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Unique micro/nano-scale porous surfaces were fabricated on the surfaces of steam condensers to pro-
mote dropwise condensation which can exhibit higher heat transfer rate than that of filmwise condensa-
tion. Steam condensation tests were conducted to evaluate heat transfer performance of the fabricated
micro/nano-scale porous surfaces. The micro/nano-scale porous surfaces were prepared using a self-
assembly technique, polymer based thin coatings, and a surface etchings technique. The resulting surface
morphologies and the wetting characteristics were investigated using SEM and the liquid contact angle
measurements to quantify important parameters for enhancing the dropwise condensation. From visual
observations, it was deduced that the micro/nano-scale porous surfaces can effectively initiate dropwise
condensation by generating smaller condensates and limiting the growth of ‘large’ condensate drops and
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by improving surface renewal rate.
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1. Introduction

There have been many efforts to obtain a higher condensation
heat transfer rate by promoting “drop-wise” condensation mode
(DWC) comparing to the traditional “film-wise” condensation
mode (FWC) [1]. The greatest portion of the thermal resistance in
FWC comes from the liquid condensate layer due to its poor ther-
mal conductivity. In DWC mode, condensates do not fully occupy
the heat transfer surface and form a layer, but forms separate drops
across the surface. Droplets then make a continuous cycle of drop
generation and departure which reduces the effect of thermal
resistance of liquid condensate layer in FWC. In DWC mode, vapor
impinges on to the condensing surface and numerous droplets are
formed, which release the latent heat of condensation, and in-
crease a heat transfer rate. Droplets grow very rapidly due to con-
tinuous and direct condensation of vapor onto them. As the drops
reach a critical radius by growing and coalescing adjacent drops,
they depart from the condensing surface taking in other droplets
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within their path. This motion sweeps the condensing surface,
where new droplets are generated again. However, it is difficult
to maintain DWC conditions for a long-term operating period espe-
cially at a high surface subcool condition.

Common methods to promote “dropwise” condensation are
surface treatments on condensing surfaces, which can shift con-
densation modes from a filmwise (FWC) to a dropwise (DWC).
Blackman et al. [2] reported two critical characteristics of success-
ful coating compounds: a hydrophobic group and a chemical group
with a high affinity for the metal. To achieve these characteristics, a
number of methods have been employed. Early methods used an
organic promoter to foster DWC [3,4], though these surface treat-
ments developed into more complex coatings including nanostruc-
ture in polymer matrix [5] and Self-Assembled Monolayers (SAMs)
of organic material [6,7]. Das et al. [8] used organic SAMs as a DWC
promoter for horizontal tubes and carried out condensation exper-
iments with a number of different samples.

It is considered that super- or ultra-hydrophobicity conditions
accelerate water droplet rolling off motions (called self-cleaning)
and improve condenser performances by refreshing condensing
surfaces more frequently. Highly fluorinated monomer/polymers
have been widely used to improve the hydrophobicity of the sur-
face utilizing low surface energy characteristics of fluorinated poly-
mers such as PTFE [9,10] and others [5] which could dramatically
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Nomenclature

A area (m?)

Cp thermal capacity (k] k™! K1)

D diameter (mm)

f friction factor

g gravitational acceleration (m s~2)

h heat transfer coefficient (Wm™2K™!) or enthalpy
(kT kg )

Ja Jacob number

k thermal conductivity (W m~! K1)

m mass flow rate (kg/s)

Nu Nusselt number

Pr Prandtl number

Q heat transfer rate (W)

q heat flux (kW m™2)

R thermal resistance (KW™1)

r radius (mm)

Re Reynolds number

T temperature (°C)

U overall heat transfer coefficient (W m—2K™')

Greek symbols
Y surface energy (mj m~—3)

U dynamic viscosity (kgm~!s1)
v kinematic viscosity (m?s!)

