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A B S T R A C T

The effect of hydrophilic constructal-like patterns on the condensate mass flow rate production of super-
hydrophobic vertical test sections is discussed. The surface patterning, which presents a branching topology, is
obtained by coating selected areas of the condensation surface with a commercial product. In total, five different
designs were tested, three with a branched topology having coated/clear area fractions of approximately 30%,
50% and 70%, in addition to fully clear and fully coated test sections. The condensation performance of each test
section was measured in the presence of non-condensable gases inside a climate-controlled chamber, which
allowed independent adjustment of its internal temperature and humidity. Condensation measurements indicate
that for some cases, averaged improvements ranged between 7.4% and 17.5% when a test section with an area
fraction of 70% is compared with clear and fully coated surfaces, respectively, considering the climate-controlled
chamber is kept with a relative humidity of nearly 80%. Additionally, a qualitative image-based analysis of the
condensation process revealed that the superhydrophobic/hydrophilic interface arguably aids the droplet de-
tachment and could, potentially, guide/direct the draining flow in real systems.

1. Introduction

Phase change processes are broadly used in many industrial appli-
cations (e.g. power generation to refrigeration) with boiling and con-
densation being, arguably, the two principal mechanisms [1]. Within
thermal sciences, their use is either justified by the significant amount
of transferred energy associated with phase change [2], due to its high
heat transfer coefficients, which reach scales in the order of
104Wm−2.K−1 and/or by the fact that, for pure substances, phase
change occurs isothermally [3]. However, despite of the uncontested
interest that phase change has attained throughout different research
areas, its complex multiphysics phenomenological nature still motivates
fundamental and applied studies, e.g. Refs. [4,5]. Often, these efforts
aim to push even further the thermal performance of phase change
processes as a way to attend requirements that are more demanding.

For instance, for vaporization or condensation, arguably the chal-
lenge is to sustain direct contact between the phase changing fluid and
the promoting surface. In pool boiling, a series of tailored surfaces has
been proposed with the objective of artificially creating numerous nu-
cleation sites over the surface and, hence, improving the heat transfer
coefficient and/or the critical heat flux [6–8]. Studies such as the one

reported in Refs. [9,10] indicated that such designed surfaces can, re-
spectively, increase the heat transfer coefficient and the critical heat
flux significantly. Other studies include the use of ultrasonic mechan-
isms on boiling surfaces [11] and the use colloidal fluids such as na-
nofluids [12,13]. Similarly, during condensation, the liquid phase
formed often remains adhered to the surface due to surface tension,
which creates a mechanical barrier preventing the vapor phase from
reaching the cooled surface. Therefore, condensation intensification
methods aim to quickly drain the condensed phase such that the cooled
surface always interfaces with vapor [14–16].

Among the techniques used to enhance the condensation heat
transfer rate, the use of superhydrophobic surfaces – i.e., surfaces with a
static contact angle> 150° – seems to be a natural direction, as the
drainage should be improved. However, according to condensation
theory [17], the phase change nucleation rate is inversely proportional
to the surface contact angle, hence, creating a competition between the
drainage of the formed drop and its birth and growth. Therefore, recent
studies have verified that patterned condensation surfaces with patches
of distinct wettability might be able to improve condensation rates
[17–19], which is not captured and/or predicted by the nucleation
theory [20].
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Nomenclature

A Area [m2]
B Generic calculated variable [−]
g Gravity [m.s−2]
h Heat transfer coefficient [W.m−2.K−1]

Enthalpy [J.kg−1]
H Height of the condensation surface [m]
J Number of measured variables [−]
k Thermal conductivity [W.m−1.K−1]
m Mass [g]
NuH Average Nusselt number [−]
p Generic measured variable [−]
Pr Prandtl number
q'' Heat flux [W.m−2]
RaH Rayleigh number [−]
T Temperature [°C]
(x,y,z) Coordinate system [m, m, m]

Subscripts and Superscripts

Calib Refers to the calibration uncertainty
Cond Refers to the condensation
Conv Refers to natural convection

p,l Liquid property at constant pressure
exp Refers to an experimental measurement
f Film
Int Refers to the climate controlled chamber
lv Liquid/vapor
L Left
Manuf Refers to the manufacturer uncertainty
R Right
s Refers to test section surface
sat Saturation
t Experimental timespan [s]
T Temperature
Total Refers to the total heat flow
u Uncertainty [%]

Greek Symbols

α Thermal diffusivity [m2.s−1]
β Thermal expansion coefficient [K−1]
θ Contact angle [°]
ν Kinematic viscosity [m2.s−1]
σ Standard deviation [−]
ϕ Relative humidity [%]

Fig. 1. Experimental apparatus detail, including the climate controlled chamber and test section assembly.
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More specifically, Ref. [19] has tested the effect of surfaces sub-
jected to wettability changes, including branched topologies. Improved
condensation rates were also obtained by Refs. [15,21], which con-
sidered a structured surface condensing water vapor. Other studies also
considered the use of patterned condensation surfaces [16,22], in-
cluding the effect of the area fraction of superhydrophobic/hydrophilic
regions from theoretical and experimental standpoints [18,23]. For
instance, Ref. [23] theoretically determined the ideal relation between
drop size and the hydrophilic branch width. A related analysis was
reported by Ref. [24] for external condensation on a horizontal tube
with vertical stripes of distinct wettability.

