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a b s t r a c t

An experimental study of condensation heat transfer on surfaces with patterns of distinct hydrophilic and
hydrophobic regions has been carried out. The patterned surfaces of 25.4 mm diameter comprised of 25%
hydrophilic region and 75% hydrophobic region by area. Experiments were performed on surfaces with
several feature sizes and shapes of the patterns. The feature sizes varied from 0.25 mm to 1.50 mm.
Two types of pattern shapes were studied: circular hydrophilic regions on an otherwise hydrophobic sur-
face (island-patterns), and hydrophilic region resembling a tree on a background of hydrophobic region
(tree-pattern). Depending on the type of pattern on the condensation surface, the heat transfer coeffi-
cients were either higher or lower than that of the completely hydrophobic surface. For the range of inlet
vapor velocities (about 0.05 m/s to 5 m/s), among all the surfaces, the highest heat transfer coefficient
was observed for the patterned surface with the feature size of 0.25 mm, which was higher than that
of a completely hydrophobic surface.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Among the most relevant areas of application of two-phase
heat transfer are in the power generation industry, air-condition-
ing systems, cooling of electronic devices, and the distillation
industry. For power generation the Rankine cycle, which evapo-
rates and condenses the working fluid, is one of the most widely
employed processes. In the electronics thermal management
industry, devices are often cooled by boiling a fluid in a closed
loop; after boiling the evaporated working fluid then has to be
condensed back to liquid. In the distillation industry liquid is
evaporated and then condensed back into liquid to remove
dissolved salts and other impurities. Thus, in all the above men-
tioned industries condensation is an important process and
enhancement of heat transfer coefficients will benefit a wide
range of industries.

One of the most popular methods to enhance condensation heat
transfer coefficients is through the modification of physical and
chemical properties of the condensation surface [1–3]. For surfaces
whose chemical and physical properties are modified, the interac-
tion of the condensate with the condensation surface is also altered
[2].

Condensation modes can be classified as filmwise condensation
(FWC) and dropwise condensation (DWC) [1]. If the condensate
forms a film on the condensation surface, it is termed FWC and if

it is in the form of droplets, it is said to be DWC [1]. FWC, observed
for surfaces with high surface energy, is associated with lower heat
transfer coefficients when compared to that of DWC. Heat transfer
coefficient is also enhanced with increasing mobility of the drop-
lets [4]. The mobility of the condensate for DWC is better than
for FWC which is partly attributed to higher heat transfer coeffi-
cient for DWC when compared to FWC [5]. Droplet mobility can
be improved by having a surface energy gradient on the condensa-
tion surface [4]. When a surface with a wettability gradient is used,
droplets move from the region of lower wettability to regions of
higher wettability [4].

Although hydrophobic surfaces promote DWC, resulting in
higher heat transfer coefficients than hydrophilic surfaces [1],
hydrophilic surfaces show higher rates of condensation when com-
pared to hydrophobic surfaces [6]. To benefit from both surface
characteristics, a pattern of hydrophilic and hydrophobic surfaces
can be utilized on a single condensation surface, which would re-
sult in better mobility of the condensate than a uniform surface
[4,7]. Therefore, to achieve high heat transfer coefficients, patterns
of distinct hydrophobic and hydrophilic regions on the condensa-
tion surface can be used [8]. While some patterns can result in
higher heat transfer coefficients than that of a hydrophobic surface,
others can result in lower heat transfer coefficients [7]. Therefore,
patterns with distinct hydrophobic and hydrophilic regions must
be carefully designed with due importance to the shape and size
of the pattern features. In the present study, condensation heat
transfer on patterns with distinct hydrophobic and hydrophilic re-
gions has been studied.
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2. Experimental apparatus and procedure

To obtain condensation heat transfer coefficients on a flat verti-
cal surface, a flow loop (Fig. 1) was constructed to supply steam to
a vapor chamber.

The loop consisted of a steam supply line, a filter, a steam sep-
arator, a valve, an electric immersion heater, a test section, a heat
exchanger, a flow meter, and a drain. The entire flow loop was
insulated to minimize heat loss.