0 contact angle (°)

0 density (kg m~3)

Subscripts and superscripts

ave averaged

c coolant

cond condensation

d dispersion

fg latent

h hydrogen bonding and dipole-dipole interactions
i in

I liquid

0 out

sat saturation

subcool subcooling

t tube

tot total

w wall

reduce the wettability of the surface. In addition, organic materials
like hydrocarbons and polyvinylidene chloride coatings received
considerable attention for their hydrophobic capabilities in pro-
moting DWC [11]. Carbon Nano Tubes (CNT) based DWC promoters
have also been considered [5,9]. Erb and Thelen [12] used coatings
using inorganic compounds such as metal sulfides and found that a
sample of sulfided silver on mild steel showed excellent DWC
mode. Many studies [13-15] showed micro- and nano-hybrid
structures can create super hydrophobic surfaces. Recently devel-
oped technology can enable for researchers to tune condensation
surfaces for increasing nucleation sites, changing condensate con-
tact angles, and accelerating surface renewal rates [7,16,23].

Although each of these methods showed some degrees of
success to promote a DWC mode, knowing the surface proper-
ties by surface treatments is a key to govern condensation heat
transfer rates. This includes that thin coatings would benefit in
an overall heat transfer rate, but can lead to weak hydrophobic-
ity and a failure to get an acceptable life span, while thick coat-
ings reduce or eliminate the merits of promote a DWC mode
due to additional thermal resistances introduced by the coat-
ings. Thus, the objective of this study is to promote a DWC
mode and enhance condensation heat transfer performances
using micro/nano-scale porous surfaces by polymers base coat-
ings, a self-assembled layer, and an etching and then inspect
these surface properties.

2. Experiments

Four different types of micro/nano-scale porous surfaces have
been applied and tested experimentally to promote DWC mode.
These surfaces included two types of polymer based coatings,
self-assembled layer and an etched surface. Initially, the surface
morphologies and surface contact angles under ambient condition
were analyzed using Scanning Electron Microscopes (SEM) and a
contact angle measurement apparatus, respectively. Later, conden-
sation heat transfer tests were performed with visual observations
for steam. Details of the test surfaces and the condensation exper-
imental setup are described in this section.

2.1. Test samples

The substrates for testing surfaces are copper alloy 122 tubes
with an outside diameter of 159 mm, a wall thickness of
0.813 mm, and a length of 914 mm. The four different types of sur-
faces are prepared using PolyPhenylene Sulphide (PPS) and PolyTet-
raFluoro Ethylene (PTFE) based polymer coatings, a self-assembled
layer, and an etching, respectively. The copper used as the sub-
strates, because of its good thermo-physical properties and cost-
effectiveness for heat transfer applications. The four different types
of surfaces are applied on the middle of the substrate with a length
of 533 mm and the other substrate portions without the surfaces
are used for connections of the heat transfer test setup.

Before applying coatings and self-assembled layer, the substrate
surfaces are polished with a 150 grid sand paper and then cleaned
with ethanol and acetone solutions.

For the polymer based coatings, two different solutions were
prepared. One solution is with PPS (PolyPhenylene Sulphide) and
CNT (Carbon Nano Tube), and the other solution is with PTFE (Poly-
TetraFluoro Ethylene).

PPS, a thermoplastic polymer is used for the coating compound
to promote DWC, which has outstanding high-temperature stabil-
ity, good chemical resistance, and excellent friction properties. CNT
is added on the PPS compound solution to increase the thermal
conductivity of coating, because PPS has a lower thermal conduc-
tivity of 0.3 W/m-K.

PolyTetraFluoro Ethylene (PTFE) is also used to promote DWC,
because it has excellent properties such as non-sticky, chemical
resistance, thermal stability at high temperatures, although PTFE
has a poor thermal conductivity, poor abrasion resistance and
adhesion to metal substrate. For the polymer based coatings, PEG
(PolyEthlylene Glycol) is used as a binder solution mixed in (NHy4),-
COs3 solution. A nano-porous network can be formed by escaping
gases from the solutions on the condenser surfaces with decom-
posing of the solution (NH4),CO3 into CO, and NH3 during a melt-
ing process of PPS compounds in an oven at 340 °C for four hours.
The compositions of PPS based coating are summarized are listed
in Table 1.
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Table 1
Composition of polymer coatings.