Therefore, in this study, a climate-controlled chamber and test
section assembly apparatus were developed to study the effect of su-
perhydrophobic/hydrophilic area fraction on condensation perfor-
mance of a square test section of 20.25 cm2 subjected to quiescent
humid air, hence, containing non-condensable gases, which are widely
know to be detrimental to heat transfer performance [25], but closer to
some industrial applications (e.g., cooling towers). The apparatus is
capable of independently controlling the climate controlled chamber
internal temperature and humidity, as well as the temperature of the
condensation surface, all of which are varied parametrically in the
study. Also, condensation surfaces with different area fractions of 0%,
∼30%, ∼50%, ∼70% and 100% were tested – note that fractions of
0% and 100%, represent purely hydrophilic and superhydrophobic test
sections, respectively, while the other three present a constructal-like
branching topology with different area fractions. Furthermore, it is
relevant to mention that the use of constructal patterns (e.g., branching
structures presenting distinct transport capabilities compared with
those displayed by the surrounding domain) has shown to display su-
perior performances in numerous applications involving transport
phenomena [26]. For instance, good examples are offered by con-
ductive and convective heat draining systems [27–32], heat exchangers
[33], etc.

2. Experimental apparatus

The experimental apparatus consists of a climate-controlled
chamber and a test section assembly to which the patterned surface is
attached – see Fig. 1. As can be seen, the climate controlled chamber,
which is a 0.6m×0.6m×0.5m fully insulated wooden box, has three
main openings that allow it to operate steadily; one opening permits
saturated steam to be injected into the chamber, a second opening holds
the test section assembly and a third allows the outflow of condensate
produced. To minimize the interaction with the outside environment,
all but one side panel of the chamber were tightly bolted and any ex-
isting gaps were filled with a permanent epoxy. Additionally, a Plex-
iglas window was inserted in the wall opposed to the test section as-
sembly for visualization purposes.

To run experiments at different conditions, one needed to in-
dependently control the chamber's temperature and humidity.
Therefore, to control the former, a 1000W electrical heater was in-
stalled on the bottom panel of the chamber, while a boiling canister of
830W, located outside the chamber, produced and directed saturated
steam towards the chamber as needed, enabling the control of the
latter. Note that, after reaching the desired temperature and humidity
levels, minimal intervention was needed to sustain such conditions.
Therefore, dimmers were installed on the heater and boiling canister
circuits such that the temperature and humidity pulses were within
acceptable ranges. The visualization of the condensation patterns was
accomplished with a 12.1 megapixel Nikon camera with a 36× optical
zoom.

The climate controlled chamber was instrumented with four PT-100
RTDs (Omega™) and a humidity sensor (Omega™) – the location of
these sensors is shown in Table 1. Note that the reported temperature
for the climate-controlled chamber was taken as the instantaneous
average of the readings of the four RTDs.

The test section assembly, which is shown in the lower half of Fig. 1,
is a multi-layer structure having, at one end, a 4.5 cm×4.5 cm pat-
terned, stainless steel condensation surface with a thickness of 0.1 cm
and, at the other end, a finned aluminum heat sink. In between, from
the patterned surface towards the heat sink, one will find a
4.5 cm×4.5 cm×0.5 cm copper block, followed by a flux meter and a
4.5 cm×4.5 cm×0.05 cm Peltier cooler, which was directly attached
to the heat sink – the heat sink was cooled by an electrically powered
fan. All layers of the test section assembly were connected using
thermal paste to minimize the contact resistance. Similarly to the cli-
mate controlled chamber, the test section assembly was also in-
strumented with two RTDs, which were housed by two holes with
2.5 mm in diameter drilled 15mm into the copper block – i.e., the RTDs
were ∼3.5 mm far from the actual patterned condensation surface (i.e.,
x-direction) – while it is expected that the actual temperature of the
condensation surface be slightly lower than the RTD measurements, a
basic analytical estimation shows that this temperature difference is
likely in the order of the temperature uncertainty. Each RTD was po-
sitioned on diagonally opposite quadrants, 15mm and 10mm far from
the corner in the horizontal and vertical edges of the copper block,
respectively. As for the flux meter, which operated based on the See-
beck effect converting a temperature difference into a readable electric
current [34], its main purpose was to add some redundancy to the
experimental measurements since, as will be shown later in Section 5,
its readings could be verified against the overall heat flux calculated as
the sum of the phase change (i.e., condensate mass) and the natural
convection heat fluxes.

Each condensation surface was made out of a 1mm thick stainless
steel plate. The 45mm side square samples were cut using a laser cutter
in order to avoid warping the surface, which could add an undesirable
contact resistance between the condensation surface and the copper
block. The change in wettability of the condensation surface was based
on the selective deposition of a commercial coating namely NeverWet®

– note that this coating has been previously used in the literature [35].
In this case, each stainless steel sample used was thoroughly cleaned in
an ultrasonic bath with ethanol for approximately 15min at 37 kHz.
Each sample was then dried and coated based on the procedure de-
scribed in Ref. [36]. More specifically, the entire condensation surface
was first uniformly sprayed with a base coating layer for about 5 s; the
process was repeated three times in intervals of roughly 2min. Then,
each stainless steel sample was allowed to rest for 30min at ambient
conditions, when the condensation surface was masked and selectively
coated with a nanoparticle layer, which is responsible for granting the
superhydrophobic-like behavior to the surface, for approximately 5 s.
Finally, the each surface was allowed to rest overnight before pro-
ceeding with condensation experiments.

In total, three main types of surfaces were tested: a fully clean
surface (i.e., exposed stainless steel), a fully coated surface and a pat-
terned surface. The topology of the patterned surface displays a main,
top to bottom, central vertical trunk, to which three inclined branches
are attached to on each side – each branch is inclined 45° with respect
to the horizontal as shown in Fig. 2, where the darken area indicates the
exposed (i.e., bare stainless steel) and the white region is coated with
superhydrophobic material. Additionally, three different coated/total
area fractions (AF) were considered: 30%, 50% and 70%. It is important

Table 1
Ambient controlled chamber measurement location – refer to the coordinate
system indicated in Fig. 1.

