating materials owing to 
their high durability and high thermal conductivity.

The investigation of the new materials mentioned 
above suggests an increased interest in promoting drop-
wise condensation. However, cost-effective and robust 
functionalization of surfaces to promote dropwise con-
densation has proven to be exceedingly challenging, and 
filmwise condensation remains ubiquitous in industry 
despite decades of research. The improvements in heat 
transfer realized by dropwise condensation, and research 
in the newer areas of jumping-droplet and mixed- 
wettability condensers, will struggle to come to fruition 
without prior development of robust and thin coatings 
for dropwise condensers.

Outlook
Exciting, recent developments in boiling and condensa-
tion have unlocked unprecedented capabilities and per-
formance and led to new insights into the mechanisms 
of key physical phenomena. On the basis of these, several 
general material design guidelines can be produced for 
effective boiling and condensation surfaces. For boiling, 
highly wetting surfaces should be used for a high CHF, 

and this can be achieved by incorporating micro- and 
nanometre-sized features with attention given to non- 
restrictive flow geometry. In addition, designed nucle-
ation zones (created by areas of mixed wettability) with 
spacings of the order of 0.1–1 mm should be incorporated 
to achieve a high HTC — a performance metric that has 
not received as much attention as the CHF. For conden-
sation, more work should be focused on achieving and 
sustaining dropwise condensation, because this can pro-
vide much greater performance than conventional film 
condensation. Higher-performance dropwise conden-
sation can be achieved with low contact-angle hysteresis, 
higher contact angles and features to promote departure 
sizes below the capillary length. If surface roughness is 
to be incorporated, partial-wetting droplets should be 
promoted to ensure high heat transfer. To do so, features 
less than 1 μm should be incorporated with high intrinsic 
contact angle, which can also delay flooding. Special care 
should be taken to avoid NCGs, which can significantly 
hamper performance.

Many opportunities remain for further exploration. 
In much of the work in boiling in the past decade on a 
variety of micro- and nanoscale materials, the emphasis 
has been placed on increasing the CHF, which has led to 
new insights into the CHF mechanism. However, many 
of these surfaces have high superheats; new work with 
more engineered nucleation should emphasize attaining 
a lower superheat and higher HTC, in addition to a high 
CHF. For condensation, a wide variety of approaches 
have been proposed, but useful heat-transfer data is 
often lacking and experiments are performed under 
varied conditions, complicating comparison among 
studies. Just as a large portion of boiling work focuses on 
attaining a heat-transfer curve for pool boiling for water 
at atmo spheric pressure, a common set of metrics and 
experimental conditions should be considered so that the 
merits of many new forms of condensation surfaces can 
be fairly evaluated. Finally, with the development of new 
materials for boiling and condensation comes a height-
ened need for testing of long-term robustness. The imple-
mentation of specific surface chemistries, coatings and 
small features introduces new degradation and failure 
modes, as well as magnifying existing ones. If these long-
term degradation issues can be solved, recently devel-
oped materials and new understandings of key physical 
phenomena will provide significant improvement in 
performance over conventional heat-transfer surfaces, 
which could make a large impact given the ever-growing  
presence of boiling and condensation applications.
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Figure S1 

 

Figure S1: Recent developments in pool-boiling performance. (a) Boiling curves up to the CHF for various pool-
boiling systems reported in the literature. The dependence on contact angle for smooth surfaces is shown in 
dark grey. The data in the top-right corner is taken from studies in which the CHF was optimized with micro- 
and nanoscale features and homogenous surface chemistry. The data in the top-left corner data represent work 
in which both the CHF and HTC were optimized, usually with novel, heterogeneous surfaces. Bottom data 
points represent work with minimal surface engineering and surfactants in the bulk fluid. (b) CHF values of 
various micro- and nanostructured surfaces grouped according to microstructure size and wickability. CHF, 
critical heat flux; HTC, heat-transfer coefficient. 