Composition PPS PTFE SiC (NH4),CO3 PEG CNT
PPS coating 36¢g 20g 4g 20g 1g 3g

PTFE compounds obtained from DuPont are used for the test
surfaces which are prepared by following the procedure offered
by DuPont. It is two steps procedures for applying a primary coat-
ing (DuPont, 850G-204) and a top coating (DuPont 852N-201).

A self-assembled layer is developed on copper substrate using
the method of Vermuri and Kim [6]. It is considered that an adding
self-assembled layer on the condenser surface may not affect a
condenser performance, because the thickness of the layer is too
thin to affect the heat transfer performance. The tertiary roughness
for the self-assembled layer is created by a bottom-up process con-
sisting of triple layers of sub-millimeter, micron, and nano-level
roughness. Firstly, the substrate is treated with a power grinding
tool to generate a micro roughness and secondly, the specimen is
cleaned and immersed in a 30% hydrogen peroxide (H,0,) solution
for 8 h to make an oxide layer forming on the copper surface. Final-
ly, the surface is immersed in a 2.0 mMol solution of n-octadecyl
mercaptan in ethanol for 15 h for a coating.

For the etched surface, the substrates was initially clean with DI
water and dried with compressed air and then submerges into an
acid solution for 5 min. The acid solution composed of a nitric acid
(HNOs, 70% w.t.) and a sulfuric acid (H,SO4, 1 Mol concentration)
mixed at 1:1 weight ratio.

All prepared surfaces were cleaned with DI water and dried
with compressed air before analyzing and testing.

2.2. Surface morphology and contact angle measurement

Surface morphologies of the prepared surfaces were examined
using a Field Emission Scanning Electron Microscope (FE-SEM S-
4700, Hitachi) and Micro-scanning Electron Microscope (SEM:
SX-3000, Evex Inc.). The contact angles of liquids on the surfaces
were measured using a CAM-100 type contact angle measurement
apparatus (KSV Instruments, Finland) with an accuracy of +0.5° at
room temperature to assess the surface characteristics. A standard
syringe was used to introduce approximately a volume of 5 pl drop
onto the surfaces. It is expected that the condensation mode can be
predicted by measuring the contact angle of water on the surfaces.

The surface energies were estimated using the formulation
developed by Owen and Wendt as follows,

y=7"+7 (1)

where 7y is the total surface energy. y" is the surface energy compo-
nent due to a hydrogen bonding and dipole-dipole interactions and
9 is a dispersion component of surface energy.

These surface energies were obtained from the measurements
of surface contact angles using two different fluids: water (H,0)
and methylene iodide (CH,l;). The equations to obtain the surface
energies were formulated by Baojin et al. [17] and given by,

)

n (137.54256.1¢05 0,0 — 118.6 COS Ociyi, \
v= 4492

e (139.9 +181.4c0s Ocy,1, — 41.5cos 0H20>2

44.92 )

2.3. Heat transfer experiments

Fig. 1 shows a schematic and a photo of external condensation
apparatus to test the heat transfer performances of the prepared
condenser tubes. The test apparatus consists of mainly three parts:
a test section, a cooling loop, and a boiler. The test section is com-
posed of a condensing chamber housing which can handle three
test tubes, view ports, valves with plumbing, and measuring
instruments. The cooling loop is operated by a chiller/circulator
(Affinity, RWE-012K) and the outlet temperature from the chiller
can be controlled within +1 °C.

The boiler generates steam by a submerged heating coil. Hot
compressed water controlled by the heater (Advantage Engineer-
ing, Sentra SK-1035 HE) flows inside of the heating coil of the boi-
ler to generate steam.