Probe x [cm] y [cm] z [cm]

T1 10 25 30
T2 30 35 10
T3 50 25 30
T4 30 35 50
ϕ 5 30 30
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to mention that these three AF-values are, in fact, rounded values. The
actual AF-values tend to be slightly less than the rounded AF values, for
instance, the actual estimated AF-values are ∼29%, ∼47% and ∼65%.
Furthermore, neither of the selected number of branches, branch in-
clination angle nor the L2/L1 ratios were optimized as often reported in
constructal references dealing branching patterns – e.g. Ref. [26] –,
simply because of the prohibitive number of experimental tests needed
to presently perform the optimization. Instead, the geometric para-
meters applied were imposed, but could potentially be optimized si-
milarly to constructal related works.

In order to determine the amount of condensate produced over time,
a reservoir was installed immediately underneath the test section sur-
face. The reservoir, which was partially covered to minimize evapora-
tion losses, except for a small hole that allowed the inflow of con-
densate, was firmly attached to a small vertical shaft, which connected
the reservoir to a digital scale. The utilization of a shaft, which went
through the bottom panel of the ambient controlled chamber, allowed
the scale to be placed outside the ambient controlled chamber and,
therefore, not subjected to its hostile atmosphere (i.e. relatively high
temperature and humidity), which could be detrimental to the scale's
electronics. It is worth mentioning that, since the test section assembly
protruded into the climate-controlled chamber a few millimeters such
that the condensation produced could be collected underneath of it, its
top and side walls were thoroughly insulated and did not produce any
condensate and, hence, not contaminated the condensate generated on
test section surface.

Given that one of the main objectives of the present study is to
analyze the effect of wettability changes on condensation surfaces
under different environmental conditions, it became necessary to con-
trol the temperature and humidity inside the climate controlled
chamber such that condensation surface with different values AF could
be tested at nearly identical conditions. Therefore, an on-off feedback
control routine was implemented such that the power delivered to the
electrical heater and the boiling canister was independently controlled.
In this case, the control routine used instantaneous temperature and
humidity readings inside the chamber to determine how much heat and
saturated steam needed to be added to the ambient controlled chamber
in order balance any heat loss through the chamber's wall and test
section, as well as the dehumidification process promoted the con-
densation test section assembly. As for the test section temperature
control, two different techniques were used. First, an on-off method,
also based on a feedback control, was implemented. In this case, the
instantaneous average temperature of the test section was determined
and used by the control system to adjust the power applied to the
Peltier. By doing that, a specific temperature value with a typical
standard deviation of approximately 0.5 °C could be readily sustained at
the test section surface by simply cycling the power applied to the
Peltier. Conversely, for the second test section assembly temperature
control method, a specified power was constantly applied to the Peltier
resulting in a given temperature for the condensation surface. However,
differently from the on-off technique, for the continuous cooling tech-
nique to obtain a desired temperature, one needed to iteratively adjust
the power applied until the desired temperature is obtained. Once the
constant cooling power that need to be applied to the Peltier was

determined, the entire experiment was run with that specific value. It is
also important to notice that, because the results obtained for both
techniques employed to control the surface temperature of the test
section were identical assuming that all boundary conditions were also
the same, in this work, the constant power technique was chosen for
controlling the test section surface temperature for its simplicity, while
the on-off technique was used to control the climate controlled chamber
temperature and humidity.

An experimental procedure was developed to consistently run all
experiments. For tests run with the experiment fully rested overnight,
the process initiated by selecting and placing the condensation test
section within the test section assembly, checking the position of all
sensors and the alignment of the digital camera used to record the
droplet motion, ensuring the boiler is filled and that the scale is op-
erational. Next, the climate-controlled chamber parameters were spe-
cified (temperature and humidity) and the control system activated.
The climate-controlled chamber was allowed to reach a steady state
condition when, then, the Peltier is activated through its dedicated
control system cooling the condensation test section. At this point, all
experimental data is recorded.

3. Experimental uncertainty

The experimental uncertainty was determined for all key measure-
ments (i.e., temperature, condensate mass, humidity, flux meter and the
power applied to the Peltier cooler) and calculated variables reported in
the present document (i.e., calculated heat flux, condensate mass flow
rate and heat transfer coefficient). As for directly measured parameters,
the uncertainty was determined based on the uncertainty reported by
the manufacturer (e.g., humidity, fluxmeter, power supplied to the
Peltier and condensate mass), except for the temperature, which ac-
counted for the uncertainties reported by the manufacturer and the in-
housed calibration, yielding [37],

= +u u u( )T T,Manuf
2

T,Calib
2 1/2

(1)

For the calculated variables, the uncertainty propagation based on
the square root of the summation of the influence of each measured
parameter on the calculated variable, Ref. [37], which, for a generic
variable B, reads

∑ ⎜ ⎟= ⎡

⎣
⎢

⎛
⎝

∂
∂

⎞
⎠

⎤

⎦
⎥=

u B
p

ΔpB i 1

J

i
i

2 1/2

(2)

where pi is the ith measured variable and J, the total number of mea-
sured variables. Table 2 below summarizes the uncertainties of the
variables commented along the text.

Fig. 2. Sketches of the condensation surfaces tested. Note that, in Fig. 2b, 2c and 2d, L1 and L2 respectively are: 16mm and 6mm, 11mm and 4mm, 4mm and 3mm.