  



Figure S2 

 

Figure S2: Recent developments in condensation heat-transfer performance. (a) Water condensation heat flux 
as a function of subcooling for a fixed vapour temperature of 100 °C. Dropwise condensation experiments 
conducted on flat hydrophobic surfaces prior to 2000 are plotted in black, other condensation experiments 
with surface modification via roughening and coatings are plotted in colour, and Nusselt’s filmwise 
condensation model is plotted in grey for comparison. Some of the experimental data since 2000 was obtained 
at vapour temperatures of < 100 °C and were adjusted for comparison (adjusted data denoted with an asterisk 
in the legend; see Supplementary information S2 (box)). (b) Dropwise-condenser coatings exhibit degradation 
over time — a problem not typically observed during filmwise condensation. (c) All modes of condensation 
have impeded heat transfer in the presence of NCGs, which build up at the condenser surface and act as a 
diffusion boundary layer. NCG, non-condensing gas; SAM, self-assembled monolayer; iCVD, initiated chemical 
vapour deposition.  

  



Table 1: Summary of Boiling and Condensation Data used in Figures 
S1 and S2 
Boiling Data used in Figure S1 

Reference Symbol Description 

Wang & Dhir (1993)1   (18°) 

(35°) 

(90°) 

Smooth copper surface oxidized to 18°, 35°, or 90° 
contact angle with water 

Li et al. (2008)2 (CuNanorod2) Copper nanorods with »40-50 nm diameter, »50 nm 
average pitch, »450 nm height, ~1 µm scale defects, ~104 
defects mm-2 defect density, second run  

Chu et al. (2013)3  (CuOHier3) Copper micropillars (35 µm diameter, 30 µm pitch, 68 
µm height) with 1 µm thick copper oxide nanostructures  

 (EPDHier1) Silicon micropillars (10 µm diameter, 15 µm pitch, 20 µm 
height) with 0.15 µm thick silica nanostructures 

Chen et al. (2009)4 (CuNW3) Copper nanowires »200 nm diameter, »40-50 µm long, 
50% filling ratio, ~2-5 µm canyon defects 

 (SiNW4) Silicon nanowires, »20-300 nm diameter, 40-50 µm 
long, ~1-2 µm canyon defects 

Rahman et al. (2014)5 (M2) 

(M4) 

(M5) 

Silicon micropillars 

M2: 15 µm diameter, 90 µm pitch, 16 µm height 

M4: 15 µm diameter, 90 µm pitch, 32 µm height 

M5: 120 µm diameter, 205 µm pitch, 32 µm height 

 (H3) 

(H5) 

(H6) 

(H7) 

(H8) 

(H9) 

Hierarchical structured surfaces composed of nickel 
nanostructures on silicon micropillars 

H3: 120 µm diameter, 205 µm pitch, 16 µm height 

H5: 120 µm diameter, 205 µm pitch, 32 µm height 

H6: 40 µm diameter, 65 µm pitch, 32 µm height 

H7: 15 µm diameter, 21 µm pitch, 16 µm height 

H8: 15 µm diameter, 21 µm pitch, 32 µm height 

H9: 4 µm diameter, 7 µm pitch, 16 µm height 



 

O’Hanley (2012)6  (RNHydrophilic) Epoxy micropillars (20 µm diameter, 500 µm spacing, 15 
µm height) coated with 20 nm SiO2 layer 

 (SPHydrophilic) Smooth sapphire substrate deposited with 2.5-µm thick 
layers of SiO2 particles (50 nm diameter) 

 

 (RPHydrophilic) Epoxy micropillars (20 µm diameter, 500 µm spacing, 15 
µm height) coated with 2.5-µm thick layers of SiO2 
particles (50 nm diameter) on a sapphire substrate 

Kwark et al. (2010)7 (25mg/l-Al2O3) Nanofluid of 139 nm aluminum oxide nanoparticles at a 
concentration of 25 mg/l on a copper surface 

Liu & Liao (2008)8 (0.5CuOsus) Nano-suspension of 50 nm copper oxide nanoparticles at 
a concentration of 0.5 wt% with SDBS surfactant 

Li & Peterson (2007)9 (PB145-6) Porous copper mesh with 0.57 mm thickness, 0.701 
porosity, 56 µm wire diameter, 119.2 µm pore size 

