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For dropwise condensation (DWC) in confined channels, droplets slide on surface and may spoil the nano-
pillars, thus the nano-pillars structure is not suitable. Here, we provide a robust biphilic surface with
polymer film as hydrophobic wettability. Mesh screen is sintered on copper surface to form welding junc-
tion array. Dipping the sintered package in a Teflon solution followed by baking technique forms a
hydrophobic coating film. Hydrophilic dots are exposed by separating mesh screen from copper sub-
strate. Condensation experiment was performed in a mini-channel with dimensions of
30.0 � 3.13 � 0.97 mm3 and pure water–vapor as the working fluid. Mass flux covered a range of 10.5–
63.8 kg/m2 s. It is shown that condensation heat transfer coefficients on biphilic surface were 5.54 times
of those on polished copper surface, and 1.89 times of those on hydrophobic polymer layer surface, max-
imally. Pressure drops are almost identical in condensers with biphilic surface and hydrophobic surface.
For DWC on biphilic surface, growing droplet on hydrophilic dot attracts and merges neighboring dro-
plets to generate directional-droplets-coalescence, explained by the Gibbs energy analysis. Higher droplet
departure frequency was observed on biphilic surface than hydrophobic surface. Compared with
hydrophobic surface, droplet on biphilic surface has different contact angle, covers several hydrophilic
dots and reduces droplet thermal resistance. The above effects explain the heat transfer enhancement
mechanism when biphilic surface is present.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The performance of a condenser plays an important role to
influence the overall performance of an energy conversion or man-
agement system. For example, a Rankine cycle needs a condenser
to complete vapor-liquid phase change for power generation. The
condenser performance influences temperature/pressure distribu-
tion along the cycle to determine the cycle efficiency [1]. Atmo-
spheric water, especially fog, represents a significant but largely
untapped fresh water source, especially in semi-arid regions,
desert regions, land-scarce regions with high economic activities.
Recent progress has been made to condense water drops from air
environment for human survival [2,3]. In electronic industry, high
heat fluxes should be dissipated by an efficient cooling device such
as heat pipe. A condenser condenses and returns liquid to an evap-
orator to operate a heat pipe [4].
Schmidt et al. [5] found dropwise condensation (DWC) on a
chrome plated copper surface in 1930. Heat transfer coefficient
of DWC is several times of filmwise condensation (FWC). Early
DWC studies were performed on gold/silver surface, which attracts
and deposits organic substances to account for heat transfer
enhancement [6]. Because gold or silver is expensive, later investi-
gators coated organic substance on metal surface by self-
organization or ion-implanted technique [7].

Recently, various super-hydrophobic nanostructure surfaces
have been developed to improve the DWC. These surfaces provide
large contact angle and low contact angle hysteresis, ensuring easy
droplet detachment [8]. Especially, the coalescence-induced-
jumping promotes droplets departure [9]. Nanostructure surface
does not always enhance heat transfer [10–12]. Xie et al. [13]
developed a theoretical model for DWC on nanostructure surface.
The contact angles were treated to show correct trend with respect
to Cassie, partial Wenzel and Wenzel morphologies. A mixed dro-
plet detachment model was developed to consider coalescence-
induced-jumping, rolling and sliding modes, simultaneously. They
concluded the DWC as an outcome of a series of positive and neg-
ative effects by introducing nanostructure. The increased droplet
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population density and number of drop nucleation sites are posi-
tive contributions, while the decreased heat transfer rate of single
drop and additional nano-porous thermal resistance are negative
contributions. Besides, the long-time-operation of DWC may cause
nanostructure failure to deteriorate heat transfer [14].

A DWC cycle consists of drop nucleation, growth, coalescence
and detachment [15]. To achieve better DWC performance, differ-
ent wettabilities are demanded. Hydrophilic surface has high
energy to promote drop nucleation. Alternatively, hydrophobic
surface has low energy to repel droplets. To overcome this contra-
diction, a mixed wettability surface with hydrophilic islands/cavi-
ties populated on hydrophobic surface has been tried by many
authors [16–23]. The studies were performed in humid air environ-
ment or in pool vapor condensation condition.

Under many circumstances, DWC takes place in a confined
space. For example, a printed circuit heat exchanger has a �mm
scale channel height [24]. A miniature heat pipe requires an effi-
cient condenser in which DWC occurs in a confined space [4]. Con-
vective dropwise condensation in a confined space introduces new
problems. The bulk phenomenon is important for condensation in
large space, but the wall effect plays important role in small chan-
nels [25]. The 3D effects are apparently decreased in narrow chan-
nels. The capillary length is lc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r= gDqð Þp

, where r is surface
tension, g is gravity acceleration, and Dq is density difference
between liquid and vapor. For water-vapor system, lc is
�2.5 mm. The droplet confinement number, Co, is defined as the
ratio of capillary length lc to channel characteristic size such as
channel height d, written as Co = lc/d. When channel height is down
to �mm scale, Co is large than 1 to yield droplet confinement,
altering droplet departure mode. Usually, droplets are confined in
channel height direction to form cake shape to have a largest pos-
sibility to slide along flow direction, whereas condensation in large
space creates fruitful departure modes such as jumping, rolling and
sliding [13]. Imagining droplets in a confined channel formed by
two super-hydrophobic walls, for 10–100 lm droplets which are
smaller than channel height, the coalescence-induced-jumping
can be repeated several times to merge more tiny droplets, until
a large droplet thoroughly occupies the channel height.

