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a b s t r a c t

Drop-wise condensation (DWC) phenomena are closely related to hydrophobic promoters. In this study,
various hydrophobic coatings such as PPS, PTFE, and self-assembled micro/nano silver were fabricated
using surface treatments, with plain copper as a reference. Fabricated surfaces were examined by scan-
ning electron microscope, contact angle measurements, and condensation heat transfer experiments.
Heat fluxes were measured, and DWC population densities were recorded and compared. Results showed
that surface morphologies and wetting behaviors directly affected drop sizes and population densities.
When steady-state was reached, superhydrophobic surfaces showed poor condensation heat transfer
compared to the self-assembled micro/nano silver deposited surface. It is assumed that contact angle
hysteresis induced strong pinning along condensate periphery, which hindered rolling-off motion and
droplet renewal rates. Also, durability of performance of the self-assembled layer coating was
demonstrated.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Properly promoted ‘drop-wise’ condensation (DWC) has been
known to improve several order of condensation heat transfer coef-
ficient (CHTC) compared to that of the traditional ‘film-wise’ con-
densation (FWC) [1]. A key to promote DWC is a hydrophobic
surface, which leads to a droplet-shaped condensate by enhanced
interfacial tension and induces neighboring tiny condensates to
coalesce. Most of researchers have focused on fabrication of a
non-wetting surface with high water contact angle (WCA), which
is measured by a sessile drop. For a couple of decades, there are var-
ious well-known methods such as organic promoters [2–5], fatty
acids [6], noble-metal electroplating (gold, silver, and platinum)
[7–12], hydrophobic polymer coating (polytetrafluoroethylene
(PTFE) [13–15]), and micro/nano composite-structured surfaces
(cuprous oxide [16–21], carbon nanotube (CNT) [22]).

Condensation heat transfer phenomena depend not only on
the thermo-physical properties of fluids but also on the
physico-chemical properties of the condensing substrate.
Understanding the dynamics of the condensate droplet is impor-
tant to estimate the heat transfer rate because both the continuous
sweeping of critical droplet size and condensing droplet nucleation
cycle are keys for DWC heat-transfer augmentation. Thus, the
objective of this study is to analyze condensate dynamics and
physico-chemical properties of the condensing substrate in order
to increase a condensation heat transfer performance of various
DWC promoting surfaces.
2. Experiment

Dimensions of copper alloy 122 tube were an outside diameter
of 15.9 mm, a wall thickness of 0.813 mm, and a length of 914 mm.
Various hydrophobic coatings such as polyphenylene sulfide (PPS),
polytetrafluoroethylene (PTFE), and self-assembled micro/nano sil-
ver (SAMS) were compared to a non-treated copper surface (plain).
In this study, several supplementary additives – such as carbon
nanotube (CNT), silicon carbide, and polyethylene glycol (PEG) –
were added to the PPS-coating [18]. Du Pont PTFE resin was
air-sprayed on the condensing tube surface. A SAMS was
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Nomenclature

G free energy barrier (J)
h heat transfer coefficient (kW/m2/K)
J nucleation rate
k Boltzmann constant
q00 heat flux (kW/m2)
r radius of drop (m)
T temperature (�C or K)

Greek symbols
D difference
h contact angle (degree)
c surface tension (N/m)

Subscripts and superscripts
lv liquid–vapor
norm normalized

sub subcooling
⁄ critical
p
Acronyms
CHTC condensation heat transfer coefficient
DWC dropwise condensation
FWC filmwise condensation
SEM Scanning Electron Microscopy
HTC heat transfer coefficient
PPS polyphenylene sulfide
PTFE polytetrafluoroethylene
SAMS self-assembled micro/nano silver
SDWCA sessile drop water contact angle
WCA water contact angle
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introduced using an aqueous silver nitrate solution and
1-dodecanethiol was spray-coated.

