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Condensation Heat Transfer
Interlaced Wettability

Enhancement on Surfaces with
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Abstract: This study investigated the effect of surfaces with interlaced wettability on steam—air mixture condensation.
Experiments were conducted on various types of surface with different modified strip widths. In general, surfaces
exhibiting high hydrophobic wettability yield a high condensation heat-transfer rate because dropwise condensation is
easily formed. However, the experimental results of this study revealed that surfaces with interlaced wettability
demonstrated superior condensation heat-transfer performance to those with homogeneous high hydrophobic wettability.
Such an observation implies that the configuration of surface modification can enhance condensation heat transfer. In
addition, the data indicated an optimal area ratio of modified surfaces to unmodified surfaces.
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1. INTRODUCTION

Water vapor condensation is a common physical
phenomenon widely applied in various industries
including water harvesting [1, 2], power generation [3],
and thermal management in electronic device [4]. In
the past decades, dropwise condensation has been
reported to yield a heat transfer coefficient one order
higher in magnitude compared with filmwise conden-
sation [5, 6]. Numerous researchers have attempted to
achieve dropwise condensation by employing various
methods, including producing a superhydrophobic
surface.

The surface can be made superhydrophobic by
creating microstructure roughness on top by using
lithography [7], layer-by-layer deposition [8], or sol-gel
nanoparticle coating [9], and occasionally followed by
attaching low surface energy material on top of the
structure. However, maintaining dropwise condensation
is difficult because of the durability of the hydrophobic
coating and condensation occurring between the
structures leading to wetting transition [10, 11]. To
solve these problems, several attempts have been
made to promote dropwise condensation by using
nano-textured surfaces, leading to a breakthrough in
this line of research [12-14]. The researchers modified
the sample surfaces to have hierarchical structures
with hydrophobic wettability, making the condensate
shed the surface easily and rapidly, resulting in an
efficient condensation process. For example, Chen [12]
and Miljkovic [14] show the jumping phenomena of
condensates by applying a compact hierarchical
structure on condensing surfaces.
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In addition to fabricating a hierarchical structured
surface, other research has been conducted on
surfaces patterned with different wettability to enhance
heat-transfer performance and solve flooding problems
that result in the degradation of the condensation rate
under high-density conditions such as high heat flux,
wall sub-cool, and super-saturation [13, 14]. Based on
the condensation phenomena on the back of the Namib
desert’ beetles [15], these types of modification apply
the advantage of both hydrophilic and hydrophobic
surfaces. Condensation phenomena consist of several
phases: nucleation, growth, coalescence, and removal
[16]. Based on nucleation theory, the energy barrier for
nucleation is lower on a hydrophilic surface, whereas
the droplet removal frequency is higher on a
hydrophobic surface [17, 18]. Thus, connecting and
striking a balance for each phase of condensation is
the key to enhancing condensation further [16].

Different implementations for such bi-philic surfaces
are used, including matrix styles [19, 20], micro-
interlaced strips [21, 22], and gradient wettability
surfaces [23]. Studies have revealed a high potential
for patterned surfaces to enhance heat-transfer
efficiency. Instead of micro- or nano-scale patterns,
Hsu [24] demonstrated that surfaces with macro-
interlaced strip undergo substantial heat-transfer
enhancement in boiling heat transfer, which renders
the fabrication process easier compared with that for
surfaces with micro- or nano- patterns.

This study examined the effect of a distinct pattern
for enhanced steam-air mixture condensation on
surfaces with macro-interlaced strips. We fabricated
various types of interlaced surface with different
modified strip widths that could be associated with the
area ratio of modified regions on the surfaces, to
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Figure 1: Experimental setup, (a) Thermal system and (b) Copper cylinder and temperature measurement location.

identify the balance of advantages between
condensate nucleation and removal. These types of
surface might have the potential to increase heat-
transfer performance.

2. EXPERIMENTAL SYSTEM

Figure 1 illustrates the experimental setup. A copper
cylinder 35 mm in diameter and 30 mm in height was
used as a heat-transfer medium. One end of the
cylinder functioned as the condensing surface
horizontally facing downward. Thermocouples were
inserted into the copper cylinder to measure the
temperature gradient, followed by a calculation of
surface temperature Ts by employing extrapolation as
well as heat flux by using Fourier's law. The heat
transfer coefficient was then obtained. T, and T, were
determined individually according to the average of the
two measured data at the same axial location. T, is the
average of the measured temperature of the saturated
vapor. The uncertainties were = 0.1 K for the
thermocouples, and +0.5 mm for the location of
temperature measurement.