Droplets shall travel a long distance to reach channel outlet,
and nano-pillars (nano-grass, nano-needle, nano-wire) surface
will be spoiled [26]. The possible failure mechanisms are
described here. First, if a local nano-pillars region is periodically
flushed by droplets, nano-pillars will fall down, which is similar
to stone rolls on the lawn to spoil the grasses. Second, when a dro-
plet slides on a hydrophobic surface, nano-pillars near contact
line receive ultra-large stress, due to ultra-large pressure differ-
ence across liquid region and vapor region. Thus, the nano-
pillars structure may be useful for DWC in large space, but it
has distinct drawback to resist nanostructure failure for DWC in
confined space.

Few studies were reported on condensation in confined chan-
nels. Chen et al. [27] found droplet nucleation, growth, coalescence
and flushing in hydrophobic channels. When the vapor velocity
increases, droplets departure diameter becomes smaller and the
droplet flushing frequency increases to enhance heat transfer. Fang
et al. [28] studied condensation in silicon-microchannels having
three droplet contact angles of 25�, 91� and 123�. Flow pattern,
heat transfer and pressure drop were found to be influenced by
surface wettabilities. The hydrophobic channel had higher heat
transfer coefficient and larger pressure drop. Derby et al. [29] stud-
ied condensation in copper-microchannels at high vapor mass
fluxes (50–200 kg/m2 s). They arranged hydrophilic strips on
hydrophobic surface for bottom channel. The heat transfer coeffi-
cients in the channel with biphilic strips are even lower than those
with uniform hydrophobic surface.
This paper provides a robust surface and achieves better under-
standing of DWC in confined channel with biphilic surface. The
polymer film keeps better heat transfer performance for long-
term operation. Three steps are involved to fabricate the biphilic
surface. Our experiment shows that heat transfer is enhanced on
biphilic surface compared to hydrophobic surface. The
directional-droplets-coalescence is found for the first time. Besides,
droplets are observed to depart faster on biphilic surface than on
hydrophobic surface. These factors explain the heat transfer
enhancement for DWC in mini-channels.

2. Materials and methods

This section contains Section 2.1 for condenser package, Sec-
tion 2.2 for fabrication of condenser surface, Section 2.3 for exper-
imental setup, and Section 2.4 for experiment procedures.

2.1. The condenser package

Fig. 1 shows the condenser package including four pieces: a top
7740 glass cover 1, a Teflon insulation block 5, a copper block 8 and
a stainless-steel substrate 12. Pieces 1 and 5 were bonded by a
sealing ring 2. Piece 8 was tightly embedded in piece 5 to form a
mini-channel cross section for condensation flow. Pieces 8 and
12 were bonded by a sealing ring 11. All the components were
integrated by screw tightening.

An entrance hole 3 and an exit hole 10 were arranged in the
Teflon block to penetrate inlet and outlet capillary tubes for fluid
transfer. There were eight thermocouple holes (�1 mm diameter)
to penetrate jacket thermocouples, two for fluid temperature mea-
surements 4 and 6, and others for copper block temperature mea-
surements. During operation, cooling water was flowing in a mini-
channel of the bottom plate to dissipate heat from condenser.
Fig. 1b shows the copper block with a planar size of 30.0 mm by
3.13 mm, identical to the condensation surface. In the copper
block, three independent regions were separated by 0.8 mm slot
gap 9. The three regions had identical surface area of A1, A2 and
A3. Each region had a heat flux q determined by two thermocou-
ples. For example, for the first region, q1 is written as q1 = k
(T11 � T21)/lh, where k is the copper thermal conductivity and lh is
the distance between the two thermocouples (lh = 9.0 mm here).
Similarly, q2 and q3 were processed for second and third regions.
Each jacket thermocouple was tightly inserted in the correspond-
ing hole by filling high thermal conductivity glue. We note that
thermocouples T11, T12 and T13 were located in the center location
of each region along flow direction. An additional test was per-
formed to verify the effectiveness of the surface temperature mea-
surement by using the linear-line extension. Heat flux was applied
via the bottom surface of the copper block (see Fig. 1b). Except T11
and T21, an additional thermocouple was welded on the center of
the A1 region to directly measure the surface temperature. The dif-
ference between the measured surface temperature and the linear-
line extended temperature via T21 and T11 was neglectable. For
example, the measured surface temperature was 258.9 �C, while
the linear-line extended temperature was 258.5 �C when
T21 = 269.2 �C and T11 = 262.2 �C. The small error induced by only
two thermocouples measurement is due to the negligible variation
of cooper thermal conductivity in a narrow temperature range. For
our formal experiment, the difference between T21 and T11 was in
the range of 11–21 �C.

In this study, three condensers were tested. The data reduction
is sensitive to the cross-section area of condenser channel. A smart
method was developed to ensure identical cross-section areas (see
Fig. 2). The channel depth d is paid attention, in which the target
value is d = 1 mm. The copper block was precisely fabricated,



Fig. 1. The test section assembly (1: 7740 glass cover, 2: sealing ring, 3: inlet vapor, 4: hole for thermocouple penetration (Tin), 5: Teflon for thermal insulation, 6: hole for
thermocouple penetration (Tout), 7: hole for thermocouple penetration (Tij), 8: copper block, 9: slot for thermal insulation, 10: outlet fluid, 11: sealing ring, 12: stainless steel
substrate, 13: hole for screw tightening).

