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ABSTRACT

Recently, micro- or nano- structured surfaces haven been developed to enhance condensation heat trans-
fer, water harvesting and self-cleaning. However, at large subcoolings, condensate floods the subcooled
substrate, thus deteriorating the heat transfer efficiency. Here, the superhydrophobic surfaces with mi-
cropillared and nanopillared structures are proposed to enhance heat transfer at large subcoolings. The
influence of micropillar spacing and surface subcooling on the droplet dynamics and heat transfer per-
formance is experimentally investigated using microscopic visualization techniques. In addition, the mi-
croscopic modeling of condensation heat transfer on the microstructured surfaces is performed using the
mesoscopic lattice Boltzmann method. The results demonstrate that the droplet size distribution on the
micropillared surface is significantly smaller over that of the nanostructured surface. The heat transfer
coefficient decreases with the increase of micropillar spacing. As the subcooling rises, although the con-
densate floods the substrate, the heat transfer coefficient of the SI0R30 (S10R30 represents the micropil-
lar arrays with s = 10 um and 2r = 60 pum) surface is enhanced by 26.4% compared to the hydrophobic
nanostructured surface. This is because the height of liquid film is the same of order of magnitude as the
micropillars, reducing the thermal resistance caused by the liquid layer. Combining environmental scan-
ning electron microscope (ESEM) observations and LB simulation results, it is concluded that the droplets
first nucleate at the bottom corner of micropillars. In addition, the condensate droplets merge to form
a film, fill the micropillar gaps, and cover the entire micropillars, leading to a sharp decrease in heat
flux. These findings provide a theoretical and experimental guidance for the development of condensing
surfaces to enhance heat transfer.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

anism provides the extremely lower heat transfer efficiency due
to the thermal resistance of liquid layer [8,9]. Compared to the

Heterogeneous condensation is essential in the numerous in-
dustrial processes, involving from thermal management of small-
scale high-power electronics to the cooling of large-scale power
plant [1,2]. In addition, it has great potential value in water har-
vesting [3-5], anti-icing | defrosting [6] and Heating, Ventilation
and Air Conditioning (HVAC) [7]. It is well-known that the sur-
face morphology and wettability of condensing surfaces are signif-
icant for the condensation modes (dropwise or filmwise conden-
sation). In the current industrial applications, filmwise condensa-
tion has been widely applied, whereas this heat transfer mech-
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conventional filmwise condensation, dropwise condensation on the
superhydrophobic surfaces (SHS) with micro- and nano-structures
has inherent advantages, such as high-frequency droplet removal,
low interfacial thermal resistance and superior heat transfer effi-
ciency, and is expected to be an efficient means of phase-change
heat transfer in industrial engineering.

Over the past decade, a large number of researchers have con-
centrated on the design and fabrication of advanced functional sur-
faces including bionic micropatterns [10-14], oxidized nanostruc-
tured surfaces [15-19] and microstructured pillars [20-24] to re-
duce the critical departure size of condensate droplets and en-
hance condensation heat transfer. Excitingly, several interesting dy-
namic behaviors of drops were observed on these special surfaces,
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Fig. 1. Dry etching technology for preparing the silicon surfaces with two-layer micro- and nano-structures.

such as self-propelled jumping [25-27], spontaneous dewetting
[28] and directional migration [12]. Boreyko and Chen [25] first re-
ported the self-propelled jumping of condensate droplets on the
SHS due to the release of excess surface energy by coalesced
droplets. Subsequently, many efforts have been devoted to opti-
mizing the surface structure to strengthen the jumping ability of
condensate droplets and enhance condensation heat transfer. Mul-
roe et al. [26] investigated the relationship between critical jump-
ing size and the substrate nanostructures and concluded that slen-
der and elongated nanopillars greatly promoted the smaller droplet
jumping (~2 um). Wen et al. [27] fabricated the 3D nanowire
SHS to maintain the stable droplet jumping condensation at a
larger surface subcooling (~28 K). Unfortunately, the excessive nu-
cleation of nanodroplets in the nanostructured gaps leads to the
irreversible wetting transition from Cassie state to Wenzel state at
large subcoolings, which significantly deteriorates the heat transfer
efficiency [29,30]. Although the coalescence-induced self-propelled
jumping of condensate droplets at the lower subcooling on the var-
ious functional surfaces has been extensively studied, the droplet
dynamics and heat transfer performance on the micro- and nano-
structured SHS at the larger surface subcooling have not attracted
sufficient attention. Orejon et al. [31] carried out the simultane-
ous filmwise and dropwise condensation on the hydrophilic mi-
cropillared surfaces and demonstrated a better heat transfer effi-
ciency over the conventional filmwise condensation. However, the
heat transfer performance of simultaneous filmwise and dropwise
condensation is lower than the dropwise condensation on the SHS.
Therefore, it is necessary to further investigate the condensation
on the microstructured SHS to enhance heat transfer performance.