Table 2
Uncertainty summary for key parameters.

Variable Uncertainty

Temperature (T) ± 0.32 °C
Humidity (ϕ) ± 3.0%
Mass (m) ± 0.001 g
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One should notice that the uncertainty of the temperature and hu-
midity listed above refer to the expanded uncertainty, which is twice
the standard uncertainty, whereas the mass indicates the scale's un-
certainty as reported by the manufacturer. Finally, because a small hole
was drilled in the reservoir's lid, it is expected that the evaporation from
the reservoir be negligible and, hence, not affecting the scale's mea-
surements.

4. Experimental setup and test section characterization

The climate controlled chamber and coating material used to alter
the hydrophobicity of the test sections were characterized to ensure the
proper operation of the experimental setup. Among the main opera-
tional concerns regarding the climate controlled chamber, one can list
its ability to sustain constant temperature and humidity conditions for
long periods of time. For instance, a series of tests was performed to
ensure that the temperature and humidity could be independently
controlled and constantly maintained over time. Fig. 3 shows the
transient behavior of the climate controlled chamber such that its in-
ternal temperature (a) and humidity (b) are treated as independent
variables. As shown in Fig. 3a, the control system is capable of main-
taining a humidity at 60% ± 0.82%, while the temperature experi-
ences three different plateaus, 50 °C±0.67 °C, 60 °C± 0.72 °C and
70 °C± 0.71 °C. Similarly, Fig. 3b shows that the chamber temperature
can be kept at a given value, i.e. 50 °C± 0.75 °C, for distinct humidity
values. It is important to mention that, while the temperature values
shown in Fig. 3 are, actually, averaged values obtained from the all four
measurements performed within the climate controlled chamber, tests
revealed that the temperature variation within the chamber is in the
order of± 3 °C. As for the humidity measurements, while a single
sensor was used, tests showed that by moving the sensor around the
chamber, the humidity changed by roughly±1%.

Another concern has to do with the potential degradation over time
of the coating material used to change the hydrophobicity of the test
sections, which could lead to time-dependent measurements. Therefore,
a series of tests was performed to evaluate the static contact angle of
several test sections over time. For that, four test sections were used,
two clean ones (Fig. 2a) and two fully coated (Fig. 2e), and for each, the
contact angle was measured in three different days: (i) Dec. 19, 2016
(ii) Jan. 6, 2017 and (iii) Feb. 3, 2017. Furthermore, one sample of each
type (i.e., one clean and one coated) were used to run condensation
tests while the other two were simply stored. By doing that, one should
be able to evaluate the time degradation of the test section once the
coating material is applied, and also any possible degradation caused by
condensation experiments.

To measure the contact angle, a Nikon SMZ800 stereomicroscope
assisted by a proper magnification system and coupled to a Nikon di-
gital camera (DS-Fi1) was used – the procedure is detailed in Ref. [38].
A water droplet of 100 μℓ was placed with a micropipette on the test
section for analysis and image processing. The measurements indicated
that, for the three days of test, the contact angle of the coated surfaces
averaged at 160° for test sections that experienced condensation and
155° for the ones that were simply stored, presenting a mean standard
deviation of± 2.5° – one should note that not only such large contact
angle undoubtedly allow the coated surfaces to be classified as super-
hydrophobic, but also, are in the same range as the measurements re-
ported in Ref. [36]. Therefore, for the purpose of the present study, the
degradation caused by time (aging) and condensation on the contact
angle can be neglected. Differently, the uncoated test sections showed a
larger variation of the contact angle overtime. For instance, the average
contact angle respectively increases for surfaces with and without
condensation from 82.5° and 62.5° on Dec. 19, 2016, to 85.7° and 75.7°
on Feb. 3, 2017, which potentially can be related to minor superficial
oxidation. Fig. 4 shows the left and right contact angle measurements of
the four test sections on Feb. 3, 2017, with the left column referring to
unused surfaces and the right one showing surfaces that were actually

used in condensation experiments. The pictures clearly highlight a
minor wettability variation for clean surfaces and, for the coated sur-
faces, basically unchanged contact angles.

Finally, a Scanning Electron Microscope was used to qualitatively
analyze the typical topological structure (secondary electron or simply
“SE”) of the coated test section as well as its chemical composition
(back-scattering electron or simply “BSE”). The results, which are
shown in Fig. 5a and b and were obtained on March 2018, highlight the
side branches of a test section with an AF of 70%. The SE image
(Fig. 5a) shows that the bare metal (thinner stripes) seem significantly
smoother that the coated region (wider stripes). Also, BSE images
(Fig. 5b) indicate full coverage of the superhydrophobic coating ma-
terial. Nevertheless, both images also suggest that the interface between
them is not very sharp, which can arguably be attributed to the fairly
simple selective coating process employed in this study. Furthermore,
from a heat transfer standpoint, the thickness of the coating material is
critical, as thicker coating layers inevitably lead to undesirable thermal

Fig. 3. Examples of the climate chamber independent temperature (a) and re-
lative humidity control (b) over time.
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resistances. Therefore, frames 5c and 5d show the roughness variation
along two distinct areas of a test section with an AF of 70%. The upper
graph (5c) shows the roughness through the main, central vertical
branch, while the lower most frame (5d) shows the roughness through a
sequence of three branches. An immediate observation is that the bare
metal is indeed much smoother that the coated areas. In fact, mea-
surements indicate that the mean thickness for coated areas of Fig. 5c
and d are in the order of ∼19 μm and ∼13 μm, respectively.