Rahman et al. (2015)10 (P=2.3mm) Epoxy strips with a pitch of 2.3 mm on copper substrate  

Cooke & Kandlikar 
(2012)11 (chip 9) Copper surface with open channels (375 µm channel 

width, 230 µm fin width, 400 µm channel depth) 

Betz et al. (2013)12 (superbiphilic) Superbiphilic surface with 50 µm hexagon spots and a 
pitch of 100 µm 

Jaikumar & Kandlikar 
(2016)13 (SC300) Copper substrate with open microchannels (300 µm 

width) and the walls of the channels are covered with 
sintered porous coating 

Cho et al. (2015)14 (DTAB -0.1V) 

(DTAB -2V) 

 

Aqueous solution of cationic surfactant (2.6 mM DTAB) 
on silver surface with -0.1 V, -2.0 V applied 

Condensation Data used in Figure S2 

Reference Symbol Description 

Schmidt (1930)15  

Monolayer hydrophobic promoter coatings on metal 
condenser surfaces 

Nagle (1935)16 
 

Gnam (1937)17 
 



Fitzpatrick (1939)18 
 

Shea (1940)19 
 

LeFevre and Rose 
(1964)20  

Coatings of Dioctadecyl disuIphide, octadecylamine, di-
S-octadecyl 00-1,10-decanedixanthate, dodecanetris 
(ethanethio) silane 

LeFevre and Rose 
(1965)21  

Same as above reference 

Aksan and Rose 
(1973)22  

Dioctadecyl disulphide on copper-plated steel and copper 
plates 

Stylianou and Rose 
(1980)23  

Dioctadecyl disulphide on copper and bronze plates 

Leipertz (1998)24 
 

Amorphous hydrogenated carbon films 

Wanniarachchi et al. 
(1986)25  Copper tubes with radial fins, filmwise condensation 

Torresin et al. (2012)26 (Day1) 

(Day6) 

Copper oxide nanoneedles grown on copper block and 
functionalized with 1H,1H,2H,2Hperfluorodecanethiol 

Miljkovic et al. 
(2013)27 (Dropwise)  

(Jumping) 

Bare copper tubes (dropwise) and copper oxide 
nanoblade coated copper tubes (SHC) both coated with 
trichloro(1H,1H,2H,2H-perfluorooctyl)silane 

Paxson et al. (2013)28 (p(PFDA-co-DVB)) iCVD coating (a thin film of poly-(1H,1H,2H,2H -
perfluorodecyl acrylate)-co-divinyl benzene grafted to a 
copper tube substrate by initiated chemical vapour 
deposition) 

Preston et al. (2015)29 (LPCVD) Monolayer coatings of graphene grown via low-pressure 
and atmospheric-pressure CVD on copper tubes 

Zhu et al. (2015) 30 (Nanosample) Copper hydroxide ribbed nanoneedles grown on copper 
plate and functionalized with fluorosilane 

Citakoglu and Rose 
(1968)31 (Day1) 

 (Day5) 

(Day9) 

Copper surface functionalized with dioctadecyl 
disulphide (C18H37SSC18H37) after 1, 5, and 9 days 



Ma et al. (2008)32 (0% NCG) 

 (0.5% NCG) 

 (1% NCG) 

 (5% NCG) 

14.6 um fluoropolymer coating on copper and aluminum 
plates in the presence of 0%, 0.5%, 1%, and 5% NCGs 

 

  



Box S1: Classical Nucleation Theory 
Classical nucleation theory was first developed by Volmer and Weber33 based on ideas of Gibbs 
and has been well summarized in numerous texts.34–36 The underlying principle of classical 
nucleation theory is that a nucleus of a more stable phase grows from within a metastable phase 
(e.g. a droplet nucleating from a supersaturated vapor). The rate of nucleation, 𝐼 , is related to an 
activation energy, 𝑊act , by the Boltzmann factor. 