Note that, the current experimental studies of condensation
have focused on the dynamic behaviors of condensate droplets via
high-speed camera or environmental scanning electron microscopy
(ESEM), and the heat transfer performance obtained by Fourier’s
law [15,29-32]. However, the microscopic dynamic evolution of
droplets and its influence on the heat transfer performance is still
unclear due to the limitations of experimental equipment (e.g. low
capture rates of ESEM). Due to the advantages of natural parallel
efficiency and dealing with complex boundaries [33,34], the meso-
scopic lattice Boltzmann (LB) method is adopted to model the con-
densation heat transfer and reveal the microscopic mechanisms
of vapor condensation on the microstructured surfaces. LB meso-
scopic simulations play a ground-breaking role in understanding
the complex mechanism of condensation heat transfer. For the first
time, Liu and Cheng [35] successfully simulated the laminar film-
wise condensation on the vertical plates using the LB method. Sub-

sequently, dropwise condensation and transition from dropwise to
filmwise condensation were simulated by their team [36-38]. In
addition, the effect of non-condensable gasses was also considered
[39,40]. However, the influence of micropillar on the condensate
dynamics and heat transfer is neglected.

This work aims to observe the dynamic evolution of condensate
droplets on the micropillared surfaces via the microscopic visual-
ization technology. In the meantime, the multiphase LB method is
adopted to model the condensation heat transfer. The effects of mi-
cropillar and surface subcooling on the droplet dynamics and heat
transfer performance are investigated in microscale. It will further
contribute to the potential applications of condensation heat trans-
fer in power plants, water harvesting, and thermal management of
electronics.

2. Experimental setup
2.1. Surface fabrication

The silicon surfaces with two-layer micro- and nano-structures
are fabricated by dry etching technology, as shown in Fig. 1. Firstly,
HDMS is coated on a flat silicon plate with r = 20 mm to enhance
the surface adhesion. Then, the photoresist (AZ6130) is evenly de-
posited on the silicon surface and baked at 100 °C for 2 min. After
4.5 s of exposure to UV light, the sample is exposed to the de-
veloper (3038) for 45 s. The photoresist is hardened at 110 °C for
2 min and treated as a mask for the deep reaction ion etching pro-
cess. Standard photolithography technique is used to etch micropil-
lars with a height of 25 + 1 um. The micropillared silicon sample
is uniformly sprayed with the 2 pm thick photoresist again. Nanos-
tructures with the height of 1 & 0.3 um are randomly etched out
by a direct-write lithograph. Then, the sample is cleaned in the
acetone and isopropanol solution. However, silicon wafers are hy-
drophilic. To enable a superhydrophobic silicon surface with mi-
cropillars and nanostructures, the hydrophobic fluorosilane coat-
ings (@ = 114.0°) are also required to cover the substrates. The
silicon samples are soaked in the 0.1wt% ethanol solution of 1H,
1H, 2H, 2H-perfluorodecyltriethoxysilane (Aladdin, AR) by 1 h at
the room temperature and then dried by nitrogen gas. Eventually, a
superhydrophobic silicon surface with two-layer micro- and nano-
structures can be successfully obtained.

Twelve micropillared samples with different width and spac-
ing are fabricated by dry etching, with width of 2r = 20 um and
2r = 60 pum, and spacing of s = 10 um, s = 20 um, s = 30 um,
s =40 um, s = 50 um and s = 60 um. In the experiments, the
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Fig. 2. Microscopic images of two-layer micro- and nano-structured silicon surfaces.

height of micropillars is the same with 25 um to reduce the ther-
mal resistance exerted by the condensate droplets between mi-
cropillars. Figs. 2(a-d) show the surface morphology characterized
by a 3D surface profiler based on scanning white light interferome-
try. The color ranging from white to red denotes the height of sub-
strate. The width, spacing and height of micropillar arrays can be
clearly seen. It should be noted that the fabrication of micropillar
arrays by dry etching method result in a tiny error of £1.0 um. In
addition, nanopillar arrays with the height of about 1.0 &+ 0.3 um
are added at the top of micropillars. Besides, there exists an error
of £0.1 um in 3D surface profiler based on scanning white light
interferometry. It means that the height of the micropillar arrays
covered with nanopillars ranges from 24.6 um to 27.4 pm. How-
ever, the nanostructures cannot be observed by the 3D surface pro-
filer. Figs. 2(e-1) give the field emission scanning electron micro-
scope (FESEM) images of the silicon sample with three different
surfaces: nanostructured surface in Figs. 2(e, f), micropillared sur-
face with 2r = 60 um and s = 40 um in Figs. 2(g-i) and micropil-
lared surface with 2r = 20 um and s = 30 um in Figs. 2(j-1). A
dense layer of nanostructures exist at the top and bottom of mi-

cropillar arrays while the side of micropillars is smooth without
nanostructures.