5. Energy balance verification

An energy balance verification was implemented in order to de-
termine the total heat flux drained from the climate controlled chamber
through the test section assembly, which was then compared with the
measured values reported by the flux meter for verification purposes.

Therefore, by looking at the design of the test section assembly,
Fig. 1, and considering that all its sidewalls are perfectly insulated, one
can state that the total heat flux transported through the test section
assembly is

′′ = ′′ + ′′q q qTotal Cond Conv (3)

where ′′q Cond and ′′q Conv are, respectively, the heat flux share due to
condensation and convection. While the former is defined as

, with ṁexp been set equal to the experimental mass
flow rate measurements ( =ṁ m /texp exp ) and as the corrected phase
change enthalpy of water, i.e., , eval-
uated at the saturation temperature [39], the latter is determined based
on Newton's cooling Law, while relying on Churchill & Chu's natural
convection heat transfer coefficient [39].

= +
+

Nu
Ra

Pr
0.68

0.67
[1 (0.492/ ) ]

H
H
1/4

9/16 4/9 (4)

where RaH and Pr are, respectively, the Rayleigh and the Prandtl
numbers defined as RaH= gβΔTH3/(να) and Pr= ν/α, where β=1/Tf,
where Tf = (Ts + TInt)/2, and ΔT refers to the temperature difference
between the climate-controlled chamber and the condensation surface,
or ΔT= (TInt – Ts). Finally, it is important to disclose that, while there is
a redundancy in the determination of the total heat flux, which can be
evaluated through Eq. (3) and by the flux meter, the condensation data

(condensate mass produced) is arguably the key experimental mea-
surement.

6. Results

In this section, parametric results for the following three in-
dependent variables will be presented and discussed: (i) the con-
densation surface area fraction (AF), (ii) the relative humidity of the
climate controlled chamber and (iii) the condensation surface tem-
perature. It is important to mention that the tests reported occurred in
the presence of non-condensable gases, which range from 93% to 95%
in mass.

6.1. The effect of the condensation surface area fraction

To evaluate the effect of the coated area on the surface condensation
performance, a total of eleven, 2-h tests were performed; three for each
of the patterned configurations (Fig. 2b–d) totaling nine tests, in ad-
dition to two other tests, one for a clean stainless steel surface (Fig. 2a)
and another for a fully coated surface (Fig. 2e). It should be mentioned
that the scale data recording frequency was set at 0.1 Hz (i.e., 10 s),
which is less than the frequency of droplets being collected, as will be
seen later on Fig. 6. The results are presented in Table 3 in terms of four
performance variables: the accumulated condensate mass generated per
unit of test section area ′′m( ), the rate of condensate flux ′′m( ˙ ), the
number of droplets recorded by the scale along each test (N) and Δm',
which represents the amount of condensate produced per unit of test
section height. Also, for all tests shown in Table 3, the climate con-
trolled chamber's temperature was maintained at an average value of
50.45 °C with a maximal standard deviation of± 1.22 °C, while the
averaged relative humidity and maximal standard deviation, respec-
tively, were 79.29% and±2.49%. Differently, the averaged tempera-
ture of the test section surface varied slightly more and, because of that,
each temperature value is individually shown along with its individual
standard deviation in Table 3.

As it can be seen in Table 3, the accumulated condensate per unit of
area varies significantly, with the highest value (i.e., 2552.0 g/m2) been
obtained for the test section shown in Fig. 2d (i.e., area fraction of
70%). Note that, at the end of each test, the remaining amount of

Fig. 4. Variation of left (θL) and right (θR) static contact angles of water over a clean (i.e., stainless steel) and fully coated surfaces on Feb. 3, 2017; Left column
shows unused surfaces, while right column shows surfaces that were used in condensation tests.
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Fig. 5. Scanning Electron microscope SE (frame a) and BSE (frame b) images of a test section and surface roughness through the main vertical (frame c) and side
branches (frame d) – for all frames AF=70%.

Fig. 6. Discrete mass variation collected by the scale along the time – the scale's recording frequency is 0.1 Hz.
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condensate attached to the condensation surface was swept with a pre-
weighted sponge, and its mass added to the mass collected on the re-
servoir, representing, on average, 8% of the condensate generated –
notice that the main purpose of the sweeping procedure is, obviously, to
obtain all condensate attached to the surface since it is difficult to know
whether there are drops detaching from the surface. The results can be
further interpreted by determining the rate of condensate flow for all
tests, i.e., m( ˙ '') – note that the results obtained with the patterned test
sections were averaged over the three tests performed for each test
section. In this case, the test section with a coated area fraction of 70%
also returned the highest condensate flow. Also, according to Table 3,
the amount of condensate produced per unit of test section height is
slightly higher when the area fraction is 70%.

