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Condensation is an important research topic that ensures increased energy efficiency. Our researchers aimed to optimize
heat transfer in industrial heat exchanger tubes through surface modification. We first succeeded in fabricating
superhydrophilic and superhydrophobic tubes using surface modification. We observed the condensation phenomenon on
the outside of the tube and evaluated the heat transfer performance through a condensation experimental facility. As a
result, we found that the condensation heat transfer efficiency of superhydrophobic tubes is superior to that of conventional
tubes. However, the heat transfer efficiency of the superhydrophobic tube reduced with an increase in saturation. To
improve performance degradation, superhydrophilic and superhydrophobic hybrid tubes were fabricated and evaluated for
their potential to improve heat transfer efficiency. As a result, we found that the liquid film generated by filmwise
condensation on the superhydrophilic surface swept past the residual droplets generated by dropwise condensation on the
superhydrophobic surface, resulting in the best heat transfer performance. Our results break the stereotypes of previous
studies and provide a new paradigm for achieving optimal heat transfer performance on large-area curved surfaces. This
research is expected to be widely applied in a variety of industries where energy efficiency is critical.

NOMENCLATURE
Q = Heat Transfer Rate
My = Condensation Mass Flow Rate [kg/s]
hy, = Latent Heat [J/kg]
h* gy = Modified Latent Heat [J/kg]
(O = Isobaric Heat Capacity [J/kg-K]
A = Area [n’]
T = Temperature [°C]
U = Overall Heat Transfer Coefficient [W/m*K]
sat = Saturation
surf = Surface
LMTD = Logarithmic Mean Temperature Difference
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Fig. 1 Condensation experiment facility for evaluating heat transfer

performance
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Table 1 Condensation experiment conditions for evaluating heat
transfer performance

Condition T, Tout T,.; Reynolds P,
numbers [°C] [°C] [°C] number [bar]
1 15.1 15.4 48.2 10,000 0.2
2 15.5 17.7 69.8 10,000 04
3 15.9 20.6 77.1 10,000 0.6
4 15.7 17.9 82.5 20,000 0.6
5 15.2 15.8 71.7 20,000 0.4
NaOH solution n-Hexane
HCl etching Boi\e;waler Trichlo:osilane
(a) (b) ©
- - ey
Bare Microstructure Micro/nanostructure Micro/nanostructure
(Hydrophilic) {Hydrophilic) (Superhydrophilic) (Superhydrophobic)
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Fig. 2 Fabrication process of micro/nanostructures on the surface of
aluminum tubes and water contact angles. (a) bare, (b)
microstructures, (c) micro/nanostructures, (d) Self-assembled
monolayer

=
S~
>,
e
i)

& 7Hs/dS IR
2k 25, 2o AT0)E B AL B U
W WSkE bl mAEC B olie] ARG ok
217 25 mm, W7 23.5 mm Zo] 500 mm=E AA
g h5aiEs SR 2719 Bow Ay o
ARz geollA 25 FEo] SABIUES 489
A ek, o] A4 | EAstH
A ke, ZReel A4 T w1 A7 24
ZoA 3E = FAE 8o oF 227 AR
¥ || mho|a = Sx7E AYRITH(Fig. 2(b)). L
o] FABPIEF 80 oF 30x3F A F 80
oF 1087ke] FA] FHOR Hola 72 9] e 7

st AL BHES S A vho] AR/ B3t
L 5 AR 2 B 0] 2U54L B T
thFig. 2(c)). HFHCRE 2 A7 vpola 2/ tfe B
32 n-hexane, Trichloro (1H,1H,2H,2H-perfluorooctyl) silane2
oF 500 : 1] W& Fqet Solo] AAT T 60°C & EoA
oF 2412k 52k 112 BHL WAL ol s Ltol 7] %
2] ThExFak(Self-assembly Monolayer)o] SAE| QT Z 4 A

o) Lrehgteh(Fig. 2(d))

2
— [

1A
_Jgrﬂrﬂn#r
g o

O

1=

o =2

o
orx Qe o £ o K

tlo gj{;z
o o
v
s
o

o
o
:?L_‘.

3

4 an it

i1
o\

-4 = 4> ofr ofn
o

BN

7

oZ

N 3@ BN

32 EY SEM 0[n[x| ¥ HEZ =3
Figs. 3(a), 3(b) vl Ewo] 445 vlo]2z/he
BYTEE 217} vpolAR, the

|
;



736 / September 2023

Fig. 3 SEM image of aluminum surface with micro/nano
hierarchical structure: (a) microscale, (b) nanoscale, Contact
angle images of aluminum surface (c) superhydrophilic, (d)

superhydrophobic
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Fig. 4 Condensation process on a superhydrophobic surface with
increasing saturation
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Fig. 5 Condensation behavior on the surface of superhydrophilic /
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Table 2 Overall heat transfer coefficient of bare, superhydrophobic

(SHPo), superhydrophobic-philic (SHPo-SHPi), and
superhydrophilic-phobic (SHPi-SHPo) tubes
2

Condition number UlW/m”*K]
(Reynolds number, SHPo- SHPi-
saturation pressure) Bare  SHPo SHPi SHPo
#1(10,000, 0.2 bar) 522 1189 894 1780
#2(10,000, 0.4 bar) 841 1540 1352 1962
#3(10,000, 0.6 bar) 1337 1832 1558 2251
#4(20,000, 0.6 bar) 1879 2316 2192 2778
#5(20,000, 0.4 bar) 1217 1298 1245 1333
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Fig. 6 Evaluation of condensation heat transfer performance of
bare, superhydrophobic and hybrid tubes
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