During the DWC test, water vapor, generated by a boiler
(Advantage Engineering, Sentra SK-1035 HE), was fed into a
stainless steel chamber by means of a steam line at the top of
the chamber [18]. The temperature of the condensing steam and
the coolant was measured with T-type thermocouples (Omega,
accuracy of ±0.5 �C) and resistance temperature detectors (RTDs;
OMEGA, Class A, ±0.35 �C), respectively. Condensed liquid was
re-circulated through the boiler to generate steam. Temperature
of coolant water was controlled by a chiller/circulator (Affinity,
RWE-012K). The coolant flow rate was measured by a rotameter
(Blue & White, F-440, 0–5 GPM, ±4% of full scale). Detailed
uncertainty analysis was well described elsewhere [18].

Non-condensable gases were fully evacuated and saturation
pressure of the water was maintained between 97.8 and
67.5 kPa. The coolant inlet temperature was in the range of
50–90 �C [18].

3. Results and discussion

3.1. Surface wetting and surface energy

Each coating was examined using 3D measuring microscope
(VHX-100, Keyence) and Scanning Electron Microscopy (SEM).
Fig. 1(a)–(d) show topographic views of each coating
(1 mm � 1 mm). Pristine copper does not show specific morpholo-
gies in Fig. 1(a). Mean roughness was 5.5 lm due to microscopic
scratches. PPS and PTFE coatings show relatively rough surfaces
in Fig. 1(b) and (c). Their mean roughness was 20 and 34 lm,
respectively. It is assumed to aggregation of each polymer or large
size of fillers. The SAMS surface has smoother surface than others
in Fig. 1(d). Its mean roughness was 5.6 lm, which confirmed a
very thin and conformal SAMS coating introduced on the Cu
substrate considering plain copper mean roughness was 5.5 lm.

Fig. 1(f) shows Scanning Electron Microscopy (SEM) image of a
PPS-based coating, which reveals no specific morphology on the
surface. On the contrary, PTFE shows nano pores whose diameters
vary from 10 nm to 1 lm, as shown in Fig. 1(g). It is assumed that
the pores are generated by solvent evaporation during the curing
process. Fig. 1(h) shows the surface morphology of a SAMS coating,
which contains faceted silver aggregates. Interestingly, size and
population of the SAMSs are dependent on reaction time, temper-
ature, and concentration.

Since surface wetting is closely related to surface roughness and
surface energy, sessile drop water contact angle (SDWCA)
measurements were taken. As shown in Fig. 2, SDWCA of a copper
surface is 80–90� [23]. A PPS-based coating showed 143� due to
hydrophobic additives, such as CNT and SiC. The SDWCA of PTFE
is 120� [15,24]. A hydrophobic coated SAMS shows a relatively
lower SDWCA of �105�.

It is expected that low surface energy of the coatings is one of
key parameters to design DWC heat exchanger in order to improve
a condensation heat transfer coefficient (CHTC). Since enhanced
DWC is directly related to nucleation site formation, nucleation
sites can be estimated by the normalized free energy barrier, which
is defined by DGnorm ¼ DGh=DGp, where DGh ¼ pclvr�2ð2� 3 cos hþ
cos3hÞ=3; DGp ¼ 4pclvr�2=3 [20]. Each variable such as clv, r⁄, and
h represents the liquid–vapor surface energy, the critical radius
of condensate, and the SDWCA, respectively. Using the free
energy barrier, DGnorm, normalized nucleation rate, which is
defined by Jnorm ¼ Jh=Jp, where Jh ¼ J0 expð�DGh=kTÞ and
Jp ¼ J0 expð�DGp=kTÞ, was estimated [25]. Each variable such as
J0, k, and T is a kinetic constant, the Boltzmann constant, and
temperature, respectively.

Since DGnorm and Jnorm are functions of intrinsic surface wetting,
two parameters were plotted as shown in Fig. 2. As DGnorm

increases, Jnorm decreases when WCA increases. This means that
nucleation on the hydrophilic surface was more favorable than that
of the hydrophobic surface. For instance, the SAMS (0.69) had 43%
and 16% less PPS (0.99) and PTFE (0.80), respectively, in DGnorm.
This led to a dramatic increase of the SAMS (19,879) in Jnorm, in fact,
four and/or two orders of magnitude difference (PPS: 1.507, PTFE:
627.5). This significant change in nucleation rate is discussed in
Section 3.2.