Next, by analyzing the accumulated mass change on the scale over
time, it is possible to infer that droplets needed to coalesce not only at
the surface, but also at the lower horizontal edge of the condensation
surface in order to detach from it and fall into the collecting reservoir.
Therefore, despite the fact that the scale used had a finer resolution, the
experimental data revealed that the minimal droplet weight recorded
by the scale was approximately 0.015 g, which allowed the estimation
of the number of droplets collected along each test (N). Consequently, it
is important to mention that the N-value reported in Table 3 was not
visually determined, but instead, it represents the discrete number of
mass changes recorded by scale that were larger the 0.015 g along each
test and later averaged for a sequence of tests. To exemplify the de-
termination of N, Fig. 6 shows the mass variation data recorded by the
scale for the three tests done and reported in Table 3 for the test section
represented by Fig. 2b. As can be seen in Fig. 6, there is a large cloud of
data slightly dispersed around 0 g, which is due to the scale's sensibility
(± 0.001 g) and triggered by minor vibrations. Differently, mass
changes due condensation are clearly dispersed above the 0 g ordinate
axis and present a mean value of 0.052 g and a standard deviation
of± 0.015 g. Also and, according to Fig. 6, it can be observed that the
weight of most droplets collected by all three tests ranges between
0.04 g and 0.06 g. While Fig. 6 only shows the recorded data for the
configuration of Fig. 2b for brevity, a similar figure could have been
shown for the other configurations reported in Table 3. More im-
portantly, perhaps is to mention that the averaged mass of the droplets
collected and the standard deviation for configurations of Fig. 2c and d,
respectively, are 0.049 g and±0.016 g, and 0.050 g and± 0.018 g,
which suggests that slightly larger droplets were dispensed by the
configuration with the largest L1-value, i.e. Fig. 2b. According to
Table 3, the average number of droplets that detached from the pat-
terned surfaces is smaller than that obtained with the clean and fully
coated surfaces. However, as previously commented, patterned surfaces
(e.g., 50% and 70% of coated area) also produced the largest con-
densate mass, which indicates that larger droplets detached from these
test sections.

Fig. 7a and b, respectively, show the total accumulated condensate
mass over time for all individual tests performed and the averaged
curves for the three patterned test sections – note that in Fig. 7a each

Table 3
Effect of the area fraction on the condensation performance.

Test Section Area Coated [%] L1 [cm] Test run Ts/σ [°C]/[± °C] m'' [g.m−2] ṁ''[g.m−2.min−1] Δm' [g.m−1] N

Fig. 2a 0 4.5 1 12.52/0.34 2202.4 18.7 0.93 106
Fig. 2b 30 1.6 1 10.02/0.15 2332.3

2 10.15/0.23 2210.8 18.3 1.14 86
3 11.57/0.17 2012.3

Fig. 2c 50 1.1 1 10.11/0.33 2235.0
2 9.81/0.24 2486.4 19.7 1.13 93
3 11.75/0.33 2202.9

Fig. 2d 70 0.6 1 9.85/0.10 2552.0
2 9.81/0.24 2260.2 20.1 1.15 92
3 11.60/0.28 2240.0

Fig. 2e 100 0 1 12.32/0.34 2040.9 17.1 0.85 107

Fig. 7. Condensate mass change rate over a 2-h test considering the climate
controlled chamber is maintained at 50 °C and with a relative humidity of 80%.
Frame “a” shows all individual condensation tests, including three tests for each
of the patterned surfaces (Fig. 2b–2d) and one for each of the non-patterned
surfaces (Fig. 2a and e) – note that each sequence of test for the patterned
surfaces is offset by 1 g to easy the visualization. Frame “b” shows the averaged
mass rate of change for the patterned surfaces.
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sequence of tests for the patterned surfaces was vertically shifted by 1 g
allowing each set of tests to be identified. Hence, an initial condensate
mass of 1 g and 2 g was added to the measured data of sets #2 and #3,
respectively. The general linear trend displayed for each of the three
sets indicated that the rate of mass accumulation overtime in the scale
is occurring in steady state, suggesting that the timespan used to run the
experiments is appropriated. Furthermore, Fig. 7 indicates that the
patterned test sections with larger superhydrophobic area fraction (e.g.,
AF=70%) tend to present slightly higher condensation rates. Also,
from the first test set, clean (bare stainless steel) and fully coated sur-
faces presented the lowest rates.

This trend is further supported by analyzing the effect of the area
fraction on the overall heat flux driven through the test section as-
sembly as shown in Fig. 8, which shows two sequences of data: the solid
circles refer to the total heat flux computed through Eq. (3) as the sum
of the condensation and natural convection contributions, while the
solid squares indicate the flux measurements recorded with the flux
meter (see Fig. 1). The comparison reveals a scale wise arguably good
agreement between both sets of data suggesting the correctness of the
measurements – the average and highest discrepancy reaches 6% and
8%, respectively, for coated fraction area of 70%. While the differences
observed are within an acceptable range, it is important to mention that
the natural convection heat flow contribution accounted for in Eq. (3) is
seemingly independent of the fraction area (i.e., ′′q Conv is nearly a
constant), since neither the temperature of the condensation surface nor
the conditions of the climate controlled chambers have changed sig-
nificantly. Therefore, the modest ′′q Total peak observed in Fig. 8 can be
arguably associated to an increase in ′′q Cond, which, as shown in Table 3
and Fig. 7b, originated from the production of larger amounts of con-
densate. Fig. 8 also shows the variation of the phase change heat
transfer coefficient, defined, according to Ref. [14], as

(5)

As expected, the heat transfer coefficient for patterned surface with
an area fraction of 70% is mildly larger, which is defined as ′′q ΔT/Cond ,
where ΔT = (TInt – Ts), followed by the clean surface test section.
Finally, it is worth mentioning that the heat transfer coefficient in-
creases with the area fraction, much like the heat flux through the test
section assembly.

Finally, it is fundamental to mention that, while the agreement
displayed in Fig. 8 between the heat flux values is arguably good, the
phase change (i.e., condensation) component of q"Total – see Eq. (3) – is,
actually, an estimation and, consequently, the same can be said about
the condensation heat transfer coefficient (hCond). This is because the
actual heat area (wet area where condensation is actually taking place)
differs from the test section area [40]. In addition, the fact that the
condensate droplets protrude from the test section surface while dis-
playing a semicircular-like shape – the liquid/vapor area and the dro-
plet's shape depends on its contact angle – increase the condensation
area. Therefore, the condensation heat transfer values displayed in
Fig. 8 should be read with care, as precise measurements would require
a detailed/local analysis of the wet and dry areas on the condensation
surface.