2.2. Experimental setup

In order to study the dynamic evolution of condensate droplets
and heat transfer performance on the microstructured surfaces, a
self-constructed visualization platform was built and pure steam
condensation heat transfer experiments were conducted in a
closed system, as shown in Fig. 3. It is composed of a steam gen-
erator, condensing chamber, post-condenser, cooling water system
and data acquisition system. All experiments are performed at a
saturated pressure of 47.6 + 0.1 kPa and a saturated temperature
of 80 + 0.5 °C. Microscopic visualization experiments of dropwise
condensation on the vertically oriented surfaces are performed in
a custom stainless steel (310S) condensing chamber, as shown in
Fig. 3(a). During the condensation, the required pure saturated
steam is supplied by the steam generator and enters through the
upper of condensing chamber. The cooling system is used to ab-
sorb the heat released by steam and control the temperature of
condensing surface by adjusting the temperature of the water bath.
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Fig. 3. Schematic of experimental setup.
Along the axis of the silicon block, three K-type thermocouples Table 1
are penetrated to the centreline at a depth of 20.0 mm. The dis- E;cizgl:‘s““es of several measured and calculated
tances from the first thermocouple T; to the condensing surface, )
from T; to T,, and from T, to T3 are 6.0 mm, 8.0 and 8.0, respec- Parameters Uncertainties
tively (Fig. 3b). The heat conducting glue (5.2 W/meK ~ !, Dow Micropillar size 2r, s, h +1um
Corning, TC-5888) is filled between the thermocouples and the Temperature Ty, Ty, T3, Ts +0.5 °C
drilling holes. An extremely thin layer of thermally conductive sili- Vapor pressure P +0.25%
. . . Contact angle 6 +0.1°
cone grease (~10 pum thickness) is coated between the micro- and Droplet diameter d +10im
nano-structured substrate and the silicon block (Fig. 3c). The steam Heat flux g 16.83%
condenses on the silicon substrate, and the accumulated conden- Heat transfer coefficient h ~ +9.01%

sate is discharged pipes at the bottom of the chamber to the reser-
voir. To prevent the excess heat release into the chamber, the sides
of silicon block are tightly wrapped with a 10.0 mm thick Teflon
(PTFE) insulation. The right side of the chamber is equipped with
a transparent glass window for observing the droplet dynamics us-
ing a high-speed camera. The temperature and pressure in the con-
densing chamber are measured by the K-type thermocouples and
the pressure gauges, respectively. All relevant pressures and tem-
peratures are recorded by a data acquisition system.

In order to eliminate the influence of non-condensable gas on
the dropwise condensation, the non-condensable gas in the whole
system must be discharged before carrying out the experiment.
Firstly, the pressure in the loop was decreased to the saturated
pressure corresponding to the room temperature by a vacuum
pump. Then, the steam generator was heated continuously with a
high power for 1 h to remove the accumulated non-condensable
gas. Finally, the pressure in the loop was pumped to less than
20.0 Pa, without leakage within 24 h. In addition, the leak rate
in the chamber was checked before each run to ensure the pure
steam condensation.

2.3. Data reduction

For any testing surface, the heat flux can be varied by adjusting
the temperature of the water bath. The condensation heat flux g
is obtained according to the three thermocouples, assuming one-
dimensional thermal conductivity of the cylinder silicon block. The
relationship between Ty, T, and T3 (i.e., the temperature difference

from Ty to T, and from T, to T3) is examined to determine if one-
dimensional heat transfer is satisfied. The experimental results in-
dicate that the values of T;-T, and T,-T3 are nearly the same in
each test (See Fig. S1). Therefore, the axial thermal conductivity of
the silicon block is negligible to ensure a radial one-dimensional

heat transfer. The heat flux q can be calculated as g = ﬁ(Tl - T3),

where the thermal conductivity of silicon is 148 W/meK ~ 1. Due
to the extremely thin thickness of thermally conductive silicone
grease between the silicon block and the condensing sample, the
additional thermal resistance caused by the thermally conductive
silicone grease is ignored. The condensing wall temperature, Ty,
is obtained by extending the axial linear temperature distribution
of the silicon block to the location of the condensing surface. The
surface subcooling is defined as AT = Ts — T,,, where T; is the tem-
perature of saturated steam. The condensation heat transfer coeffi-
cient (HTC) hc is expressed as hc = 7 = ﬁ. In view of Mof-
fat’s method [41], the uncertainty analysis of experimental data

N
was performed as follows: SR=[Y" (%8\4)2]”2. where 8 denotes
i=1 !

the uncertainty of any experimental data R, which depends on a
series of measured parameters V;. And §V; is the uncertainty of
the measured data V;. As shown in Table 1, the uncertainties of
measured and experimental data are collected and calculated, re-
spectively.
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3. Numerical method

The single-component multiphase mesoscopic LB method is
adopted to model the flow field of steam condensation, and
the temperature equation is discretized using a finite difference
method to solve the temperature field, which further explores the
influence of micropillared structure on the droplet dynamics and
heat transfer performance [42,43]. In the pseudopotential model,
the fluid migration and collision is described by a specific particle
distribution function. Using the multi-relaxation-time collision op-
erator [44], the density distribution equation used to describe the
particle evolution is:

fix+ede. t+8) - fi(x.t) = —(MTAM)[f; - ] +Fs (1)

where f;(x,t) denotes the density distribution function along the
ith direction at time t and position X. In the D2Q9 model, the dis-
crete velocity is written as:

[eo. €1, €5, €3,€4, €5, €5, €7, €]

o1 0 -1 0 1 -1 -1 1 @)
oo 1 0 -1 1 1 -1 -1

F; is the force term in the discrete velocity space. The force
term is added to the right side of Eq. (1) using the exact differ-
ence method. Generally, the force term is composed of the fluid-
fluid force, fluid-solid force and gravitational force. To achieve the
separation of the gas and liquid phases, it is necessary to intro-
duce a non-ideal gas equation of state. Here, Peng-Robinson (P-R)
equation is chosen [45]:

_ PRT  ap’a(T)
T 1-bp 1+2bp—b2p2

p 3)
The detailed information of LB model can be seen in our pre-
vious work [46]. Fig. 4 shows a schematic diagram of the drop-
wise condensation on the micropillared surface. The constant pres-
sure boundary proposed by Zou-He [47] is applied at the upper
boundary, and the bounce-back scheme is adopted at the bot-
tom boundary. Periodic boundary conditions are used for the other
boundaries. The temperature boundaries are set as follows: adia-
batic boundary applied at the left and right boundary, T= Ts at
the upper boundary to ensure saturated steam entering the sys-
tem and T = Ty, = 0.78T; at the bottom boundary. The density ra-
tio is 17.1 approximately with the coexistence densities p, = 6.5
and py = 0.38 at the saturated temperature (Ts) in lattice units. All
LB simulations of vapor condensation are performed at the same
operating condition. The contact angle at the side of micropillars
(6)) is lower than that at the top and the top of micropillars (6},),
which is in agreement with the silicon sample in experiments.

International Journal of Heat and Mass Transfer 177 (2021) 121526
4. Results and discussion
4.1. Contact angle

To begin with, the effects of micropillar spacing and width on
the apparent contact angle are investigated. The apparent con-
tact angle of single droplet is measured by a contact angle mea-
suring instrument (KRUSS DSA25). As shown in Fig. 5(a), the ap-
parent contact angle of a droplet with R = 776 um on the mi-
crostructured surface is 135.2°. The nanostructures, illustrated in
Fig. 2(g), between the droplet and silicon sample determine the
wettability of substrate. In contrast, the apparent contact angle
of droplet is significantly increased by adding the micropillar ar-
rays to the substrate. For example, the contact angle of droplet
on the micropillared surface with 2r = 30 um, s = 40 um, and
h = 25 pm is 155.9° Furthermore, an enlarged image of the bot-
tom of the droplet in contact with the substrate shows that several
white spots in an orderly arrangement between the droplet and
the substrate, indicating that the droplet is suspended on the mi-
crostructured surface in the Cassie state rather than impaled Wen-
zel state. Cassie and Baxter [48] reported that, when the droplet is
suspended on the surface, the relationship between the apparent
contact angle and the microstructure is expressed as:

c0s0c = —1 + ¢s(1 + cos ;) (4)
where ¢ represents the solid fraction of substrate, ¢s = (sgi)z.

Fig. 5(e) shows the three-dimensional schematic of the micropil-
lared surface. The letters 2r, s and h represent the width, spacing,
and height of micropillar arrays. Fig. 5(f) plots the variation of ap-
parent contact angle with solid fraction. The gray curve is plotted
according to the Cassie-Baxter equation (Eq.4), which demonstrates
that the apparent contact angle decreases as the solid fraction in-
creases. The orange dots and pink triangles represent the cylindri-
cal micropillared surface with 2r = 20 um and 2r = 60 um, re-
spectively. When the solid fraction is greater than 0.2, the exper-
imentally measured apparent contact angle is in good agreement
with Cassie-Baxter equation, while it is slightly lower than the the-
oretical prediction when ¢s < 0.2. This may be due to the larger
adhesion force caused by the increased solid-liquid contact area.
Overall, the apparent contact angle of droplet agrees well with the
Cassie-Baxter equation. In addition, advancing and receding angles
of droplets on the micropillared surfaces with different spacing can
be seen in Fig. S2.

In addition, 2D numerical simulations of a droplet on the mi-
cropillared surface are also performed to verify the applicability
of the LB model for simulating condensation heat transfer on the
microstructured surface. Nanostructures are neglected in the LB
model because of the limitation to grid structure. On a smooth
surface, the equilibrium contact angle of a droplet is 135.6° (See
Fig. S3), which is almost identical to the apparent contact angle
on the nanostructured surface in experiment. After the addition of
micropillar arrays, the apparent contact angle of droplet is signifi-
cantly improved. For example, the apparent contact angle is 150.9°
on the surface with 2r = 20 um, s = 20 um and h = 20 um (See
Fig. S3). Moreover, as the solid fraction increases, the apparent con-
tact angle agrees well with the Cassie-Baxter equation and the ex-
perimental results, which further demonstrates the validity of the
LB model for simulating condensation heat transfer.