3.2. Condensation heat transfer performance and its dynamics

Test results for external condensation heat transfer were com-
pared in Fig. 3. Fig. 3(a) shows an increasing q00 with Tsub. Most
surface-modified substrates showed DWC mode, except for the
plain copper surface (FWC), although a significant increase in q00

was observed only for SAMS. For example, the enhancement ratio
of q00 for SAMS ranged from 3.08 for PTFE to 1.54 for the plain
surface under vacuum conditions.

In Fig. 3(b), CHTC results were compared to each other. The
enhancement ratio of CHTC for SAMS ranged from 4.18 for PTFE
to 2.09 for a plain surface. Plausible reasons for the significantly
enhanced CHTC on the SAMS might be the substantial increase in
nucleation rate, Jnorm and its unique condensate dynamics. As elu-
cidated in Fig. 2, the SAMS shows orders of magnitude difference in



Fig. 1. Topographic views of the developed coating taken by 3D microscope (x300). Scanned area is 1 � 1 mm2: (a) Cu, (b) a PPS-based coating, (c) PTFE, and (d) SAMS. FE-SEM
images (x10,000): (e) Cu, (f) a PPS-based coating, (g) PTFE, and (h) SAMS.

Fig. 2. The normalized nucleation rate (Jh/Jp) and normalized energy barrier (DGh/DGp) for heterogeneous nucleation of water on various surface-modified substrates as a
function of the SDWCA. The normalized nucleation rates were 19879, 627.5, and 1.507 for SAMS, PTFE, and PPS, respectively. The normalized energy barriers were 0.689,
0.798, and 0.987 for SAMS, PTFE, and PPS, respectively.
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Fig. 3. External steam condensation test results on various surface-modified condensing substrates: (a) q00 vs. Tsub and (b) hCHTC vs. Tsub. The heat flux enhancement ratio of
SAMS was 1.95, 3.08, and 1.54 for PPS-based coating, PTFE, and a plain surface, respectively. The CHTC increment ratio of SAM was 2.30, 4.18, and 2.09 for a PPS-based coating,
PTFE, and a plain surface, respectively.
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Jnorm compared to PPS and PTFE. Numerous nucleation sites were
constantly refreshed by active sweeping of condensates. For
instance, larger droplets from the top portion of tubes help to con-
tinue the nucleation of small droplets on the surface. Therefore, the
DWC cycle quickly reiterates. This sweeping effect controls the
sizes of droplets on the lower part of the tube, as they are pre-
vented from growing too large due to their coalesce into the
sweeping drop.

Fig. 4 shows still frame images of each coating during conden-
sation test. All coatings show DWC instead a plain copper surface.
One thing to note regarding the DWC phenomena, seen in
Fig. 4(b)–(d), is there are differences in the condensate size, popu-
lation, and detachment frequency. SAMS showed quite different
DWC behavior than other coatings. More analytical approaches
have been made based upon video-recorded images as shown in
supplementary information.

Figs. S1(a)–(d) depicts the contour of liquid condensate distribu-
tions of the SAMS surface, which were taken at periods. Fig. S1(a)
shows coalesced discrete liquid condensates rolling off along the
horizontal tube. Once the liquid droplet began to roll off, the mean
base radius was approximately 2 mm. As the liquid droplet moved
along tube surface, its mean base radius increased (�3 mm). A
sweeping motion has significant meaning in CHTC augmentation.
Growing liquid condensate swivels around and removes premature
liquid condensates (<1 mm) before reaching the critical radius to
have enough momentum to roll off. The time frames (Figs. S1(b)
and (d)) shows the renewal area. Instantaneously, micro-sized
liquid condensates nucleate over the condensing surface.

The histogram in Fig. S2(a) represents the amount of conden-
sate droplet population. At T = 0.00 s, droplets were distributed
widely with very low frequency since large condensates were
swept already. Once nucleation began, liquid droplets grew homo-
geneously, and the population histogram localized within a few
Fig. 4. Snapshots from video recordings of various surface-modified condensing substra
DWC.
microns regime (at T = 0.69 s). As droplets grew, the localized his-
togram peak diminished (at T = 1.06 s). The histograms shifted and
were broadly distributed on a wide range of droplet radii. At
T = 1.61 s, by immediately merging adjacent liquids, population
peaks decreased significantly and histograms populated widely
(200–2000 lm).