As shown in the figure, water vapor is provided to the test sec-
tion by the steam line connected at tops of the boiler, while the
condensate from test tubes falls on the bottom of the chamber
and flows back to the boiler through the line at the bottom of
the condensing chamber. Before any experiment, the condensing
chamber is evacuated by a vacuum pump connected at the top of
the condensing chamber, so that non-condensable gases in the
chamber are expelled to atmosphere. The condensing camber is
vacuumed until the water could boil at the pressure of the vacuum
and the pressure of the condensing chamber is kept monitoring for
any leakage. A check valve is installed at the vacuum line to pre-
vent any back flow of air even after stopping the vacuum pump.
Once no leakage of the test setup is verified, the boiler is used to
generate steam and the steam enters the condensing chamber.
During this procedure, the chiller is turned on with controlled cool-
ant inlet temperature to provide an appropriate temperature of
subcool. Once the system reaches a steady state condition with
keeping the temperatures and pressures of the test section

Fig. 1. Schematic and photo images of condensation experimental apparatus.
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constantly for 5 min, data is recorded for a heat transfer perfor-
mance analysis.

Although the test section can hold three test tubes at the same
time, only one tube is placed at the middle section of the experimen-
tal setup to avoid the effect of the top tube. In addition, the top and
bottom sections are fully insulated without supplying coolant.

The test section uses a concentric tube-and-tube heat exchanger
and the cross sectional view is shown in Fig. 2. The coolant from the
chiller is designed to flows annulus side of concentric tubes to in-
crease a coolant velocity, so that the effect of the coolant side heat
transfer rate can be minimized. The inner area of inner tube was
fully insulated. Note that the thermal resistance of a coolant side
becomes a dominant for condensation heat transfer experiments,
because the heat transfer coefficient of a coolant side (single-phase)
is generally lower than that of condensation (two-phase). The
dimensions of rj, r, and r3, shown in the figure are 3.2 mm,
7.1 mm and 7.9 mm, respectively. The length of tubes in the con-
denser test section is 533 mm, which is the same length used for
the four different types of surfaces applied on the substrates.

Tests are conducted at water saturation pressure of 97.8-
67.5 kPa, which is lower than atmospheric pressure and the
pressure of the chamber and boiler are monitored by pressure
transducers (AST, AST4300, 0-345 kPa, +0.5%). The coolant inlet
temperature ranged 50 °C-90°C to control the temperature of
subcool and the inlet and outlet of the coolant temperatures are mea-
sured by RTDs (OMEGA, class A, +0.35 °C). The chamber and steam
temperature are measured by T-type thermocouples (0.5 °C). The
coolant flow rate, typically 1.51 x 10~4 m>/s is measured by a rota-
meter (Blue & White, F-440, 0-5 GPM, +4% of full scale).

2.4. Data reduction

To obtain heat transfer data, a thermal resistance analysis is
conducted to evaluate the condensation performance of each con-
denser tube.

The coolant side heat duty during the condensation is obtained
by

Qc=mc-cpe- (Teo — Tei) (4)
The overall heat transfer coefficient are calculated by
Qc = UAt.o . (Tsat - Tc.aye) (5)

where U and A, are an overall heat transfer coefficient and the out-
er surface area of plain tube. Ty, is saturation temperature of water
at the pressure of the chamber.

The total thermal resistance is obtained by,

Rior = 1/UA¢, (6)

The total thermal resistance consists of thermal resistances of
coolant side (R.), tube wall (R,,) and condensations (Rconq), Which
is given by

Rtot = Rc + RW + Rcond (7)

Outer tube”L- ////////////////////

Coolant”L”

Inner tube’l/ r

Fig. 2. Cross sectional view of test section.

The thermal resistance of coolant side is as follow
Re = 1/(hcAry) (8)

where h. and A;; are a heat transfer coefficient of coolant and the
inner surface area of a plain tube, respectively.

The heat transfer coefficient for the coolant side (h.) is obtained
from the empirical correlation by Gnielinski [18], which is given
by,

< Re. <5 x10°
< Pr. < 2000
9)

here Dy is a hydraulic diameter of concentric tube and fis a friction
factor obtained from the empirical correlation by Petukhov [19] and
given by,

f =10.790In(Re;) — 1.64] 2, 3 x 10> <Re, <5 x 10° (10

Nu. D f/8(Rec —1000)Pr. 3 x 10’
o 5

ke 14127(F/8)°°(Pr2?-1) 0

The thermal resistance of the tube wall (Ry) is calculated by

_In(D¢o/Dx;)

o =2 L) "

where D;, and D;; are inner and outer diameters of a tube, respec-
tively and k; is the thermal conductivity of the tube.
The thermal resistance of condensation (R.nq) is obtained by,

Rcond = 1/(hcondAt.o) (12)

Note that the thermal resistance of the condensation includes
all the effect of surface treatments and h.,,q used in this manu-
script represent both thermal conduction resistances of coatings
and condensation heat transfer coefficients.