Fig. 2. The method to control the accuracy of mini-channel depth.

Table 1
Dimensions of the three mini-channels.

Dimension Condenser

Mini-channel with
biphilic surface

Mini-channel
with hydrophobic
surface

Mini-channel
with hydrophilic
surface

Height (mm) 0:97þ0:01
�0:01 0:97þ0:01

�0:01 0:97þ0:01
�0:01

Width (mm) 3:13þ0:01
�0:02 3:14þ0:01

�0:01 3:14þ0:01
�0:01

Cross section
area (mm2)

3:04þ0:05
�0:05 3:05þ0:04

�0:05 3:05þ0:04
�0:04

Note: Maximum relative error of the cross-section areas for the three condensers is
3.34%.
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whose height was recorded as l2 to have a 0.02 mm measurement
uncertainty. The glass cover thickness l1 had an uncertainty of
0.02 mm. The channel height is expressed as d = L � l1 � l2, where
L is the total height from top surface of the glass cover to bottom
surface of the copper block. The target channel depth is
approached by adjusting L (see Table 1 for the measurement out-
comes). The hydraulic diameter of the mini-channel is 1.48 mm.
The maximum relative error of the cross-section areas for the three
condensers is 3.34%.
2.2. Fabrication of condenser surface

The three condensers had different condenser surfaces: biphilic
surface, hydrophobic surface, and hydrophilic surface polished by
sand paper. The latter two surfaces were easily fabricated. Fig. 3a
shows the three steps to fabricate the biphilic surface: (1) welding
junction array formation by diffusion welding technique in an
oven, (2) dipping the sample in Teflon solution and then baking
it to coat polymer film on copper surface, and (3) separating mesh
screen from copper substrate to expose hydrophilic dot array.

Fig. 3b describes the fabrication principle. Mesh screen includes
straight weft wires and curved warp wires. Due to periodic struc-
ture, ‘‘point contact array” is formed if a mesh screen is put on a
copper plate. When a force F is applied on the mesh screen uni-
formly, due to the weak deformation of warp wires, point contact
array is extended to dot contact array. Sintering the bonded pack-
age in an oven at high temperature melts the ‘‘dot contact array”.
The oven temperature is controlled in a range between softening
temperature Ts and melting temperature Tm, at which dot EF is



Fig. 3. Fabrication of biphilic surface (a-1: sintering mesh screen on copper substrate by diffusion welding technique; a-2: fabrication of hydrophobic film by dipping copper
block in Teflon solution; a-3: baking copper block in an oven; a-4: exposure of hydrophilic dots by separation of mesh screen from copper substrate; b-1: mesh screen on
copper substrate; b-2: point contact array forms between mesh screen and copper; b-3: dot contact array forms by applying an external force; b-4: welding junction array
forms by diffusion welding; b-5: chemical treatment forms hydrophobic structure; b-6: biphilic surface is formed after tearing mesh screen from copper surface).
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extended to dot E0F0. The melting areas are solidified to form weld-
ing junction array after taking out the sample. The chemical treat-
ment of the sintered package generates polymer layer on copper
surface except welding junction array. The welding junction pre-
vents such area from exposing in Teflon solution. Tearing mesh
screen from copper surface exposes micro-dot array, which is
hydrophilic.

The SEM (Scanning Electron Microscope) image is shown for
mesh screen in Fig. 4a and for biphilic surface in Fig. 4b-e. The
mesh screen is characterized by a mesh wire diameter d = 41 lm



Fig. 4. Biphilic surface structure and element content analysis (a: characteristic sizes of the mesh screen mask, b: SEM for biphilic surface with P = 141 lm, c: elliptical
hydrophilicity dot with a = 77 lm and b = 44 lm, d: hydrophilic dot nanostructure, e: Teflon film nanostructure, f: element spectrum of hydrophilic dot and hydrophobic
film).
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and a pore width w = 59 lm. Fig. 4b shows the micro-dot array,
similar to footprints. The distance between neighboring dots is
P = 141 lm. Each dot behaves elliptical shape, having a major axis
of a = 77 lm and a minor axis of b = 44 lm (see Fig. 4c). By count-
ing 20 micro-dots, the major axis is in the range of 63.0–91.1 lm
and the minor axis is in the range of 32.2–46.9 lm. Correspond-
ingly, the dot area is in the range of 2028.6–4042.8 lm2. The
hydrophilic dot is examined to have cavity structure in a size range
of 200–500 nm (see Fig. 4d). Fig. 4e shows Teflon particles depos-
ited on copper surface. The �100 nm Teflon particles are
hydrophobic to water, which are different from nano-pillars struc-
ture reported in the literature [9,10]. Fig. 4f shows element content
to indicate the existence of fluorine (F) element in hydrophobic
region (location 2), but the hydrophilic dot (location 1) does not
have F element.
Because the conduction thermal resistance of polymer layer is
related to the layer thickness, the coating layer thickness was mea-
sured by a Bruker Dektak XT stylus profile, using a surface having a
polymer layer part and a bare surface part (see Fig. 5). A scratch
tunnel was created across both the polymer layer part and the bare
surface part. The detector 1 measured the depth dc1 from polymer
surface to scratch bottom. Alternatively, the detector 2 measured
the depth dc2 from bare surface to scratch bottom. Thus, the poly-
mer layer thickness is recorded as dc = dc1 � dc2 = 12,444 Å.