The test section (Fig. 2) consisted of a vapor chamber, a piston, a
vertical condensation surface, the test section, and a visualization
window. Insulation was applied on the vapor chamber to reduce
the heat loss. The vapor chamber was 124 mm long and 45.7 mm
wide, and the depth of the chamber could be varied between
2 mm and 25 mm. By varying the depth of the vapor chamber,
the hydraulic diameter of the vapor chamber could be varied.
The hydraulic diameter of the vapor chamber is defined as:

D ¼ 4Ac=Pc ð1Þ

where, D is the hydraulic diameter of the chamber, Ac is the area of
cross-section of the vapor chamber across which vapor flowed and
Pc is the perimeter of the same cross section.

The condensation surface was comprised of a 25.4-mm diame-
ter, 7-mm thick cylindrical coupon made of oxygen-free copper
(Alloy 101). One of the two flat sides of the cylindrical coupon
served as the condensation surface and the other side was soldered
to a copper block, which was cooled at the opposite end through a
bath circulator, which maintained the cooling water temperature
at a specified value.

Experiments were performed on various kinds of patterned sur-
faces. The patterned surfaces consisted of distinct hydrophilic and
hydrophobic regions. For all the surfaces the proportion of the
hydrophilic and the hydrophobic regions was maintained at 25%
and 75% by area, respectively (Fig. 3). The only difference between

the surfaces was in the feature sizes and in the shape of the
patterns.

Experiments were performed on the following feature sizes and
shapes of the patterns:

1. Pattern shape: island-patterns:
The island-patterns consisted of hydrophilic circular islands
of different sizes on an otherwise hydrophobic surface. The
various island diameters studied were:

(a) Hydrophilic circular islands of 1.50 mm diameter.
(b) Hydrophilic circular islands of 0.75 mm diameter.
(c) Hydrophilic circular islands of 0.50 mm diameter.
(d) Hydrophilic circular islands of 0.25 mm diameter.

2. Pattern shape: linear and connected hydrophilic regions, tree-
pattern:

The branches in the tree-pattern were 1.50 mm wide.

Details of the procedures for the preparation of the patterned
surfaces have been described in [9].

For all the surfaces with island-patterns, the circular hydrophilic
islands were arranged in concentric circles with equal spacing
between the neighboring islands in the radial and the azimuthal
directions. The distance between the edges of two neighboring
hydrophilic islands for each of the feature sizes of the island-
patterns is given in Table 1.

3. Data reduction

To obtain data, the cooling water bath circulator was set to a
temperature of 30 �C, so that a constant temperature was main-
tained at the cooling end of the copper block. The mass flow rate
of the cooling water was about 0.2 kg/s and the change in the tem-
perature of the cooling water was less than 0.3 �C. Followed by the
bath circulator, the steam supply was turned on, and the valve up-
stream of the test section was adjusted to obtain the desired mass
flow. The immersion heater was then switched on and the heating
power was adjusted with the help of a variable power supply to
obtain a stable and small superheat of approximately of 0.5 �C be-
fore the steam entered the test section. The superheat was neces-
sary to obtain the exact state at which the vapor entered the test
section and to calculate the quality of the steam leaving the test
section through a heat balance. After steady state was reached,
the temperature and pressure were recorded using a computer
controlled data acquisition system of National Instruments signal
chassis (SCXI-1000) and LabVIEW software. The flow parameters
were then altered, and the entire procedure was repeated. The
same steps were carried out for several positions of the piston with
the hydraulic diameter of the vapor chamber ranging between
4.5 mm and 32.5 mm. The data were reduced and analyzed with
the help of computer programs written in Engineering Equations

Nomenclature

A area of cross section of the copper block
Ac area of cross section of vapor chamber across which va-

por flowed
D hydraulic diameter of the vapor chamber
h heat transfer coefficient
kcu thermal conductivity of oxygen free copper
_m vapor mass flow rate

Pc perimeter of cross section of vapor chamber across
which vapor flowed

Q heat flux
dT/dy temperature gradient along the copper cooling block
T absolute temperature
Tw calculated wall temperature
T1 temperature of the thermocouple closest to the conden-

sation surface
_V volume flow rate of the condensed steam
y distance of thermocouple

Fig. 1. Schematic of the loop.
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