The temperature of subcool is defined by

Tsubcool = Tsat - TW (13)
where the wall temperature is calculated as

TW = QC(RC + Rw) - Tc,ave (14)
The heat transfer coefficients of a filmwise condensation obtained
from Nusselt correlation are also plotted for comparison, which is
given by [20],

, 37025
gpi(p - pv)hfgkl:| (15)

h =0728 | ———2—
Nusselt FWC |:/11(Tsaf — Tw)Dt_o

where hj, = hg (1 +0.68Ja).
3. Results

The results of surface morphologies, liquid contact angles mea-
surements and the surface energies, analyzing the heat transfer
performances for the four different types of the condenser surfaces
are presented in this section.

3.1. Surface morphology and liquid contact angles

Fig. 3 shows SEM images taken for the surfaces with magnifica-
tions of 1.5 k (20 pm scale), and 10 k times (1 pm and 5 pm scales).
Fig. 3(a) and (b) show SEM images of PPS and PTFE based coatings
and Fig. 3(c) and (d) show SEM images of the self-assembled layer
coating and the etched surface, respectively.

As shown in these figures, the porous surfaces can be identified
for the polymer based coatings and the self-assembled layer coat-
ing and the etched surface surfaces are covered with many micro/
nano-scale pins as observed. By etching a sand papered copper
substrate, more nano-scale pins can be found on the etched surface
than that of self-assembled layer. It is expected that these micro/
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Fig. 3. SEM images of test surfaces (a) PPS/CNT (10 kx, 5 pm scale), (b) PTFE (10 kx, 5 pm scale), (c) Self-assembled layer (1.5 kx, 20 um scale), and (d) Etched surface (10 kx,

1 um scale).

Tilt: 0.6 deg

Fig. 5. Images of methylene iodide (CHl,) contact angles on surfaces (a) PPS/CNT based coating, (b) PTFE based coating, (c) self-assembled layer and (d) etched surface.

Table 2

Contact angles on the surfaces.
Surfaces Water (°) CH,l (°) " (mJ/m?) 4 (mJ/m?) y (mJ/m?)
PPS/CNT based coating 120.2 89 0.0216 133 133
PTFE based coating 143.6 98 135 109 12.2
Self-assembled layer 156.6 75.1 8.12 25.0 331
Etched surface 105.6 91.2 2.51 10.8 133

nano-scale porous surfaces with theses pins can increase the num-
ber of nucleate sites during condensation by acting as nucleate
sites, thus can promote the DWC mode.

The images of water contact angles on the surfaces are shown in
Fig. 4. Fig. 4(a)-(d) show water contact angles on the PPS and the
PTFE based polymer coatings, the self-assembled layer coating
and etched surface, respectively. The water drops on theses sur-
faces generate hydrophobic water contact angles.

Fig. 5 shows the contact angles on the surfaces using methylene
iodide (CH,l,). The contact angles on the PPS and the PTFE based
polymer coatings, the self-assembled layer coating and etched sur-
face are showed in Fig. 5(a)-(d), respectively. The contact angles
are close to 90° except the self-assembled layer coating.

Table 2 lists the measured contact angles using water and
methylene iodide (CH,I,) and the calculated surface energies using
the contact angles and Eqs. (1)-(3). As listed in Table 2, the surfaces
with hydrophobic properties have lower surface energies, while
the hydrophilic surface by the self-assembled layer coating has a

higher surface energy. The total surface energies () depends on
mostly on the dispersion surface energies (y9).