Figs. S1(e)–(h) show discrete condensate droplets on PTFE.
Compared to SAMS, the overall number of droplets was larger
(�1 mm). The largest droplet (top right corner of Fig. S1(e)) rolled
off and swept out contiguous droplets. The initial sweeping motion
originated by the largest droplet led to a chain reaction in sweep-
ing (condensate droplet cascades). Eventually, a large portion of
renewal areas were exposed. In Fig. S1(g), the refreshed area was
partially populated by newly grown condensates with a diameter
of 1–2 mm; however, the surface area was not fully covered by
liquid droplets, and approximately five seconds was required in
order to generate 1–2 mm droplets. Probably, the low thermal
conductivity of the PTFE and some of liquid droplets for a couple
of seconds played the role of a thermal transport barrier, retarding
the growth rate of the liquid condensate. The smallest CHTC, seen
in Fig. 3(b), could be explained by these phenomena.

In histogram analysis (Fig. S2(b)), condensate droplets are
densely populated and distributed in various diameter ranges at
T = 0.10 s. One thing to note is that population frequency and diam-
eter are much lower (�a half) and larger (�four times) compared
to those of SAMS. After condensate sweeping, most populations
diminish due to a vast renewal area at T = 0.09 s. Small liquid dro-
plets begin to populate within a small range (�2 mm) at T = 6.40 s.
Due to liquid condensate coalescence, the number of smaller
droplets substantially decreases at T = 8.10 s.

For PPS-based coatings, a population of condensate droplets is
seen in Figs. S1(i)–(l). Once a large condensate swept over, there
was a huge renewal area, as shown in Fig. S1(i), and several large
tes: (a) plain – FWC, (b) PPS-based coating – DWC, (c) PTFE – DWC, and (d) SAMS –



Fig. 5. Longevity of DWC test results on SAMS for 500 h: (a) q00 vs. Tsub and (b) hCHTC vs. Tsub.
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droplets residing on the surface. Compared to other coatings, the
overall droplet diameter was three to five times larger (3–5 mm).
As shown in Figs. S1(j)–(l), newly grown condensates kept increas-
ing their size horizontally by coalescence during a long period of
elapsed time. Since surface tension is proportional to a droplet base
rim, condensate droplet rarely fell off the condensing surface. In
addition, due to water contact angle hysteresis, the condensate
droplet base was a little bit distorted and formed an ellipsoidal
base rim. Some liquid droplets resided for a couple of seconds, act-
ing as a thermal transport barrier. Smallest CHTC, seen in Fig. 3(b),
could be explained by these phenomena. A population histogram
in Fig. S2(c) showed a limited number of droplets at T = 0.40 s.
Due to the newly grown condensate droplets, the population
density at a smaller diameter was localized at T = 6.20 s but much
larger than others. Due to the reduced growth rate of the liquid
condensate, histogram distributions were similar to each other in
Fig. S2(c).

3.3. Longevity test of coatings

In order to achieve desirable DWC heat transfer efficiency, not
only hydrophobic capabilities but also satisfactory lifetime is
import. It is well-known that typically, an organic molecular
promoter is washed away by the liquid condensate, which leads
to degradation of the CHTC.

Fig. 5 shows longevity test of an organic promoter-based SAMS
coating up to consecutive 500 h. The SAMS sustained enhanced
DWC HTC (1.5 times) for 500 h of experimentation without signif-
icant deterioration. Presumably, significantly enhanced longevity
compared to existing organic promoter-based coatings was caused
by underlying SAMS, which plays a role of a binder between an
organic promoter and a metal substrate. To elucidate detailed
understanding of enhanced longevity, various spectroscopic
characterizations such as SEM, XPS and EDX will be performed in
future study.

The hydrophobic SAMS showed enhanced CHTC through the
DWC mode. It was assumed that the SAMS surface led to
enhancing the number of active nucleation sites and increasing
the frequency of condensate detachment, compared to other
surface-treated substrates. Note that the measurements of
SDWCA were only one of several critical factors used to determine
the DWC mode, because strong WCA hysteresis and the drag of
most superhydrophobic structured surfaces restrict the rolling-off
motion and condensate detachment. In order to increase CHTC,
the surface-treated tube should have reasonable SDWCA and low
hysteresis.
The SAMS sustained enhanced DWC HTC (1.5 times) for 500 h of
experimentation without significant deterioration. Presumably,
significantly enhanced longevity compared to existing organic
promoter-based coatings was caused by underlying SAMS, which
plays a role of a binder between an organic promoter and a metal
substrate. To elucidate detailed understanding of enhanced longev-
ity, various spectroscopic characterizations such as SEM, XPS and
EDX will be performed in future study.