Fig. 6 shows the measured contact angles (CA) on surfaces with
different wettabilities. The CA is 74� on polished copper surface,
but decreases to 22.6� on hydrophilic dot. The polymer layer has
CA of 135�. Contact angle and surface adhesion are two different
concepts. Contact angle larger than 90� is regarded as hydropho-
bicity. Surface adhesion depends on droplet morphology in micro/-



Fig. 5. Surface morphology measured by Bruker Dektak XT stylus profiler (a:
dc1 = 37,918 Å of Teflon film relative to scratch depth, b: dc2 = 25,474 Å of copper
surface relative to scratch depth, Teflon film thickness is deduced as
dc = dc1 � dc2 = 12,444 Å).

Fig. 6. Contact angles (CA) on various surfaces (a: CA on polished copper surface, b:
CA on hydrophilic surface fabricated by diffusion welding technique, c: CA on Teflon
film surface, d: high adhesion behavior of droplet on Teflon film).
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nano structure of the surface. Cassie state refers to the dry micro/-
nano structure, but Wenzel state refers to droplet vapor-liquid
interface penetrating into the micro/nano structure, thus the
micro/nano structure is wet. Wenzel state corresponds to high
adhesion. Here, the polymer layer film is hydrophobic but behaves
high adhesion. In summary, a novel method is developed to fabri-
cate biphilic surface. By using diffusion welding technique, the
arrays of mesh screen tips are printed on copper surface. Because
mesh screen is cost-effective and commercialized, the method is
scalable for large scale application. Teflon (PTFE) acts as the
hydrophobic part, having melting and boiling temperatures of
327 �C and 400 �C, respectively [30]. The decomposition tempera-
ture is up to 415 �C, which is attractive for heat exchangers’
application.
2.3. Experimental setup

The experiment system includes a forced convection loop, a
condenser package, a cooling water loop and a data acquisition sys-
tem (see Fig. 7). An electric steam boiler, a 3 lm filter, one of the
three condensers, a post-condenser are connected by stainless-
steel capillary tubes. The post-condenser completely cooled two-
phase mixture into water. An electric balance measured the con-
densed water flow rate with a resolution of 0.02 g. A pressure
transducer measured the condenser inlet pressure. A differential
pressure transducer measured the pressure drop across condenser
inlet and outlet. The capillary tubes upstream of the condenser are
wrapped by thermal insulation material. In order to compensate
the heat leakage, the upstream capillary tube is wrapped by an
electric wire for heat compensation, which will be discussed latter.
A gear pump circulated the cooling water flow rate through the
condenser. Mass flow rate of cooling water and water tempera-
tures entering and leaving the condenser were measured.

All the data were collected by a high-speed data acquisition sys-
tem (DL 750, Yokogawa, Inc., Japan) with 16 channels. The data
sampling rate can reach 10 million samples per second. Here, the
recording rate was 100 samples per second, which is fast enough.
A high-speed camera (VW-600C, KEYENCE) incorporates a stereo
microscope (VW-L1) recorded the dynamic flow images.
2.4. Experiment procedures

Remove of non-condensable gas: Non-condensable gas should
be removed from liquid [31]. The whole loop was vacuumed and
degassed, then deionized water was charged into the steam boiler.
Before condensation experiment, heating the water increased pres-
sures in the steam boiler. A high precision pressure transducer and
a safety valve were installed at the top of the steam boiler. The
safety valve was set at a desired pressure such as �3 bar. When
the pressure reached the desired value, the safety valve automati-
cally discharged vapor to environment. The discharging process
was stopped until the vapor pressure precisely agreed with the sat-
uration temperature.

Heat compensation technique: A compensation heat was added
via metallic wire to ensure pure vapor at condenser inlet (see
Fig. 7). The heat leakage is influenced by thermal conduction resis-
tances of capillary tube and thermal insulation material. The in-
tube-condensation flow and the single-phase water flow behave
similar heat leakage, as long as the fluid-temperatures are similar.
The vapor temperature covered a range of 101.3–114.2 �C. For
single-phase water flow, the �100 �C water temperature level
was ensured. Without heat compensation, DTl is the temperature
drop from steam boiler to condenser inlet, thus the dissipation
heat is Qdis ¼ mCp;lDTl, where m is the water flow rate and Cp,l is
the water specific heat. Qdis was about 13.2 W. During condensa-



Fig. 7. Experimental setup.
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tion experiment, the same heat of Qdis was supplied to the
upstream tube line. The effectiveness of this method was checked
by the relationship between vapor pressure and temperature at
condenser inlet. For a measured pressure Pin = 116.33 kPa, the sat-
uration temperature is Tsat = 103.59 �C, while the measured value
is 103.5 �C. No droplets were observed at condenser inlet with heat
compensation.

Data reduction and uncertainty: Mass flux of the condensation
flow is defined as G =m/Ac, where Ac is the cross-section area for
each condenser (see Table 1). Three heat fluxes q1, q2, and q3 are
determined for three independent regions. Condensation heat
transfer coefficient is
hi ¼ qi

Tw;i � Tsat;i
ð1Þ

where the subscript i = 1, 2, 3, corresponding to the centers of A1, A2

and A3, respectively. Tw is linearly extended from copper block tem-
peratures to wall location. The saturation pressure Psat,i is assumed
to have linear distribution along flow direction, yielding the corre-
sponding saturation temperatures Tsat,i at the centers of A1, A2 and
A3. Eq. (1) determines the copper surface temperature. Introducing
a 1.2 lm polymer layer generates a couple of degrees of tempera-
ture drop across the film, covering our present data range. Because
bare copper regions and polymer layer regions are alternatively
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populated on biphilic surface, it is difficult to choose the surface
temperature. Thus, for all the three condensers, the copper surface
temperature given in Eq. (1) is used as the reference value for com-
parison analysis.