4.2. Effect of micropillar spacing

In order to clearly observe the dynamic behaviors of conden-
sate microdroplets under different condensing conditions, a high-
speed camera with a microscopic lens with a minimum resolution
of 10 um is used during the experiment. First, we compare the
experimental data of hydrophilic surface with the Nusselt theory.
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Variation of the heat transfer coefficients versus time on the hy-
drophilic silicon surface at different subcooling degrees agree well
with the Nusselt theory, which validates the whole heat trans-
fer measurement system (See Supporting Information S3). Fig. 6
gives the dynamic evolution of condensate droplets on the differ-
ent nanostructured and micropillared surfaces at a lower surface
subcooling (AT = 1.0 K). Taking the nanostructured surface (NS)
as a reference (Fig. 6a), the condensate droplets present the vari-
ous irregular shapes. As the condensation proceeds, merging of the
droplets can be observed (e.g. droplet 1, 2 and 3; droplet 4 and 5
circled by the red dotted line). The solid-liquid contact area barely
changes before and after coalescence, indicating that the conden-
sate droplets penetrate into the nanopillars and are pinned on the
substrate with Wenzel state. Finally, the irregularly pinned con-
tact line of a larger droplet is presented at t = 182.5 s. For the
S10R30 micropillared surface (S10R30 represents the micropillar
arrays with s = 10 um and 2r = 60 um), the condensate droplets
at the valley of pillars grow faster compared to those at the top
of pillars. Squeezed by the micropillars, the droplets expand up-
ward after filling the valley. When the bottom droplets grow be-
yond the height of micropillars, the liquid bridges are formed be-
tween the micropillars after coalescence. The droplet in the shape
of ellipsoidal (circled in red) is impaled into nanostructures and
microstructures at t = 10.025 s (Fig. 6b). In the meantime, it can
be observed that the droplets at the top pillars also coalesce with
each other and grow larger. As the micropillar spacing increases
(s > 40 um), the growth rate of top droplets at the beginning of
condensation is faster than that of bottom droplets, which is dif-
ferent from the S10R30 surface. With the progress of condensa-
tion, the droplets at the valley of pillars expand laterally and merge
with other droplets to surround the pillars. Eventually, the droplets
almost fill the gaps of S40R30 surface at t = 336.80 s (Fig. 6¢).

Some droplets on the S60R30 surface even cover the whole pillars
at t = 164.82 s, as shown in Fig. 6(d).

Next, the influence of micropillar spacing on the droplet size
distribution and heat transfer performance is analysed. For each
experimental condition, the condensation experiment is continu-
ously lasted for 40 min, except for the time required to readjust
the condensing condition. Limited by the magnification of micro-
scopic lens, the smallest observable droplet size is 10 um. More
than 400 condensate droplets for each condensing condition are
counted. Fig. 7(a) plots the droplet size distribution on the differ-
ent structured surface. For the nanostructured surface as an ex-
ample, the droplets less than 100 um account for more than 50%
of all droplets. Meanwhile, the proportion of the droplets greater
than 500 pum is about 5.7%. Compared to the NS, the proportion of
small-sized droplets is larger on the micropillared surface. For the
S10R30 surface, the droplets less than 100 x©m dominate greatly,
exceeding 80%. As the micropillar spacing increases, the smaller
droplets at the valley continuously merge with each other, lead-
ing to a significant decrease in the proportion of smaller droplets
(d < 100 um) but an increase in the proportion of larger droplets
(100 um < d < 500 pum). For the S60R30 surface, the droplets
between 100 um and 250 um are dominant. Fig. 7(b) shows the
maximum and average diameter of condensate droplets on the dif-
ferent structured surfaces. The maximum droplet diameter on the
nanostructured surface reaches 1126 um, which is almost one or-
der of magnitude larger than that on the micropillared surface. The
maximum droplet size increases with a larger micropillar spac-
ing. And the maximum droplet diameter on the S60R30 surface
(d = 246 um) is nearly twice as large as that on the S10R30 sur-
face (d = 116 pum). In addition, the average diameter of droplet is
reduced by approximately 60% from 96 um to 38 um as the mi-
cropillar spacing decreases. Fig. 8 shows the variation of condensa-
tion heat transfer coefficient with the micropillar spacing. Accord-
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Fig. 6. Dropwise condensation on the subcooled surfaces observed by high-speed camera: (a) Nanostructured surface; Micro- and nano-structured surfaces with (b)
r=30 pum,s =10 um, h = 25 pum; (c) r = 30 um, s = 40 um, h = 25 um; and (d) r = 30 um, s = 60 um, h = 25 pum. These four condensation experiments are

all performed at the subcooling of AT = 1.0 K. .
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Fig. 7. (a) Droplet size distribution and (b) the maximum and average droplet diameter on the NS and micropillared surfaces with different spacing at 40 min (AT = 1.0 K).

ing to the theoretical model of dropwise condensation heat trans-
fer [49], the HTC strongly depends on the droplet size distribu-
tion and decreases as the critical departure size increases. it can
be concluded that for the same width of micropillars, the HTC de-
creases with a larger micropillar spacing. Since the maximum and
average droplet diameter is increased on a larger micropillared sur-
face, the thermal resistance of liquid layer is larger and heat trans-
fer performance is deteriorated. Comparing the microstructured
surfaces with 2r = 20 um and 2r = 60 um, the results indicate
that the HTC of microstructured surface with 2r = 20 pm is almost

the same as that of microstructured surface with 2r = 60 um at
the same height and spacing.