While a definitive and conclusive reasoning as why patterned con-
densation surfaces tend to outperform clean or fully coated ones is
debatable, the related literature suggests that hydrophilic sections fa-
vors droplet motion and then drainage of existing droplets [41]. A
qualitative analysis of the condensate drainage on patterned surfaces is
shown in Fig. 9 for a test section with a fraction area of 70% (test run
#2) – the images were taken with digital camera, model Nikon Coolpix
P500, 12MP and 36× optical zoom, while the illumination was pro-
vided by a LED installed within the climate-controlled chamber. The “a”
frame of Fig. 9 shows the droplet distribution of the condensation
surface at a given time, namely here “t”. As can be observed, there are
two major droplets, consisting of several coalesced nuclei on the

interface surroundings, on the upper left corner that are in the emi-
nence of sliding down (circled areas) – note that, as expected, these
droplets are located in a hydrophilic area of the condensation surface.
Additionally, both of these droplets are angled according to the hy-
drophilic branch, rather than the vertical direction, which, intuitively,
would be a natural flow path. Furthermore, consider the other two
droplets located on top of the main vertical, hydrophilic branch
(squared area), and notice that these approximately have the same size
(or volume) as the droplets located within the circled areas. However,
differently from the latter, these seem to be stable and in need of further
growth in order to flow down.

In fact, as shown in frame “b” of Fig. 9, at a time t + 1 s, the major
droplet depicted by the circled hydrophilic area flows through the an-
gled branch and main vertical channel dragging other droplets on its
way down – note that the droplets within the squared hydrophilic areas
remain unchanged. On frames “c” and “d” of Fig. 9 it is possible to
observe that droplets far away from the interface can also be moved
towards the hydrophilic branch. In fact, the departure of small droplets
is observed from the superhydrophobic circled area, dragging several
other droplets on their way, to the upper most trifurcation (as indicated
by the arrow in Fig. 9d). However, despite its significant size (or vo-
lume), the major droplet formed on the trifurcation stays still. Finally, it
is important to realize that visual observation suggests that the drainage
process on the condensation surface for droplets coalescing on or above
either inclined branch tends to occur via the main vertical channel and,
therefore, from an engineering standpoint, the drainage main location
can be somewhat guided/tailored in condensers.

6.2. The effect of the relative humidity

To test the effect of the climate's chamber relative humidity on the
condensation performance of patterned surfaces, a total of nine dif-
ferent test conditions were considered (i.e., three different humidity
values, 60%, 70% and 80%, for each of the three patterned surfaces
shown in Fig. 2b–d), totaling twenty seven, 1-h long individual tests.
Therefore, the nine results reported in Table 4, represent the average
value of the three tests performed for each combination of relative
humidity and area fraction. Furthermore, to reduce the number of tests
needed, the results presented in this section for 80% relative humidity
are basically the same up to Fig. 9. However, rather than considering
the whole 2-h data, only the data relative to the first testing hour were
considered. Similarly to the data reported in Table 3, in Table 4 the
climate controlled chamber was steadily maintained at an averaged
value of 50.41 °C with a maximal deviation of 0.78 °C – the averaged
value and standard deviation for Ts and ϕ are shown directly on
Table 4.

Fig. 8. Effect of the area fraction on the heat flux through the test section (open
and closed symbols refer to theoretical and experimental, respectively) and on
the heat transfer coefficient.
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The averaged experimental results shown in Table 4 suggest im-
portant trends. First is the significant increase of the condensate mass
per unit of test section area (m'') with the relative humidity. For in-
stance, increasing the relative humidity from 60% to 70% and from
70% to 80% leads to an increase of the drainage mass of nearly 20%
and 25%, respectively. The second trend observed is that the surface
with an area fraction of 70% (Fig. 2d) presents higher condensation
potential for a relative humidity of 60% and 80% – for a 70% relative
humidity, the best averaged coated area fraction was 30%.

Fig. 10 shows the effect of the relative humidity on the heat flux
through the test section assembly (left hand side ordinate) and on the
phase change heat transfer coefficient (right hand side ordinate). Note

that, similarly to Figs. 8 and 10 also compares the heat flux recorded
with the fluxmeter (solid, black symbols) and the values determined
through Eq. (3) (solid, color symbols). Following the same trend
highlighted in Table 4, both sets of heat flux data increase with relative
humidity and indicate that the condensation surface with an area of
70% has the marginally higher heat flux when ϕ=60% and 80%. Also,
a direct comparison between the fluxmeter measurements and the semi-
theoretical values show a good agreement through the relative hu-
midity range considered with average and maximal deviation of 5% and

Fig. 9. Droplet coalescence dynamics of the hydrophobic (upper row) and hydrophilic (low row) areas.

Table 4
Effect of the relative humidity on the amount of condensate produced.

Test
Section

Area
Coated
[%]

L1 [cm] Ts/σ
[°C]/[± °C]

ϕ/σ [%]/[±%] m'' [g.m-2] N

Fig. 2b 30 1.6 9.94/0.13 60.42/1.56 729.3 38
9.97/0.11 69.93/1.57 896.4 49
10.58/0.18 79.33/2.15 1071.4 45

Fig. 2c 50 1.1 10.05/0.16 60.35/1.57 735.9 41
10.62/0.22 69.98/1.59 870.9 46
10.56/0.30 78.97/2.21 1064.2 44

Fig. 2d 70 0.6 10.08/0.11 60.41/1.56 763.6 48
10.17/0.22 69.94/1.63 888.7 49
10.42/0.20 79.46/2.11 1177.1 47

Fig. 10. Impact of the relative humidity on the heat flux and heat transfer
coefficient.
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10%, respectively. Finally, the heat transfer coefficient also increases
with the relative humidity – note it behaves in the same way the con-
densate mass produced (see Table 4), since the increase in relative
humidity also increases the diffusion of vapor mass towards the liquid
interface as reported in Ref. [42].