𝐼 ∝ 𝑒
−𝑊act

𝑘𝑇 S1  

This activation energy is the work required to create a stable spherical nucleus (bubble or droplet) 
and can be described in terms of Gibbs free energies of the two phases and surface energies. 

Homogenous Nucleation 
Homogeneous nucleation is when the nucleus forms completely within the bulk of the metastable 
phase and not at the interface with another material. For a phase 1 nucleating within phase 2, 
the energy of a nucleus is 

𝐸nuc,hom 𝑟 = 4
3

𝜋𝑟3𝜌1 𝑔1 − 𝑔2 + 4𝜋𝑟2𝛾1,2 S2  

where 𝑟 is the radius of the spherical nucleus, 𝜌1  is the density of phase 1, 𝑔1  and 𝑔2  are the 
specific Gibbs free energies of phases 1 and 2, respectively, 𝛾1,2 is the interfacial energy. For a 
metastable substance, the bulk change in Gibbs free energy (proportional to chemical potential), 
𝑔1 − 𝑔2, is always negative since phase 1 is energetically favorable to phase 2. However, there is 
an energy cost due to the need to create an interface and its associated surface energy. Setting 
the derivative of Equation S2 to 0 and solving for 𝑟 gives the critical radius, 𝑟c. 

𝑟c = −
2𝛾1,2

𝜌1 𝑔1 − 𝑔2
S3  

When 𝑟 = 𝑟c , 𝐸nuc,hom  is at a maximum and 𝑊act,hom = 𝐸nuc,hom 𝑟c . When 𝑟 < 𝑟c , the nucleus is 
unstable and will likely shrink, whereas when 𝑟 > 𝑟c the nucleus is stable will likely continue to 
grow. 

Heterogeneous Nucleation 
Heterogeneous nucleation occurs when the nucleus forms at the interface of the metastable 
phase and another material (such as a solid material). In this case, it is assumed the nucleus has 
a spherical cap geometry and forms a contact angle, 𝜃 , with the surface. The energy of the 
nucleus is 

𝐸nuc,het 𝑟 = 𝑉cap 𝑟, 𝜃 𝜌1 𝑔1 − 𝑔2 + 𝐴cap,top 𝑟, 𝜃 𝛾1,2 + 𝐴cap,bot 𝑟, 𝜃 𝛾s,1 − 𝛾s,2 S4  

where 𝑉cap 𝑟, 𝜃  is the volume of the spherical cap, 𝐴cap,top, is the top surface area of the cap (1-2 
interfacial area), 𝐴cap,bot  is the bottom surface area of the cap (contact area of nucleus-solid 



interface), and 𝛾s,1  and 𝛾s,2  are the solid-1 and solid-2 interfacial energies, respectively. The 
critical radius of heterogeneous nucleation is the same as homogenous nucleation (Equation S3) 
except that geometric terms are modified by contact angle and a dependence on solid interfacial 
energy appears. The net result is that the heterogeneous activation energy is significantly 
reduced compared to homogeneous nucleation, which is the reason why nucleation is more 
commonly observed to occur at interfaces (boiling and condensation surfaces) rather than in the 
bulk fluid. 

  



Box S2: Data adjustment and extrapolation 

Jaikumar & Kandlikar (2006)13 
Jaikumar & Kandlikar (2006) data was adjusted such that the superheat is based on the bottom 
of the surface (bottom of channels) for fair comparison. Given the relatively large height of 
features (400 µm) compared to other works, and that most other works utilize a bottom 
temperature measurement, we felt this adjustment was necessary. Additionally, a bottom 
temperature measurement is more representative of the temperature of the actual heat source in 
an application. It was deduced that temperatures reported were for the tops of the microchannels 
based on the fact that they were machined (a subtractive process) and that the distance between 
the surface and the topmost thermocouple was reportedly 1.5 mm for all samples. Surface 
temperature, 𝑇wall, was extrapolated based on the following equation. 