4. Conclusions

Typical non-wetting surfaces of PPS and PTFE-based polymer
coatings were compared to a SAMS coating in external DWC test.
The resulting surface morphologies were investigated by spectro-
scopic analysis, and the wetting characteristics were obtained by
measuring the liquid contact angle to find key parameters for pro-
moting DWC mode and enhancing a condensation heat transfer
rate.

From visual observations, the hydrophobic surfaces could
promote DWC modes effectively by limiting the growth of large
condensate drops. However, polymer-based coatings showed less
heat fluxes because the additional coating layers on the condensing
surfaces played a role in providing extra thermal resistances.

Conflict of interest

None declared.

Acknowledgement

The authors want to thank the Korea Institute of Energy
Research (KIER-B1-8135) for their partial financial support.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ijheatmasstransfer.
2015.05.060.

References

[1] A.K. Das, H.P. Kilty, P.J. Marto, G.B. Andeen, A. Kumar, The use of an organic
self-assembled monolayer coating to promote dropwise condensation of steam
on horizontal tubes, ASME J. Heat Transfer 122 (2000) 278–286.

[2] K.M. Holden, J.W. Rose, A.S. Wanniarachichi, P.J. Marto, D.H. Boone, The use of
organic coatings to promote dropwise condensation of steam, ASME J. Heat
Transfer 109 (1987) 768–774.

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.05.060
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.05.060
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0005
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0005
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0005
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0010
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0010
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0010


358 B.J. Zhang et al. / International Journal of Heat and Mass Transfer 89 (2015) 353–358
[3] P.J. Marto, D.J. Looney, J.W. Rose, Evaluation of organic coating for the
promotion of dropwise condensation of steam, Int. J. Heat Mass Transfer 29
(1986) 1109–1117.

[4] S. Vemuri, K.J. Kim, B.D. Wood, S. Govindaraju, T.W. Bell, Long term testing for
dropwise condensation using self-assembled monolayer coating of N-
octadecyl mercaptan, Appl. Therm. Eng. 26 (2006) 421–429.

[5] B.S. Sikrawar, N.K. Battoo, S. Khandekar, K. Muralidhar, Dropwise condensation
underneath chemically textured surfaces: simulation and experiments, ASME
J. Heat Transfer 133 (2011) 021501-1–021501-15.

[6] D.W. Tanner, D. Pope, C.J. Potter, D. West, Heat transfer in dropwise
condensation – Part II surface chemistry, Int. J. Heat Mass Transfer 8 (1965)
427–428.

[7] S. Hatamiya, H. Tanaka, Dropwise condensation of steam at low pressures, Int.
J. Heat Mass Transfer 30 (1987) 497–507.

[8] C.M. Detz, R.J. Vermesh, Nucleation effects in the dropwise condensation of
steam on electroplated gold surfaces, AIChE 22 (1976) 87–93.

[9] D.G. Wilkins, L.A. Bromley, S.M. Read, Dropwise and filmwise condensation of
water vapor on gold, AIChE 19 (1973) 119–123.

[10] R.A. Erb, Promoting permanent dropwise condensation, Ind. Eng. Chem. 57
(1965) 49–52.

[11] D.W. Woodruff, J.W. Westwater, Steam condensation on electroplated gold:
effect of plating thickness, Int. J. Heat Mass Transfer 22 (1979) 629–632.

[12] G.A. O’Neill, J.W. Westwater, Dropwise condensation of steam on electroplated
silver surfaces, Int. J. Heat Mass Transfer 27 (1984) 1539–1549.

[13] X. Ma, T. Bai, C. Jiabin, X. Dunqui, L. Jifang, Dropwise condensation heat
transfer of steam on a polytethefluoroethylene film, J. Therm. Sci. 10 (2001)
247–253.