The error transmission theory is applied to evaluate uncertain-
ties of q and h. If Y is a function of independent variables x1, x2, x3
. . .xn and dx1, dx2, dx3. . .dxn are uncertainties of independent
parameters, the uncertainty of Y is

dY ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@Y
@x1

dx1

� �2

þ @Y
@x2

dx2

� �2

þ � � � þ @Y
@xn

dxn

� �2
s

ð2Þ

Because q = kDT/lh, the uncertainties of q is

dq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kd DTð Þ

lh

� �2

þ kDTdlh
l2h

 !2
vuut ð3Þ

where d DTð Þ is the uncertainty of temperature difference between
two thermocouples, each having an uncertainty of 0.2 �C. The max-
imum d DTð Þ reaches when the higher temperature reaches positive
uncertainty and the lower temperature reaches negative uncer-
tainty, thus d DTð Þ = 0.4 �C. Eq. (3) gave dq = 28 kW/m2 K to have
the relative uncertainty of heat flux of 4.32%. Performing the uncer-
tainty analysis for Eq. (1) gave the relative uncertainty of heat trans-
fer coefficient of 14.9%.

Table 2 shows the ranges and uncertainties of various parame-
ters. Because the cases with low mass fluxes G are more interest to
industry applications, the G range is 10.47–63.83 kg/m2 s. In our
experiment, the condenser outlet pressure approaches atmo-
spheric pressure. Thus, the inlet pressure of the condenser Pin is
the value that is sufficient to drive the corresponding mass flux G
flowing through the condenser. Correspondingly, the inlet pressure
Pin covers the range of 1.05 � 105–1.30 � 105 Pa.
3. Results and discussion

The calibration experiment was performed with single-phase
water flow in the mini-channel, in which the water has a temper-
ature drop from Tin to Tout. Thermal efficiency is defined as the
cooling water received heat divided by the hot water dissipated
heat. The thermal efficiency is shown to be in the range of 0.92–
0.98, indicating the reliability of the experiment setup. Besides,
the measured filmwise condensation heat transfer coefficients in
the mini-channel with polished surface are compared with the pre-
diction given in the literature [32]. The deviation between them is
found to be 18.7%, which is reasonable for two-phase flow experi-
ment (see Supplementary Information for calibration details). This
section describes the performances of the three condensers with
biphilic, hydrophobic and hydrophilic surfaces, followed by the
mechanism analysis.
Table 2
Parameters, instruments and uncertainties.

Parameters Instrument measurem

Ac: cross-section area Decided by channel w
G: mass flux Measured by electron
h: condensation heat transfer coefficient Determined by Eq. (1
mc: cooling water flow rate, Coriolis mass flow m
Pin: pressure at condenser inlet Pressure transducer (
DP: pressure drop Differential pressure
q: heat flux Determined by temp
Tin and Tout: fluid temperatures at condenser inlet and outlet K-type thermocouple
T11, T12, T13, T21, T22, T23: copper block temperatures K-type thermocouple
dc: Teflon film thickness Bruker Dektak
3.1. Thermal-hydraulic performances of the three condensers

Figs. 8 and 9 show condensation heat transfer coefficients h and
heat fluxes q along axial flow direction z. The subscript e, o and i
represent condensers using biphilic surface, hydrophobic surface
and hydrophilic surface, respectively. Because h and q are influ-
enced by vapor inlet pressure Pin and cooling water flow rate mc,
each subfigure shares similar Pin and mc. Alternatively, Fig. 10 pre-
sents he/ho and qe/qo: the condenser performance with biphilic sur-
face related to hydrophobic surface. Each subfigure of Figs. 8 and 9
refers to a specific run, during which the inlet pressure Pin and
cooling water flow rate mc are slightly oscillating. Thus, the range
including the minimum and maximum values is given. In fact, the
oscillating range is very narrow. The difference between maximum
and minimum values are smaller than 4.6% covering the whole
data range.
3.1.1. Best performance with biphilic surface
Figs. 8–10 show that the biphilic surface has largest heat trans-

fer coefficient he and heat flux qe among the three condenser sur-
faces. The performance curve of hydrophobic surface is between
the top margin specified by biphilic surface and bottom margin
given by hydrophilic surface (see Figs. 8 and 9). For hydrophilic
surface, heat transfer coefficients decrease along flow direction,
due to increased liquid film thicknesses, matching the classical
FWC analysis. The other two surfaces hold DWC, for which droplets
are two-dimensional cake shape in mini-channels. Decreased heat
transfer coefficients along flow direction are caused by increased
footprint area of droplets on the surface.

The heat flux distribution is different from that of heat transfer
coefficient. The biphilic surface has largest heat fluxes among the
three condensers. On biphilic surface, q is increased from first to
second region, and weakly changes from second to third region,
indicting better performance along the whole flow length. How-
ever, such distribution is changed on hydrophobic and hydrophilic
surfaces. On hydrophobic surface, heat fluxes display parabola
shape: q is largest in the middle region, but are smaller in first
and third regions. On hydrophilic surface, q can either be decreased
or increased (see Fig. 9). Heat flux is the outcome of condensation
heat transfer coefficient and temperature difference between two-
phase mixture and wall. Smaller Pin in condenser corresponds to
smaller vapor mass flux to yield decreased heat flux distribution
(see Fig. 9a and c). For larger Pin, the increased vapor mass flux
decreases water film thickness to strengthen heat transfer, yielding
increased heat flux distribution along flow length (see Fig. 9b, d
and e).