𝑇wall = 𝑇1 − 𝑞
′′ 𝑥1

𝑘Cu S5  

Here, 𝑇1 is the topmost thermocouple temperature, 𝑥1 is the distance between the top surface 
and topmost thermocouple (1.5 mm), 𝑘Cu is the thermal conductivity of copper (400 W m-1 K-1), 
and 𝑞′′ is the corrected heat flux taking into account changes in surface area (which are the 
reported heat fluxes in their boiling curves). Given that the heat flux was already corrected, we 
adjusted the wall temperature to account for the height of the pillars by replacing 𝑥1 with 𝑥1 − ℎ 
where ℎ is the height of the pillars (ℎ). Since we were uncertain of the exact heat flux correction 
procedure, this adjusted result could slightly overestimate temperature and underestimate 
performance. However, its HTC was significantly higher than any other surface encountered in 
literature, further emphasizing the point that it is an excellently performing surface. 

Miljkovic et al. (2013)27 and other adjusted condensation data indicated with 
asterisks 
Note that the experimental data in Figure 4a (Miljkovic et al. (2013))27 was adjusted based on a 
model for dropwise condensation heat transfer for fair comparison at atmospheric conditions.37  
The adjustment was performed by multiplying the reported heat transfer data by the ratio of 
expected heat transfer from the model at 100 °C to the expected heat transfer from the model at 
the given experimental conditions, shown in Figure S3: 



  

Figure S3: Heat transfer data adjusted from the reported experimental conditions to the expected performance 
at 100 °C according to the ratio of HTC from the dropwise condensation model under these two conditions. 

The model used to determine the expected dropwise condensation heat transfer coefficient, ℎ",$ 
was obtained by incorporating the individual droplet heat transfer with droplet size 
distribution:38  

ℎc,d =
𝑞"

∆𝑇
= 1

∆𝑇
𝑞 𝑅 𝑛 𝑅 𝑑𝑅

𝑅𝑒

𝑅∗
+ 𝑞 𝑅 𝑁 𝑅 𝑑𝑅

𝑅

𝑅𝑒

S6  

𝑞 𝑅 =
𝜋𝑅2 ∆𝑇 − 2𝑇sat𝛾lv

𝑅ℎfg𝜌w

1
2ℎint 1 − cos 𝜃 + 𝑅𝜃

4𝑘w sin 𝜃 + 1
𝑘HC sin2 𝜃

𝑘P𝜑
𝛿HC𝑘P + ℎ𝑘HC

+ 𝑘𝑊 1 − 𝜑
𝛿HC𝑘w + ℎ𝑘HC

−1 S7  

where 𝑞"  is the steady state dropwise condensation heat transfer rate per unit area of the 
condensing surface, ∆𝑇  is the temperature difference between the saturated vapour and sample 
outer surface (∆𝑇 = 𝑇sat 𝑃 − 𝑇s ), 𝑅∗ is the critical radius for heterogeneous nucleation (𝑅∗ =
𝑟𝑐),34 𝑅𝑒 is the droplet coalescence radius, 𝑞(𝑅) is the individual droplet heat transfer (Equation 
S7), 𝑛 𝑅  is the non-interacting droplet size distribution,38 𝑁 𝑅  is the coalescence dominated 
droplet size distribution,35,38 𝑅 is the droplet radius, 𝜎 is the condensate surface tension, ℎfg is the 
latent heat of phase  change, 𝜌w is the condensate density (liquid water), 𝜃 is the droplet contact 
angle, ℎint  is the interfacial heat transfer coefficient,35 𝑘w is the condensate thermal conductivity, 
𝑘HC is the hydrophobic coating thermal conductivity, 𝜑 is the  structured surface solid fraction 
(equal to one for the flat surfaces considered here), ℎ is the structured surface height (equal to 
zero for flat surfaces), and 𝛿HC is the hydrophobic coating thickness (~1 nm).  The first integral 
in Equation S6 represents the heat flux component from droplets smaller than the coalescence 
length scale (𝑅 < 𝑅𝑒 ), where direct growth by vapour accommodation at the liquid-vapour 



interface dominates and neighboring droplet coalescence is absent. The second integral 
represents the component of the heat flux from droplets growing mainly by coalescence with 
other droplets (𝑅 > 𝑅𝑒). These two components contribute to the total surface heat transfer per 
unit area (𝑞"). The model results were obtained using droplet departure radii 𝑅 approximated by 
the capillary length and assuming an effective nucleation density 𝑁  from previous ESEM studies 
of condensation.27  