4.3. Effect of surface subcooling

Steam condensation heat transfer depends not only on the sur-
face microstructure, but also on the surface subcooling. A large
number of experimental studies have revealed that a larger sub-
cooling leads to the condensation mode transition from dropwise
condensation to filmwise condensation [15,29]. However, the mi-
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Fig. 8. Variation of the heat transfer coefficient with micropillar spacing at
AT=10K.

croscopic mechanism underlying the dynamic evolution of con-
densate droplets on the micropillared surface at different subcool-
ing degrees is still poorly understood. To reveal the mechanism
of droplet evolution at the various subcoolings, the dynamic be-
haviors of condensate droplets on the S40R30 surface at different
subcoolings is shown in Figs. 9(a-c). At the subcooling of 0.5 K
(Fig. 9a), the droplets nucleate randomly at the top, side and valley
of micropillars. Although the smaller droplets are observed to coa-
lesce at the top and valley micropillars, the maximal droplet size is
smaller than the micropillar size for a long operating time. As the
condensation proceeds, the thermal resistance of the droplets is al-
ready large when they grow to the same size as micropillars. The
condensation rate becomes smaller and smaller and the condens-
ing system is in the quasi-equilibrium state. As the surface sub-
cooling increases to 4.0 K (Fig. 9b), the droplets merge to cover
some micropillars, forming the liquid bridges between micropil-
lars. Notably, due to the great thermal resistance of accumulated
droplets, the condensation is extremely low after operating 40 min
or even 1 h. And the condensate exists in the form of discrete
droplets rather than a continuous liquid film.

When the subcooling is sufficiently high (AT = 12.0 K, Fig. 9c¢),
the overgrown droplets excess the removed droplets, resulting in
the flood condensation. Eventually, a thin liquid film is formed on
the substrate. Note that, the thickness of liquid film is in the same
order of magnitude as the height of micropillars, thus maintain-
ing the superior heat transfer over filmwise condensation. It can
be seen from Fig. 10 at a lower 600 x magnification that the con-
densate droplets first spread over the top of micropillars (dark gray
to light gray). Then, condensate droplets grow and merge to fill the
micropillar gaps, thereby forming a liquid film. Note that, the lig-
uid film does not flood the top of all the micropillar arrays. Due
to the absence of nanostructures on the sides of micropillars, the
surface wettability is much stronger over that of the top and bot-
tom of micropillars. After condensing into a liquid film, the con-
densate at the top is removed, maintaining a thin film on the sub-
strate. The thickness of liquid film is the same order of magnitude
as the height of the micropillar (from 70 s to 107 s). The thermal
resistance caused by the thickness of liquid layer is reduced, thus
enhancing the heat transfer performance. Details of ESEM obser-
vations can be found in Supporting Information S4. According to
the nucleation theory [50], the nucleation density increases signif-
icantly as the surface subcooling rises. The condensate floods the
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cooled substrate, thereby leading to the transition from dropwise
condensation to filmwise condensation. However, the condensate
on the top of micropillars is sucked into the gaps, leading to a thin
liquid layer as high as the micropillars.

Figs. 9(d-e) show the variation of heat flux q and heat transfer
coefficient h. versus the surface subcooling. The g and h. are the
average values obtained from 5 repeated tests, and the correspond-
ing error bars are calculated from the standard derivations. The hy-
drophobic NS is used as a reference surface for comparison. The
green diamonds denote the g and h. of the NS, the gray squares
is the predicted values of Nusselt theory. At a lower surface sub-
cooling, the g and h, of the NS are higher than the theoretical val-
ues; however, as the subcooling is large enough (AT ~ 25 K), the g
and h. of the NS are reduced to be equal to the Nusselt values be-
cause of the completely filmwise condensation on the NS. The or-
ange circles, purple triangles and pink inverted triangles represent
the g and h. of the S10R30, S30R30 and S60R30 surface, respec-
tively. We can see that the heat flux g displays an increasing trend
with the increase of surface subcooling. Furthermore, smaller mi-
cropillar spacing provides the superior heat transfer performance.
As the surface subcooling is approximately 25 K, the heat flux of
S10R30, S30R30 and S60R30 surfaces is enhanced by 30.9%, 22.1%,
and 12.5% respectively, compared to that of the NS. Obviously, the
condensation heat transfer coefficient h. is higher after adding the
micropillar arrays. At a lower subcooling, a higher HTC is main-
tained on both nanostructured and microstructured surfaces. As
the subcooling further increases, a relatively higher HTC can be
maintained on the micropillared surface despite the filmwise con-
densation. The liquid film formed on the NS reaches hundreds of
micrometers or even a few millimetres thick. The heat transfer ef-
ficiency is quite poor due to the thermal resistance of thick liquid
layer. In contrast, the liquid layer is limited by micropillar arrays,
the thickness of which is nearly the same as the height of micropil-
lars. The microstructured surface maintains a high HTC despite the
fact that the liquid film covers the whole substrate (See Supporting
Information S5). The experimental results indicate that the con-
densation HTC of S10R30, S30R30 and S60R30 surface is enhanced
by 26.4%, 20.7% and 9.9% over the NS surface at the subcooling of
~25 K.