Cooling water flowed through the other end of the
cylinder in a groove, varying the wall sub-cool as an
operating variable, which was nearly within 10 K. The

flow rate and inlet temperature of cooling water were
controlled by the cooling circulator.

A pressure transducer was inserted to determine
the concentration of the non-condensable gas, which
was approximately 1.1% calculated using W=(P-Pyn, )
/Pam in the configuration of the system. The charge-
coupled device (CCD) camera from the side of the
chamber records the condensation process during the
experiments.

The uncertainties of the heat flux, wall sub-cool, and
heat transfer coefficient within 2-10 K sub-cool were 5-
10%, 2-10%, and 5-15% respectively.

3. SURFACE MODIFICATION

The sol-gel method was used to spin-coat nano-
particles on a copper surface. Table 1 lists the surface
types and the corresponding parameters. The detailed
procedure of preparing the solution is presented in
Hsu's paper [25].

We heated the copper surfaces for 1.5 h at 120 °C
after spinning. The second step was the preparation of
hydrophobic materials by using fluoro-containing
mixtures. Trichloro (1H, 1H, 2H, 2Hperfluorooctyl)

Table 1: List of the Surface Types and Corresponding Parameters

Surface Type Modified Strip Width (a)

Plain Strip Width (b)

Modified Region CA Plain Region CA

Plain N/A Whole surface
Super hydrophobic Whole surface N/A
1.5/0.5 1.5mm 0.5mm o o o~ o
154.9°+3.1 104.7°+3.8
2.5/0.5 2.5mm 0.5mm
4.5/0.5 4.5mm 0.5mm
5.5/0.5 5.5mm 0.5mm
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silane was mixed with methyl alcohol (1/100 in v/v).
After spin coating the surface with the solution, the
surfaces were heated at 90 °C for 40 min.

The interlaced wettability on the surface as
produced by masking the specific strips before coating.
The masks were removed afterward to obtain a
relatively hydrophilic plain copper surface, which was
fixed at a width of 0.5 mm in this study.

Contact angle measurements were conducted using
the Sindatek Model 100SB. The contact angles (CAs)
of the modified superhydrophobic and plain copper
surfaces were 154.9°+3° and approximately 104.7°+4°,
respectively after being heated.

4. RESULTS AND DISCUSSION

Figure 2 presents the heat transfer coefficients at
different sub-cool under different surface conditions.
The modified surfaces with macro-interlaced strips and
homogeneous superhydrophobicity clearly showed a
superior heat transfer coefficient compared with the
plain surface that exhibited filmwise condensation. In
addition, the heat transfer coefficients for all types of
surface seemed to decay and approach a certain
constant value in our experiments. In pure steam
condensation, the heat transfer coefficient increased
with the rising sub-cool [5]. However, because of the
accumulation and rising concentration of the non-
condensable gas near the surface under high cooling
intensity conditions, the heat transfer coefficient first
decayed as the sub-cool began to increase and then
yielded a constant value caused by the balance

between cooling intensity and the non-condensable
gas effect.
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Figure 2: Variation of heat transfer coefficient with wall sub-
cool for different types of surface.

4.1. Droplet Morphology on the Surfaces

Immediately after the entrance of saturated steam,
nucleation occurred randomly on the homogeneous
surfaces (plain and superhydrophobic). As the
condensates grew and coalesced, a layer of liquid film
formed on the plain surface, and the droplets on the
superhydrophobic surfaces remained small and began
to fall. The first and second rows of Figure 3 show a
regular arrangement of nucleated condensates on the
plain strips of the interlaced surfaces. However,
because of the strip width magnitude and condensation
process of relatively strong saturated vapor at

Width -- superhydrophobic/plain (mm])

Stage
(time)

Initial
(< 0.5mins)

Growing
(0.5~2mins)

Steady
(>5mins)

Large
Cooling
intensity

2.5/0.5 4.5/0.5 5.5/0.5

Figure 3: CCD images of the condensation processes on different types of Surfaces.
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approximately 1 atm, few suspended droplets were
observed to shed on a plain strip in a steady state.

Once the condensation process reaches the steady
state, two processes exist for the condensates to leave
the interlaced surface: one process is the direct
removal of small droplets from the modified regions,
and the other can be attributed to the connection
between plain and modified regions, involving the
movements of small droplets near the interfaces from
modified strips to plain strips. Such movements of
small droplets across the interface result from their
coalescence with liquid film on the plain strips, forming
suspended droplets that continually grow until the
weight surpasses the surface tension force.