Fig. 10 shows that the ratio of condensation heat transfer coef-
ficient on biphilic surface relative to hydrophobic surface, he/ho, is
larger than 1, which is also true for the ratio of heat fluxes. The
maximum he/ho attains 1.89 to indicate 89% improvement of heat
transfer coefficient on biphilic surface. The maximum qe/qo attains
ent or calculated Ranges Uncertainties

idth and depth / 3.34%
ic balance over time 10.47–63.83 kg/m2 s 0.74–5.74%
) 1.80 � 104–3.01 � 105 W/m2 K 14.9%
eter (DMF-1-1AB) 0.89–1.49 g/s 0.6%
Rosemount-3051) 1.05 � 105-1.30 � 105 Pa 0.1%
transducer (Rosemount-3051) 1.17 � 102–3.06 � 103 Pa 0.1%
erature measurements 488.99–970.60 kW/m2 4.32%

100.0–107.2 �C 0.2 �C
52.7–99.7 �C 0.2 �C
/ 0.5 nm



Fig. 8. Condensation heat transfer coefficients along flow direction in three mini-channels having different wettabilities.
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1.40. Both he/ho and qe/qo behave band distribution and increase
trend along flow length. The values of h and q are plotted versus
vapor mass qualities X in Fig. 11, showing the increase trend. The
difference among the three condensers is larger at lower vapor
mass qualities, indicating biphilic surface is more effective in the
condenser downstream.

Attention is paid to the decayed thermal performance in the
mini-channel condenser with biphilic surface. The same running
cases were retested after four weeks operation (see Fig. S3 in Sup-
plementary Information). It is shown that the experiment was
repeatable and the maximum decay of heat transfer coefficients
is within 20%. Considering the maximum uncertainty of heat trans-
fer coefficient of 14.9%, the performance decay using the biphilic
surface is weak.
3.1.2. Flow length dependent heat transfer enhancement degrees
Mini-difference of heat transfer coefficients between biphilic

surface and hydrophobic surface exists in first region, but the dif-
ference becomes larger in third region. Section 3.3 describes the
heat transfer enhancement mechanisms with biphilic surface: (1)
easier drop nucleation due to hydrophilic dot, (2) altered droplet
morphology and detachment, and (3) reduced thermal resistance
due to droplet footprint on mixed surface pattern. The contribution
of the three heat transfer enhancement mechanisms depends on
vapor mass flux and vapor mass qualities. In the condenser
upstream, vapor mass quality is high and droplets are less. Heat
transfer enhancement is majorly contributed by the increased dro-
plet nucleation densities with biphilic surface. With the develop-
ment of condensation flow, vapor mass quality is decreased and
more droplets exist in the channel, the three mechanisms are com-
bined to increase heat transfer enhancement degree.
3.2. Hydraulic performances of the three condensers

Pressure drop across a condenser is intertest to users. Fig. 12
shows mass fluxes G versus pressure drops DP, showing small dif-
ference among the three condensers. The condenser with hydro-
philic surface behaves slightly better performance with slightly
larger G than the other two condensers for identical DP. The con-
densers with hydrophobic surface and biphilic surface share simi-
lar pressure drops. Pressure drop is dependent on flow patterns.
For FWC on hydrophilic surface, the whole channel surface is cov-
ered by liquid film. Pressure drop is proportional to shear stress
between wall and liquid. For DWC on other two surfaces, part of
channel wall is covered by vapor and the remaining is covered
by droplets. Pressure drop is dominated by two effects. The vapor



Fig. 9. Condensation heat fluxes along flow direction in three mini-channels having different wettabilities.
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covered portion decreases pressure drop, but the droplets covered
part increases pressure drop. The comprehensive effects cause
weak difference of pressure drops among the three condensers.
Two data points (one in Fig. 12a and the other in Fig. 12c) deviate
from the normal curve distribution, which are caused by experi-
ment contingency due to the complicated condensing flow in the
mini-channel.

3.3. The mechanism analysis

3.3.1. Enhanced drop nucleation and growth on biphilic surface
The minimum energy barrier for drop nucleation is written as

[33]

DG ¼ cos3 h� 3 cos hþ 2
3

prr2min ð4Þ

where h is the contact angle and rmin is the minimum nucleation
radius. For biphilic surface fabrication, micro-dots become rough
when mesh screen is being teared from copper. Contact angle
becomes h = 22.6� on these local regions compared to h = 74.0� on
smooth copper surface (see Figs. 4 and 6). DG is decreased by
98.6% when h decreases from 74.0� to 22.6�, explaining easier drop
nucleation on roughed hydrophilic dots compared to smooth sur-
face. The roughness of hydrophilic dot also increases the number
of drop nucleation sites Nc, which is f times of that on smooth sur-
face, where f is the surface roughness, defined as extended fin area
relative to base surface area [34].