 
To model filmwise condensation on the smooth Cu tubes, the Nusselt model was used:35  

ℎ",% = 0.729
𝑔𝜌. 𝜌w − 𝜌v 𝑘w

3ℎ/%0
𝜇. 2𝑟 ∆𝑇

5
6

S8  

ℎfg
′ = ℎfg + 0.68𝑐p,l∆𝑇 S9  

where 𝑔 is the gravitational acceleration (𝑔 = 9.81 m s-2), 𝜌v is the water vapour density, 𝜇w is 
the condensate dynamic viscosity, ℎfg

′  is the modified latent heat of vaporization accounting for 
the change in specific heat of the condensate, and 𝑐p,l is the condensate specific heat.35  

 

Paxson et al. (2013)28 
Using the sustained HTC of approximately 37 kW m-2 K-1 reported for the iCVD sample, a line 
representing this HTC was drawn from the origin up to 1 °C subcooling. However, it is not clear 
whether experiments were conducted up to 1 °C subcooling. The authors reported an overall 
experimental apparatus temperature difference of 96 °C (steam temperature of 100 °C and chiller 
water temperature of 4 °C) and ratio of condensation thermal resistance to overall experimental 
apparatus thermal resistance of approximately 0.2% (as calculated from the comparison with the 
coating resistance: “the present coating is so thin, it represents only 0.5% of the condensation 
resistance and approximately 0.001% of the total thermal resistance.”28), which leads to a 
subcooling of approximately 0.2 °C and corresponding heat flux of 7 kW m-2. (Figure 4a, Paxson 
et al. (2013)). 

  



References 
1. Wang, C. H. & Dhir, V. K. Effect of Surface Wettability on Active Nucleation Site Density 

During Pool Boiling of Water on a Vertical Surface. J. Heat Transfer 115, 659 (1993). 

2. Li, C. et al. Nanostructured copper interfaces for enhanced boiling. Small 4, 1084–1088 
(2008). 

3. Chu, K.-H., Soo Joung, Y., Enright, R., Buie, C. R. & Wang, E. N. Hierarchically structured 
surfaces for boiling critical heat flux enhancement. Appl. Phys. Lett. 102, 151602 (2013). 

4. Chen, R. et al. Nanowires for Enhanced Boiling Heat Transfer. Nano Lett. 9, 548–553 
(2009). 

5. Rahman, M. M., Ölçeroğlu, E. & McCarthy, M. Role of Wickability on the Critical Heat 
Flux of Structured Superhydrophilic Surfaces. Langmuir 30, 11225–11234 (2014). 

6. O’Hanley, H. F. Separate effects of surface roughness, wettability and porosity on boiling 
heat transfer and critical heat flux and optimization of boiling surfaces. (Massachusetts 
Institute of Technology, 2012). 

7. Kwark, S. M., Kumar, R., Moreno, G., Yoo, J. & You, S. M. Pool boiling characteristics of 
low concentration nanofluids. Int. J. Heat Mass Transf. 53, 972–981 (2010). 

8. Liu, Z. hua & Liao, L. Sorption and agglutination phenomenon of nanofluids on a plain 
heating surface during pool boiling. Int. J. Heat Mass Transf. 51, 2593–2602 (2008). 

9. Li, C. & Peterson, G. P. Parametric Study of Pool Boiling on Horizontal Highly Conductive 
Microporous Coated Surfaces. J. Heat Transfer 129, 1465 (2007). 

10. Rahman, M. M., Pollack, J. & McCarthy, M. Increasing Boiling Heat Transfer using Low 
Conductivity Materials. Sci. Rep. 5, 13145 (2015). 

11. Cooke, D. & Kandlikar, S. G. Pool Boiling Heat Transfer and Bubble Dynamics Over Plain 
and Enhanced Microchannels. J. Heat Transfer 133, 52902 (2011). 