Few relatively large droplets were observed on the
plain strips of the loosely inter-laced surfaces (4.5 mm,
5.5 mm), as shown in Figure 3. However, if two
neighboring suspended droplets are exceedingly close
to each other because of the narrow spacing and
compact arrangement of strips, the suspended droplets
on plain strips would coalesce to form super-large
droplets crossing and hindering parts of modified
regions, making the heat-transfer performance on the
interlaced surfaces lower than that of the
homogeneous superhydrophobic surfaces, as indicated
by the 1.5/0.5 case shown in Figure 3.

The maximum diameters of the suspended droplets
immediately before removal were affected by the
presence of the modified strips. Suppose the droplet
has a spherical shape immediately before falling and
the length of the contact line is bz. By simple force

balance, the size of the droplet before falling can be
1

: : 30b ) : :
determined using 7, :(——j where b is the plain
4 pg
pitch = 05 mm and o=725mN/m. The widest

diameter of the suspended droplets is then 2.81mm.

a |b

Figure 4: lllustration of the suspended droplets on plain
strips.

According to Figure 4, we inferred the relation
%>%—g to prevent the coalescence of the nearby
suspended droplets, where a is the modified width, b is
the plain width, and D, =2.81mm mm, which can be
obtained from the aforementioned force balance. This
value is consistent with the observation from CCD
video, which is approximately 2.98 mm. Substituting all
of the parameters into the aforementioned relation, the
width of the modified strips should be wider than 2.31—
2.48 mm, which matched well with our experimental
results in that the 1.5-mm modified width led to the
unwanted coalescence and formation of super-large
droplets, whereas the 2.5-mm case did not. Although
the large suspended droplets on the 2.5-mm surface
did not coalesce, the compact arrangement of the
droplets could serve as obstacles for steam to nucleate
on the surface, reducing the heat transfer coefficient.

4.2. Area Ratio of Modified Regions

The condensates in the modified regions of the
loosely interlaced surfaces were smaller than those on
the  homogeneous  superhydrophobic  surfaces,
particularly un-der the high cooling intensity condition
(the final row of Figure 3). Figure 5 presents the heat
transfer coefficient as functions of the ratio of the
modified areas on a surface. The ratio increased as the
width of the modified strips increased and attained a
value of 1 on the superhydrophobic surface. Generally,
the overall heat transfer coefficient of an interlaced
surface can be considered as the sum of contribution
from each strip as

h:ho(l— A, j+hm 4,

total Am/al

5

ol AT=5.0K

£ H,,,
|

. — "
0.5 0.6 07 0.8 0.9 1.0 1.1
modified area ratio
Figure 5: Heat transfer enhancement ratio as a function of

the modified area ratio for the various types of modified
surface when wall sub-cool = 5 K.
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where h is the overall heat transfer coefficient, i, is the
heat transfer coefficient of the plain copper surface, &,
is the heat transfer coefficient of the homogeneous
superhydrophobic surface, A, is the sum of the area of
modified regions, and A4,, is the area of the

condensing surface. This relation is presented by line
in Figure 5.

The measured data yielded higher values than the
line for the interlaced surface except for the surface
with 1.5-mm modified strips, the condensing surface of
which was partially covered with large suspended
droplets. Such an increase implied that the interlaced
configuration additionally contributed to the heat
transfer. The overall heat-transfer coefficient can be
adjusted to

A A
h= hO (1 - j+ hm —=+ hinterlace

total total

where h,.... IS @ variable depending on the modified

area ratio and the wall sub-cool. The peak area ratio
equal 0.9, implying that an optimal modified area ratio
might exist to obtain the highest #h,,.... However,
herace 1S @ Negative value if the width of the modified

strips is excessively small, which diminishes the
advantage of the interlaced surfaces because of
surface blockage.

5. CONCLUSION

This study experimentally investigated the effects of
surfaces with interlaced wettability on condensation
heat transfer. The results show that the heat-transfer
performance on interlace-patterned surfaces is higher
than that on homogeneous surperhydrophobic
surfaces. Moreover, the growth of the droplet size as
the wall sub-cool increased is less obvious on the
interlace-patterned surfaces with large modified strips
compared with those with homogeneous super-
hydrophobicity. This observation implies that the
interlaced pattern may introduce an additional heat-
transfer mechanism that could be attributed to
enhancement and connection of different phases of the
condensation process from nucleation to removal
during condensation, compared with unpatterned
surfaces. The optimal area ratio of the modified
surfaces to the whole area is approximately 90%. Such
an enhancement of heat transfer can be easily applied
without complex fabrication processes, such as
microelectromechanical systems, because the scale of
the interlaced pattern is within the macro (minimeter)
instead of micro or nano range.
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