3.2. Visual observation

The visual observation was conducted during the condensation
experiments, which are shown in Fig. 6. In generally, condensates
are generated on the tube surfaces and then start to grow and coa-
lesce with adjacent condensates for larger drops. Once the conden-
sates become large enough to fall, the large condensate drops are
rolling from the surfaces and sweeping other condensate drops
on its paths along the tube peripheries, which make refreshed con-
densing surfaces. At the bottoms of the tubes, condensate drops
tend to hang to be larger drops before detaching from the surface.
After the detachments, there are thin residual layers forming at the
bottom of the tube.

Fig. 6(a) shows the steam condensation on the PPS based poly-
mer coating with a temperature of subcool of 4.7 K, and Fig. 6(b)-
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Fig. 6. Steam condensation during heat transfer tests (a) PPS/CNT coating Tspco0r = 4.7 K, (b) PTFE coating Tsypco0r = 6.7 K, () self-assembled layer Tpc00 = 5.0 K and (d) etched

surface Tsypcoor = 3.3 K.

(d) show PTFE with 6.7 K, self-assembled layer with 5.0 K and
etched surface with 3.3 K, respectively. DWC modes are observed
for all tested surfaces. However, the sizes of condensates and hang-
ing drops under the tubes are various for the test surfaces. It is con-
sidered that a number of smaller condensates and smaller hanging
drops provide lower thermal resistances by reducing thermal resis-
tance of liquid drops, thus it can improve a condensation heat
transfer performance. In addition, the sweepings frequency of large
drops affects the condensation performance and a higher fre-
quency can increase a condensation performance.

From the figure, the smallest condensates and hanging drop un-
der the tube are generated on PTFE based coating. The etched sur-
face also generates very small condensates, however the
condensates tend to collapse more frequently making a thin liquid
layer on the surface. The PPS based coating and self-assembled
layer also form condensate drops on the surface. However, the
sizes of drops on the surface and hanging drops are larger than
those of the PTFE based coating and the etched surface.

Based on the results of surface energies listed in Table 2, the
surface with larger condensate drops has a large surface energy
which makes a drop renewal rate slower than others by observing
during the experiments. In addition, the PPS/CNT coating and the
etched surface with the same total surface energies have different
condensate morphologies as shown in Fig. 6. Although a further re-
search requires to clarify the relation between a surface energy and
a condensate morphology, it can be expected that the portions of
surface energy due to a hydrogen bonding and dipole-dipole inter-
actions, y" and a dispersion component, 99, can play an important
role to affect condensate morphologies. As listed in Table 2, 7" por-
tion of the surface energy of the etched surface is the same order of
that of the PTFE coating which shows discrete and smaller conden-
sates, while 116 times higher than that of PPS/CNT coating which
shows larger and merged condensates.

It was found that the micro/nano-scale porous surfaces can
effectively initiate dropwise condensation by limiting the growth
of ‘large’ condensate drops and thus, lead to improvement of sur-
face renewal rates.

3.3. Heat transfer

Fig. 7 shows the results of heat fluxes using four different types
of the condensers tubes according to the temperatures of subcool.
We noticed that the heat fluxes of the condensers increase as the
temperature of subcool is increased. As shown in the figure, the
heat fluxes using etched surface are higher than those of other
tubes and those from the film wise condensation correlation using
Egs. (5) and (15). However, the heat fluxes using the polymer based
coatings and a self-assembled layer are less than those from the
film wise condensation correlation. It could be considered that
additional polymer coatings and self-assembled layer on the heat
transfer surfaces are working as extra heat transfer resistances
for the condensation.

The results of condensation heat transfer coefficients according
to the temperatures of subcool using four different types of con-
denser surface were presented in Fig. 8. As observed in the figure,
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Fig. 7. Condensation heat fluxes of tested tubes.
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Fig. 8. Condensation heat transfer coefficients of tested tubes.

the condensation heat transfer coefficients decrease as the temper-
atures of subcool is increased. The condensation heat coefficients
obtained using the etched surface are higher than those using
other surfaces and Nusselt FWC film wise heat transfers coeffi-
cients. However the condensation heat transfer coefficients of the
polymer based coatings and the self-assembled layer are lower
than those from Nusselt FWC correlation, which are similar to
the results of heat fluxes.