12. Betz, A. R., Jenkins, J., Kim, C.-J. ‘CJ’ & Attinger, D. Boiling heat transfer on 
superhydrophilic, superhydrophobic, and superbiphilic surfaces. Int. J. Heat Mass Transf. 
57, 733–741 (2013). 

13. Jaikumar, A. & Kandlikar, S. G. Ultra-high pool boiling performance and effect of channel 
width with selectively coated open microchannels. Int. J. Heat Mass Transf. 95, 795–805 
(2016). 

14. Cho, H. J., Mizerak, J. P. & Wang, E. N. Turning bubbles on and off during boiling using 
charged surfactants. Nat. Commun. 6, 8599 (2015). 

15. Schmidt, E., Schurig, W. & Sellschopp, W. Condensation of water vapour in film- and drop 
form. Zeitschrift Des Vereines Dtsch. Ingenieure 74, 544 (1930). 

16. Nagle, W., Bays, G., Blenderman, L. & Drew, T. Heat-transfer coefficients during dropwise 
condensation of steam. Trans. Amer. Inst. Chem. Engrs 31, 593–621 (1935). 



17. Gnam, E. Tropfenkondensation von wasserdampf. VDI-Verlag (1937). 

18. Fitzpatrick, J., Baum, S. & McAdams, W. Dropwise condensation of steam on vertical tubes. 
Trans. Amer. Inst. Chem. Engrs 35, (1939). 

19. Shea, F. & Krase, N. Drop-wise and film condensation of steam. Trans. Amer. Inst, Chem. 
Engrs 36, (1940). 

20. Fevre, E. Le & Rose, J. Heat-transfer measurements during dropwise condensation of 
steam. Int. J. Heat Mass Transf. 7, 272–273 (1964). 

21. Le Fevre, E. J. & Rose, J. W. An experimental study of heat transfer by dropwise 
condensation. Int. J. Heat Mass Transf. 8, 1117–1133 (1965). 

22. Aksan, S. N. & Rose, J. W. Dropwise Condensation- the Effect Thermal Properties of the 
Condenser. 16, (1973). 

23. Stylianou, S. A. & Rose, J. W. Dropwise Condensation on Surfaces Having Different 
Thermal-Conductivities. J. Heat Transf. Asme 102, 477–482 (1980). 

24. Leipertz, A. & Koch, G. Dropwise condensation of steam on hard coated surfaces. Heat 
Transf. 6, 379–384 (1998). 

25. Wanniarachchi, A. S., Marto, P. J. & Rose, J. W. Film condensation of steam on horizontal 
finned tubes: effect of fin spacing. J. Heat Transfer 108, 960–966 (1986). 

26. Torresin, D., Tiwari, M. K., Del Col, D. & Poulikakos, D. Flow Condensation on Copper-
Based Nanotextured Superhydrophobic Surfaces. Langmuir 29, 840−848 (2013). 

27. Miljkovic, N. et al. Jumping-Droplet-Enhanced Condensation on Scalable 
Superhydrophobic Nanostructured Surfaces. Nano Lett. 13, 179–187 (2013). 

28. Paxson, A. T., Yague, J. L., Gleason, K. K. & Varanasi, K. K. Stable Dropwise Condensation 
for Enhancing Heat Transfer via the Initiated Chemical Vapor Deposition (iCVD) of 
Grafted Polymer Films. Adv. Mater. 26, 418–423 (2013). 

29. Preston, D. J., Mafra, D. L., Miljkovic, N., Kong, J. & Wang, E. N. Scalable Graphene 
Coatings for Enhanced Condensation Heat Transfer. Nano Lett. 15, 2902–2909 (2015). 

30. Zhu, J., Luo, Y., Tian, J., Li, J. & Gao, X. Clustered Ribbed-Nanoneedle Structured Copper 
Surfaces with High-Efficiency Dropwise Condensation Heat Transfer Performance. ACS 
Appl. Mater. Interfaces 7, 10660–10665 (2015). 