4.4. LB simulations of condensation heat transfer

Although the dynamic behaviors of condensate droplets and
the overall heat transfer performance on the different microstruc-
tured surfaces are experimentally investigated, the microdroplet
dynamics cannot be captured due to the limitations of high-speed
camera magnification. In addition, the flow field and tempera-
ture field caused by the microdroplet movement are poorly un-
derstood. Therefore, a microscopic numerical method is urgently
needed to further study the condensation heat transfer on the mi-
crostructured surfaces in microscale. Figs. 11(a-d) show four typi-
cal condensation behaviors observed on the different surfaces. The
droplets randomly nucleate and grow on the NS with extremely
inhomogeneous size distribution. Three-phase contact lines of the
larger droplets with the irregular shapes show that a portion of
droplets have penetrated into the nanostructures (Fig. 11a). For the
S20R10 surface with smaller spacing, a thin liquid film completely
covers the micropillars. As the spacing increases, it is observed on
the S40R10 surface that the droplets at the valley of micropillars
first expand to contact the surrounding micropillars and then grow
upward squeezed by the micropillars, while the droplets at the top
of pillars freely. On the contrary, the droplets on the S60R10 sur-
face prefer to cover the individual micropillars rather than filling
the gaps.

Figs. 11(e-h) give the LB simulations of microdroplet nucleation
and growth on the different surfaces. First of all, two tests are
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Fig. 10. The top view of condensate dynamics observed by ESEM (600 x magnification) .

applied to check the applicability of LB phase change model for
simulating the condensation heat transfer (See Supporting Infor-
mation S6). Due to the limitations of grid structure, the nanos-
tructures in the LB simulations are neglected. In this section, we
concentrate on the microdroplet growth and coalescence on the
micropillared surfaces. To ensure the same surface wettability, the

contact angle on the smooth surface (135.6°) in simulation is al-
most the same as that on the NS (135.2°). For the micropillared
surface, the wettability of the side pillars (114.0°) is stronger than
that of the top and bottom (135.6°), which is consistent with the
experimental results. In the meantime, the width and height of mi-
cropillars (2r = 20 um, h = 25 pum) are the same as those of sil-
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Fig. 11. Four typical condensate behaviors in experiments: (a) conventional dropwise condensation; (b) filmwise condensation on the S20R10 surface; (c) droplets merging
to fill the gaps on the S40R10 and (d) droplet merging to enclose the entire micropillar on the S60R10 surface. LB simulations of condensation heat transfer on the (e)

smooth surface, (f) S20R10, (g) S40R10 and (h) S66R10 surface. .

icon samples in experiments. As shown in Fig. 11(e), the conden-
sate droplets first nucleate uniformly on the smooth hydrophobic
substrate. The droplets with different sizes are formed after the
continuous coalescence, and the size distribution corresponds to
NS in Fig. 11(a). For the S20R10 surface (Fig. 11f), the condensate
microdroplets preferentially nucleate at the bottom corner of mi-
cropillars. As can be seen from the images of ESEM observations at
2400 x magnification, the condensed droplets preferentially nucle-
ate at the bottom corner of the micropillars (See Supporting Infor-
mation S4). Subsequently, three extra nucleation sites appear on
each pillar. As the condensation proceeds, the droplets coalesce
to the larger ones at the top and bottom corner of pillars. After
the bottom gaps are filled, the droplets grow upward squeezed
by the micropillars. Finally, the liquid film completely floods the
micropillars, which agrees well with the experimental observa-
tions on the S20R10 surface. For the S40R10 surface (Fig. 11g), the
droplets merge with each other at the gaps of micropillars without
exceeding the height of micropillars. In addition, the droplets at
the corners merge to the large ones with the help of other bottom
nucleation sites, thus filling the gaps between micropillars, which
correspond to the observations in Fig. 11(c). When the spacing is
large enough (Fig. 11h), the droplets grow and coalesce on the sub-
strate as expected. However, the bottom droplets first merge with
the top ones to cover the single micropillar rather than coalescing
to fill the gaps. The dynamic behaviors of droplets agree well with
the observations in Fig. 11(d). The influence of micropillar spacing
on the droplet behaviors from a microscopic perspective is further
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elucidated via comparing the LB simulations of four typical droplet
behaviors with the experimental observations. Note that, the ratio
of micropillar spacing to width in simulations (Fig. 11h) is slightly
greater than that in experiments (Fig. 11d). This is because the in-
fluence of nanostructures on the condensate dynamics in the LB
simulations is neglected. In addition, condensate droplets on the
surface of S40R10 and S66R10 eventually merge into a liquid film
because condensate cannot be removed in a closed system in LB
simulations. Overall, the droplet behaviors in the LB simulations
agree well with the experimental observations.

In order to further understand the droplet nucleation, growth
and coalescence on the micropillared surface in microscale, evolu-
tion of the streamlines in the process of condensation is presented
in Fig. 12. Initially (t* = 1.2), the steam flows to the bottom corners
of micropillars and two counter rotating vortexes are generated at
the corners. Therefore, the droplets prefer to nucleate at the bot-
tom corners. Subsequently, the more rotating vortexes appear at
the top and sides of micropillars, which means that the nucleation
sites are increased. As the condensation proceeds (t* = 3.6), the
droplets begin to merge with each other, which can be reflected
from the rotating vortexes near the droplet interfaces. Finally, the
droplets at the corners expand laterally, indicating the occurrence
of droplet merging in the gaps (t* = 5.6).