Although the polymer based coatings and the self-assembled
layer coating show the dropwise condensation mode, it should
be pointed out that by adding theses additional coatings or layers
on a plain heat transfer surface inheritably increases thermal heat
transfer resistances. Thus, it is always better to keep the thick-
nesses of the coatings or layers as thin as possible.

Using the dropwise condensation model developed by Lee et al.
[21] for a vertical plate, the thicknesses of polymer coatings was
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Table 3
Evaluation of uncertainties.
y (%) Tsubcoot (%) q" (%) UA (%) he (%) heond (%)
Average uncertainty +1.81 +11.8 14.2 14.6 +34 +25.0
Maximum uncertainty +2.46 +31.4 +32.3 +32.9 +3.5 +52.5

expected to be less than an order of 100 pm to take an advantage of
dropwise condensation mode on heat transfer with the assump-
tions of thermal conductivity of the polymer coatings of 0.3 W/
m-K and a condensate surface contact angles of 120° with a hyster-
esis of contact angle for £10°, and the numbers of nucleation sites
of 1.0 x 10"

For the self-assembled layer, the thickness of the layer can be
thinner than those of polymer coatings and the effective thermal
conductivity of a self-assembled layer can be higher. However,
the number nucleate sites (assuming each pin shape acting as a
nucleate site) relatively smaller than that of the etched surface as
shown in Fig. 3 and the condensate sizes are relatively larger than
those of PTFE coating as shown in Fig. 6. Thus, it can be considered
that the lower heat transfer performance using self-assembled
layer is due to the less number of nucleate sites and the larger sur-
face energy of the surfaces.

The uncertainties were calculated based on the NIST technical
note 1297 [22] for temperature, pressure, flow rate measurements,
which are given by

where X; and Y represent measured and calculated variables respec-
tively. Ux and Uy are the measured and calculated uncertainties,
respectively.

Table 3 shows the uncertainty of the calculated results due to
the measurements. The maximum uncertainties were obtained at
the lowest subcool temperature mostly due to the uncertainties
of RTDs (+0.35 °C) and thermocouples (0.5 °C).

The uncertainty of hng can be improved through measuring
wall temperatures of the tested tubes. However, measuring the
wall temperatures may increase the uncertainty of a condenser
performance, especially due to a temperature measurement tech-
nique for micro/nano-scale porous surfaces. In addition, the uncer-
tainty may also be increased by obtaining dimensions, properties,
and thermal conduction resistances of the micro/nano-scale por-
ous surfaces.

Note that h.ng used in this paper includes thermal conduction
resistances of coatings or layers in addition to the condensation
heat transfer coefficients for easy and direct comparisons for the
condensation performances using different types of surfaces.

4. Conclusion

Unique micro/nano-scale porous surfaces by PolyPhenylene
Sulphide (PPS) and PolyTetraFluoro Ethylene (PTFE) based polymer
coatings, self-assembled layer and etching were applied on plain
surfaces of steam condenser tubes to promote a dropwise conden-
sation and to increase heat transfer rates of condensation.

The resulting surface morphologies were investigated by SEM
images and the wetting characteristics were obtained by measur-
ing the liquid contact angles to look for the parameters to promote
a dropwise condensation mode and enhancing a condensation heat
transfer rate.

Steam condensation tests with visual observations were also
conducted to evaluate heat transfer performance using these
micro/nano-scale porous surfaces. From visual observations, the

micro/nano-scale porous surfaces can effectively promote drop-
wise condensation modes by limiting the growth of large conden-
sate drops and thus lead to improvement of surface renewal rates.
Especially, the micro/nano-scale porous surface developed by acid
etching shows higher heat fluxes and heat transfer coefficients
than those from the other surfaces and the film wise condensation
correlation. However, the heat fluxes using the polymer based
coatings and a self-assembled layer shows less heat fluxes than
those from the film wise condensation correlation, because the
additional layers on the condensation surfaces work as extra ther-
mal transfer resistances for the condensation, delaying the surface
renewal rate, and generating larger condensates, although drop-
wise condensation modes are observed during the condensation
tests.
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