An additional DWC experiment was performed in humid air
environment, with air humidity 52.5%, environment temperature
21 �C and wall subcooling 13 �C. Drop nucleation was visualized
by a highly magnified micro-lens camera. Fig. 13 shows the visual-
ization area including twelve hydrophilic dots. Yellow and white
envelopes represent droplets on hydrophilic dots and hydrophobic
region, respectively. Droplets on hydrophilic dots are always larger
than those on hydrophobic regions. Our work indicates that hydro-
philic dots promote drop nucleation and growth, supporting the
findings reported in Refs. [16,19].

3.3.2. Directional-droplets-coalescence
When a droplet on a hydrophilic dot expands its footprint to

hydrophilic dot margin, the droplet becomes the center to attract
and merge neighboring droplets. For larger neighboring droplet,
the droplet footprint may cover several hydrophilic dots. No matter
how big a neighboring droplet is, it is moving towards the center
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Fig. 10. Heat transfer enhancement by using biphilic surface compared with
hydrophobic surface.

Fig. 11. Condensation heat transfer coefficients (a) and heat fluxes (b) versus vapor
qualities in three mini-channels having different wettabilities.
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droplet, which is called directional-droplets-coalescence (see
Fig. 14). For a larger droplet on biphilic surface, because the contact
line may cross both hydrophilic region and hydrophobic region, the
droplet footprint shows irregular pattern (not smooth). Fig. 15
shows thoroughly different droplet dynamics on hydrophobic sur-
face. Larger droplet eats smaller droplet. The droplets coalescence
does not behave directional characteristic. The droplet footprint is
smooth due to uniform wettability.

The directional-droplets-coalescence is explained by surface
energy analysis (see Fig. 16). Static contact angles in hydrophilic
region and hydrophobic region are recorded as hA and hB, respec-
tively. Initially, droplet A is within hydrophilic dot. Droplet B is
within hydrophobic region, but its contact line reaches hydrophilic
margin at point P (see Fig. 16a). The surface energy analysis yields
the driving force for droplet B motion [30]:

Fd ¼ r cos hA � cos hBð Þ ð5Þ
Thus, droplet B is moving from initial location OP to ending

location TR, and droplet B becomes B0 (see Fig. 16b). Because the
droplet internal pressure is easily balanced [35], such motion
occurs at a constant contact angle hB0 along the whole drop foot-
print, even though the droplet crosses both hydrophobic and
hydrophilic regions [36]:

h2B0 ¼
1
2

h2A þ h2B
� � ð6Þ

Substituting hA = 22.6� and hB = 135� into Eq. (6) yields hB0 = 96.8�.
This process stops when droplet B’ contacts droplet A at point R
(see Fig. 16b).



Fig. 13. Experiment evidence of preferential drop nucleation on hydrophilic dots (experiment was performed in 52.5% humidity wet air environment with air temperature of
21 �C and condensation surface temperature of 8 �C).
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Before we deal with droplets coalescence, we examine how
contact angle influences Gibbs free energy Gd [37]:

Gd ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
9pV23

p
rf hð Þ; f hð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos3 h� 3 cos hþ 23

p
ð7Þ

f 0 hð Þ ¼ sin3 hffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcos3 h� 3 cos hþ 2Þ23

q ð8Þ

where V is the droplet volume. Eq. (8) shows f 0 hð Þ > 0 with h 2 [0, p],
indicating increased Gd with increase of h. The droplet motion
should satisfy the minimum energy principle [38]. The droplets coa-
lescence ensures the merged droplet C moving towards hydrophilic
region due to the minimum surface energy there (see Fig. 16c). The
merged droplet C is stabilized at location SQ, where S is in
hydrophobic region at contact angle hC1, and Q is on hydrophilic/
hydrophobic margin at contact angle hC2. Because droplet C is
pinned at point Q, the following criterion exists.

hre;hi ¼ 13:5� < hC2 ¼ hB0 ¼ 96:8� < had;ho ¼ 148:3� ð9Þ
where hre,hi is the receding contact angle in hydrophilic region, had,ho
is the advancing contact angle in hydrophobic region. The contact
angle hC1 at point S is the receding contact angle on hydrophobic
surface, here hC1 = 111.6�. The advancing and receding contact
angles came from our measurement.

3.3.3. Faster droplet departure on biphilic surface
For DWC on biphilic surface, a cycle starts from drop nucleation

and growth on a specific hydrophilic dot, which becomes a center
to attract and merge neighboring droplets to form a large droplet,
whose footprint may cover several hydrophilic dots. Once the dro-
plet has sufficient surface area, it sharply departs due to shear
stress of incoming vapor stream. Then, a new cycle begins. DWC
on hydrophobic surface also shows cyclic behavior. Fig. 17 shows
that droplets depart faster on biphilic surface than on hydrophobic
surface. Shortened cycle periods are observed with biphilic surface.
The difference of cycle periods between the two surfaces depends
on Pin and mc. Pin determines vapor velocity to affect shear stress
applied on droplet, and mc influences vapor mass qualities. Droplet
departs with sliding mode. Other modes such as jumping and roll-
ing occurring in open environment [39,40] does not exist in mini-
channel condensers.