It can be seen from the temperature distributions in Fig. 13
that a thick heat transfer layer exists at the gas-solid contact area
before nucleation. As the droplets first nucleate at the corners,
the steam condenses into the liquid and release the latent heat
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Fig. 12. Evolution of streamlines in the process of condensation on the S20R10 sur-
face. .

of phase change. At this time (t* = 2.1), the temperature inside
the droplets is slightly higher than the temperature of heat trans-
fer layer without phase change. In addition, it is found that the
temperature of droplets is risen before and after the coalescence,
which may be due to releasing the surface energy after coales-
cence. As the droplets grow and merge, the temperature of bottom
droplets is lower than that of the top droplets.

In order to further reveal the microscopic mechanisms of con-
densation heat transfer on the different micropillared surfaces,
variation of average heat flux versus time at the various spacing
is analysed. The average heat flux is calculated according to the
Fourier’s law: q = —A(dT/dy)y—o (The detailed information of heat
flux can refer to our previous work [51].). Since the change of heat
flux versus time is rather complex, a few typical examples are cho-
sen for detailed analysis. Fig. 14 shows the evolution of heat flux
with time on three different micropillared surfaces at the begin-
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ning of condensation. Pink squares, green circles and blue triangles
represent the heat flux of S20R10, S40R10 and S66R10 surfaces,
respectively. During the initial nucleation stage, the heat flux in-
creases sharply. For the case of S66R10 surface, the number of nu-
cleation sites is increased from 6 at the bottom corners to 21 over
the entire substrate (e.g., image G shows the nucleation process of
droplets). As is shown in Fig. 13, the thickness of the subcooled
steam layer is reduced and the temperature gradient near the sub-
strate becomes larger in the process of nucleation. In addition, the
change from gas-solid heat transfer to efficient liquid-solid heat
transfer at the nucleation sites leads to a dramatic increase in heat
flux, which agrees well with the Amir and Ali’s results [52]. As
the condensation proceeds, the heat flux decreases gradually and
exhibits random fluctuations over time, which is caused by the
growth and coalescence of several droplets (images H-I). The heat
flux fluctuates more sharply, especially for the S20R10 micropil-
lared surface. As can be seen from images A-C, the droplets at the
sides of micropillars undergo the nucleation, growth and after be-
ing absorbed by the larger ones at the corners, accompanied by an
increase and then decrease in heat flux with time. And the similar
regular fluctuations in heat flux occur during the following con-
densation.

For the three typical dynamic behaviors of condensate droplets
on the micropillared surfaces in Figs. 11(b-d, f-h), variation of the
heat flux versus time is plotted in Fig. S8. For the S20R10 surface
(Fig. S10a), the droplets at the upper of micropillars are continu-
ously engulfed by the larger ones between micropillars after com-
pletely filling the gaps, resulting in the relatively ordered fluctua-
tions in heat flux. As the droplets merge to form a liquid film, the
heat flux decreases over 35%. For the S40R10 surface (Fig. S10b),
when the droplets at the sides of micropillars grow to merge with
the top droplets, the heat flux decreases with time. Then, the top
droplets are dragged away, improving the heat flux. After the larger
droplets merge to fill the gaps, the heat flux decreases dramat-
ically because of the increased liquid-solid contact area. For the

Fig. 13. Temperature distribution in the process of condensation on the S20R10 surface. .

1
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Fig. 14. Variation of the heat flux versus time on the micropillared surfaces with
different spacing in the initial stage of condensation.

S66R10 surface (Fig. S10c), the coalescence of droplets at the sides
of micropillars leads to the decrease heat flux. Finally, the grow-
ing droplets merge to enclose the whole micropillar, the heat flux
decreases again. To sum up, all three typical condensate behaviors,
involving dropwise condensation transition to filmwise condensa-
tion, merging to fill the micropillar gaps and coalescing to enclose
the whole micropillar, result in a significant decrease in heat flux.

5. Conclusions

To sum up, the effects of micropillar spacing and surface sub-
cooling on the dynamic behavior of condensate droplets and con-
densation heat transfer performance on the micropillared and
nanopillared surfaces have been experimentally and numerically
studied. The larger micropillar spacing can worsen the heat trans-
fer efficiency. Moreover, at large subcoolings (~25 K), the conden-
sate film covers the micropillar arrays, resulting in the flood con-
densation. Surprisingly, the microscopic ESEM observations show
that the thickness of condensate layer is the same order of mag-
nitude as the height of micropillars. The heat transfer coefficient
of S10R30 surface is enhanced by 26.4% compared to the nanos-
tructured surface, which demonstrates the superior condensation
heat transfer performance of the superhydrophobic surfaces com-
posed of nanopillars and micropillars. Concluded from the LB sim-
ulations and ESEM observations, the condensate droplets first nu-
cleate at the bottom corner of micropillars. In addition, the con-
densate droplets merge to form a film, fill the micropillar gaps,
and cover the entire micropillars, resulting in a sharp decrease in
heat flux. This work provides insights into the design of micro- and
nano-structured surfaces for further enhancing heat transfer.
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