31. Citakoglu, E. & Rose, J. W. Dropwise condensation—some factors influencing the validity 
of heat-transfer measurements. Int. J. Heat Mass Transf. 11, 523–537 (1968). 

32. Ma, X. H., Zhou, X. D., Lan, Z., Li, Y. M. & Zhang, Y. Condensation Heat Transfer 
Enhancement in the Presence of Non-Condensable Gas Using the Interfacial Effect of 
Dropwise Condensation. Int. J. Heat Mass Transf. 51, 1728–1737 (2008). 

33. Volmer, M. & Weber, A. Keimbildung in übersättigten Gebilden. Z. Phys. Chem. 119, 277–
301 (1926). 



34. Kaschiev, D. Nucleation: Basic Theory With Applications. (Butterworth Heinemann, 2000). 

35. Carey, V. Liquid-Vapor Phase-Change Phenomena: An Introduction to the Themophysics of 
Vaporization and Condensation Processes in Heat Transfer Equipment. (CRC Press, 1992). 

36. Kelton, K. F. & Greer, A. L. Nucleation in condensed matter: applications in materials and 
biology. (Pergamon, 2010). 

37. Miljkovic, N., Enright, R. & Wang, E. N. Modeling and Optimization of Superhydrophobic 
Condensation. J. Heat Transfer 135, 111004 (2013). 

38. Miljkovic, N. & Wang, E. N. Condensation heat transfer on superhydrophobic surfaces. 
MRS Bull. 38, 397–406 (2013). 

 

 

 


	Nanoengineered materials for liquid–vapour phase-change heat transfer
	Abstract | Liquid–vapour phase change is a useful and efficient process to transfer energy in nature, as well as in numerous domestic and industrial applications. Relatively recent advances in altering surface chemistry, and in the formation of micro- and
	Box 1 | Key concepts in boiling and condensation
	Nucleation, growth and departure
	Box 2 | Key concepts in wetting
	Uniformly modified wetting surfaces
	Figure 1 | Common wetting, growth and departure mechanisms for generic phases 1 and 2, which could be liquid or vapour. a | A droplet or bubble rests on a smooth surface with a contact angle of θ1 (if phase 1 is liquid) or θ2 (if phase 2 
is liquid) that 
	Figure 2 | Schematic diagrams of typical boiling and condensation heat-transfer curves. For both boiling (part a) and condensation (part b) curves, the heat flux (qʹʹ) on the vertical axis is plotted as a function of the superheat or subcooling 
of a surf
	Figure 3 | Recent developments in pool-boiling performance. a | Boiling curves 
up to the critical heat flux (CHF) for various pool-boiling systems reported in the literature20,34,35,37,39,40,42,43,125,128–131,135. The dependence on contact angle for smoo
	Figure 4 | SEM images of representative micro- and nanostructured surfaces for pool boiling. a | Nanowires. b | Micropillars. c | Hierarchical structures. d | Sintered copper particles. e | Wire meshes. f | Biphilic surfaces. 
SEM, scanning electron micro
	Figure 5 | Recent developments in condensation heat-transfer performance. a | Water condensation heat flux as a function of subcooling for a fixed vapour temperature of 100 °C. Dropwise condensation experiments58,60–68 conducted on flat hydrophobic surfac
	Figure 6 | SEM images of representative micro- and nanostructured surfaces for condensation. a | Copper oxide nanostructures with silane coating. b | Environmental scanning electron microscopy (ESEM) time-lapse images of jumping-droplet condensation on th
	Figure 7 | Nucleation control through mixed materials, channels or transient effects for boiling. a | Biphilic surfaces are largely hydrophilic with hydrophobic islands on which bubble nucleation occurs. b | Biconductive surfaces have regions of low therm
	Nucleation control
	Figure 8 | Mixed wettability surfaces and other advanced techniques for condensation heat-transfer enhancement. a | Hydrophilic nucleation sites can cause selective nucleation (particularly to promote suspended and partial-wetting droplets). b | A mixed h
	Long-term performance and robustness
	Outlook
	Figure permissions 

	SI - Nanoengineered materials for liquid–vapour phase-change heat transfer