[14] X. Ma, J. Chen, D. Xu, J. Lin, C. Ren, Z. Long, Influence of processing conditions of
polymer film on dropwise condensation heat transfer, Int. J. Heat Mass
Transfer 45 (2002) 3405–3411.
[15] R.G. Chaudhuri, S. Paria, Dynamic contact angles on PTFE surface by aqueous
surfactant solution in the absence and presence of electrolytes, J. Colloid
Interface Sci. 337 (2009) 555–562.

[16] R. Enright, N. Milijkovic, N. Dou, Y. Nam, E.N. Wang, Condensation on
superhydrophobic copper oxide nanostructures, ASME J. Heat Transfer 135
(2013) 091304-1–091304-12.

[17] N. Miljkovic, R. Enright, Y. Nam, K. Lopez, N. Dou, J. Sack, E.N. Wang, Jumping-
droplet-enhanced condensation on scalable superhydrophobic nanostructured
surfaces, Nano Lett. 13 (2013) 179–187.

[18] S. Lee, K. Cheng, V. Palmre, M.M.H. Bhuiya, K.J. Kim, B.J. Zhang, H. Yoon, Heat
transfer measurement during dropwise condensation using micro/nano-scale
porous surface, Int. J. Heat Mass Transfer 65 (2013) 619–626.

[19] B.J. Zhang, J. Park, K.J. Kim, H. Yoon, Biologically inspired tunable hydrophilic/
hydrophobic surfaces: a copper oxide self-assembly multitier approach,
Bioinspiration Biomimetics 7 (2012) 036011-1–036011-13.

[20] K.K. Varanasi, M. Hsu, N. Bhater, W. Yang, T. Deng, Spatial control in the
heterogeneous nucleation of water, Appl. Phys. Lett. 95 (2009) 094101-1–
094101-3.

[21] K. Cheng, B.J. Zhang, C.Y. Lee, M. Kennedy, S. Kim, H. Yoon, K.J. Kim, J. Liu, G.
Skandan, Biomimetic super-hydrophobic surfaces for use in enhanced
dropwise condensation, SPIE Smart Struct. Mater. (2011). pp. 79750Y-1–
79750Y-9.

[22] J. Cheng, A. Vandadi, C.-L. Chen, Condensation heat transfer on two-tier
superhydrophobic surface, Appl. Phys. Lett. 101 (2012) 131909-1–131909-4.

[23] Y. Wang, S. Rak, in: K.L. Mittal (Ed.), Adhesion Aspects of Polymeric Coatings,
vol. 2, VSP, Utrecht, The Netherlands, 2003, pp. 121–136.

[24] H.J. Busscher, A.W.J. Van Pelt, H.P. Jong, J. Arends, Effect of spreading pressure
on surface free energy determinations by means of contact angle
measurements, J. Colloid Interface Sci. 95 (1983) 23–27.

[25] R.A. Sigsbee, in: A.C. Zettlemoyer (Ed.), Nucleation, New York, 1969.

http://refhub.elsevier.com/S0017-9310(15)00554-2/h0015
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0015
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0015
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0020
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0020
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0020
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0025
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0025
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0025
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0030
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0030
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0030
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0035
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0035
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0040
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0040
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0045
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0045
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0050
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0050
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0055
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0055
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0060
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0060
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0065
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0065
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0065
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0070
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0070
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0070
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0075
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0075
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0075
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0080
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0080
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0080
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0085
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0085
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0085
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0090
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0090
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0090
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0095
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0095
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0095
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0100
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0100
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0100
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0105
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0105
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0105
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0105
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0110
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0110
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0120
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0120
http://refhub.elsevier.com/S0017-9310(15)00554-2/h0120

	Dropwise steam condensation on various hydrophobic surfaces:  Polyphenylene sulfide (PPS), polytetrafluoroethylene (PTFE),  and self-assembled micro/nano silver (SAMS)
	1 Introduction
	2 Experiment
	3 Results and discussion
	3.1 Surface wetting and surface energy
	3.2 Condensation heat transfer performance and its dynamics
	3.3 Longevity test of coatings

	4 Conclusions
	Conflict of interest
	Acknowledgement
	Appendix A Supplementary data
	References