3.3.4. Reduced droplet thermal resistance with biphilic surface
A growing droplet includes four thermal resistances: interface

curvature thermal resistance Rc, vapor-liquid interface thermal
resistance Ri, drop thermal conduction resistance Rd, and coating
layer thermal conduction resistance Rp (see Fig. 18):

Rc ¼ 2rTsat

Qrqlhlv
ð10Þ

where Q is the heat transfer rate, r is the drop radius, ql is the liquid
density, and hlv is the latent heat of evaporation. Ri is

Ri ¼ 1
2pr2hint 1� cos hð Þ ð11Þ

where hint is the heat transfer coefficient at vapor-liquid interface:

hint ¼ 2rc

2� rc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M

2pRTsat

s
qvh

2
lv

Tsat
ð12Þ

where rc is the condensation coefficient, which is 1 for pure vapor
condensation. M is the molecular weight, R is the gas constant and
qv is the vapor density. Drop conduction resistance is

Rd ¼ h
4prkl sin h

ð13Þ



Fig. 14. Directional-droplets-coalescence on biphilic surface (a: dryly biphilic surface,
b: droplet on hydrophilic dot eats neighboring droplet to cause directional-droplets-
coalescence, red and white circles represent droplets on hydrophilic dot and biphilic
surface, respectively, Pin = 105.62–106.11 kPa, mc = 0.885–0.920 g/s, visualization
area located in the middle of the whole mini-channel area).

Fig. 15. Random-droplets-coalescence on hydrophobic surface with Pin = 105.62–
106.11 kPa and mc = 0.885–0.920 g/s.

Fig. 16. High-energy-hydrophilicity-dot induced directional-droplets-coalescence.
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where kl is the thermal conductivity of liquid. The additional coat-
ing layer resistance is

Rp ¼ dc

pr2 sin2 hkp
ð14Þ

where kp is the thermal conductivity of Teflon polymer.
The total droplet thermal resistance is Rtot = Rc + Ri + Rd + Rp. The

droplet volume V and contact angle h has the following
relationship:

V ¼ pr3

3
ð2� 3 cos hþ cos3 hÞ ð15Þ

The comparison of R between hydrophobic surface and biphilic
surface was performed. A same V = 0.03 mm3 was assumed. On
hydrophobic surface, h = 135� yields r = 0.197 mm. Holding r and



Fig. 17. Shortened droplet removal periods on biphilic surface compared with hydrophobic surface (example videos corresponding to c-1 and c-2 are provided in
Supplementary Information).
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h, the four thermal resistances are Rc = 1.22 � 10�3 K/W, Ri = 4.39 -
� 10�3 K/W, Rd = 1.98 � 103 K/W, Rp = 8.83 � 101 K/W. The total
thermal resistance is Rtot = 2.07 � 103 K/W.

The situation becomes complicated for droplet on biphilic
surface. When a droplet covers both hydrophobic region
and hydrophilic region, the droplet is un-symmetry because
the two contact angles in the two regions are different. In
order to simplify the thermal resistance analysis, we assume
a uniform contact angle along the whole droplet footprint,
which is



Fig. 18. Reduced thermal resistance of droplet condensation on biphilic surface
compared with hydrophobic surface.
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h ¼ 1
2

hC1 þ hC2ð Þ ð16Þ

Substituting hC1 = 111.6� and hC2 = 96.8� into Eq. (16) gives
h = 104.2�. Holding V and h, the biphilic surface slightly enlarges r
to 0.219 mm. Thus, Rc, Ri and Rd are computed by Eqs. (10), (11)
and (13), respectively, yielding Rc = 8.83 � 10�4 K/W, Ri = 4.84 -
� 10�3 K/W and Rd = 1.00 � 103 K/W.

The thermal resistance calculation due to polymer layer con-
duction involves two steps. The first step calculates Rp using r
and h for biphilic surface to have Rp = 3.78 � 101 K/W. Because Rp

relates to droplet footprint area on polymer layer, the second step
deduces conduction thermal resistance as the value given in the
first step multiplying the ratio of hydrophobic region divided by
the whole footprint area, yielding Rp = 3.36 � 101 K/W to have
Rtot = 1.04 � 103 K/W. Compared to hydrophobic surface, biphilic
surface decreases resistance Rp by 62.0%, which is due to the exis-
tence of hydrophilic dot. Biphilic surface also decreases Rc by 27.9%
and Rd by 49.5%. In summary, biphilic decreases the total thermal
resistance by 50.0% at V = 0.03 mm3, noting the reduced thermal
resistance dependent on droplet size.

4. Conclusion

Conclusions can be drawn as follows:

� Robust biphilic surface is fabricated. Mesh screen is sintered on
copper substrate to form welding junction array. Dipping the
sample in Teflon solution forms hydrophobic coating film.
Separating mesh screen from copper exposes hydrophilic
micro-dots array.

� Condensation heat transfer coefficients on biphilic surface are
�5.54 times of polished copper surface, and 1.89 times of poly-
mer layer surface, maximally. Pressure drops are almost the
same for condensers using biphilic surface and hydrophobic
surface.

� Directional-droplets-coalescence is found for DWC on biphilic
surface. Droplet on hydrophilic dot becomes the center to
attract and merge neighboring droplets. Droplets depart faster
on biphilic surface than on hydrophobic surface.
� Droplet thermal resistance is reduced with biphilic surface. The
sub-layer conduction resistance is reduced due to the existence
of hydrophilic dots, which is the direct effect. Besides, the biphi-
lic surface changes drop radius and contact angle to reduce
resistances for other components, which are the indirect effect
to decrease thermal resistance.

� The improved heat transfer performance using biphilic surface
is due to the combined effects of altered drop dynamics includ-
ing drop nucleation, growth, coalescence, departure and
decreased thermal resistance of droplets.
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