6.3. The effect of the condensation surface temperature

Because the objective of this sub-section is to evaluate the effect of
the surface temperature on the amount of condensation produced, ex-
perimental runs considered one test section with a single area fraction
ratio of 70%, and unique steady values for the climate controlled
chamber's temperature (50.50 °C, 0.49± °C) and relative humidity
(79.70%, 2.34±%). To vary the surface temperature of the con-
densation surface, the Peltier was continuously subjected to three dif-
ferent current values, 0.5 A, 1.0 A and 1.5 A, each respectively leading
to averaged specific surface temperatures of 17.8 °C, 12.6 °C and 6.6 °C
– each of the three tests performed lasted one hour.

A summary of the significant experimental test data is shown in
Table 5. According to Table 5 and, as expected, the reduction of test
section surface temperature (Ts), which, conversely, represents an in-
crease of the temperature difference between the climate controlled
chamber and the test section, increases all parameters associated with
the condensation rate. For instance, the accumulated condensate mass
per unit of test section area (i.e., m'') is inversely proportional to Ts – the
same can be said for ṁ'' and Δm'. However, a closer look reveals that,
while an initial surface temperature drop of 5.2 °C (i.e., 17.8 °C–12.6 °C)
leads to a condensate mass increase of nearly 22%, a scale wise similar
temperature drop of 5 °C from 12.3 °C to 6.6 °C, only increased the
condensate mass of roughly 2.5%, which indicates that the phase
change process at hand is being limited by another thermo-physical
mechanism, such as, the mass transfer process from vapor to liquid, for
example. The same trend can be observed on the number of droplets
collected by the scale, since a significant change is observed as Ts is
reduced from 17.8 °C to 12.6 °C, while nearly identical values are re-
ported for Ts changing from 12.6 °C to 6.6 °C.

While not graphically shown, the variation of the accumulated mass
with time obviously agree with the discussion regarding the data re-
ported on Table 5, where the two tests with the largest temperature
differences are the ones with the highest change rate of mass over time.
In fact, the results indicate that the accumulated mass difference be-
comes more visible 30min into the test. Similarly, the reduction of Ts

causes an increase on the total heat flux transported through the test
section assembly as measured by the flux meter and as calculated with
Eq. (3). More interestingly, however, is the effect of Ts on the latent
heat transfer coefficient. For instance, it can be realized that, while heat
transfer coefficient increases as Ts drops from 17.8 °C to 12.6 °C, which
corroborates with the increase on the condensate produced (see
Table 5), the Ts reduction from 12.6 °C to 6.6 °C leads to a drop of the
heat transfer coefficient. This can be attributed to the fact that the drop
in Ts did not promote an increase in the condensation rate as mass
diffusion arguably becomes more relevant.

7. Conclusions

In the present paper, the effect of wettability changes on the con-
densation performance of vertical, square surfaces exposed to quiescent

moist air was investigated – the average static contact angle varied from
∼76° on the hydrophilic areas to∼157° on the superhydrophobic ones.
The condensation surfaces were designed such that the footprint of the
hydrophilic area presents a constructal-like structure (i.e., three sym-
metrical inclined bifurcations attached to a central vertical trunk),
while the superhydrophobic region occupied the remaining surface
areas. The effects of three variables on the condensation performance
were analyzed: the superhydrophobic/hydrophilic area fraction (i.e.,
0%, 30%, 50%, 70% and 100%), the effect of the surface temperature
and the air's relative humidity.

Among the main conclusions, one can mention that slightly higher
condensation rates were obtained for some test sections that had 70% of
its surface area coated with a superhydrophobic layer in most tests.
More importantly, however, is that images of the condensation process
along the time clearly showed that the condensate drainage is promoted
by much larger droplets in the hydrophilic region when compared to
the superhydrophobic areas. However, it could also be observed that
droplets formed on the hydrophilic areas, but close to the interface with
superhydrophobic areas, arguably tend to be naturally drained faster
than similar sized droplets far from the interface.

Furthermore, the results also indicated that the condensation rate is
directly proportional to the relative humidity of the climate controlled
chamber, increasing approximately between 20% and 25% as the hu-
midity changes from 60% to 70%, and from 70% to 80%. While the
condensation rate also increased as the test section surface temperature
was reduced, a significant diminishing return was observed. For in-
stance, for an ambient temperature of 50 °C, the condensation rate in-
creased over 20% when the surface temperature was reduced from
17.6 °C to 12.6 °C, and increased a merely ∼2% when Ts was further
dropped to 6.6 °C, which indicates a mass diffusion limiting process.

While the results presented suggest not only that surface wettability
gradients could not only potentially improve condensation rates, but
also, that these tailored paths can guide the condensation flow, further
efforts are still needed. For instance, from a fundamental standpoint,
studies should further investigate the optimal geometric topology while
considering even larger wettability gradients. Another aspect that ar-
guably might need attention is the length of the hydrophobic/super-
hydrophobic interface, such that the branches with smaller widths are
considered. Also, perhaps attention should be given to the potential
differences between the advancing and receding contact angles, as well
as to contact angle hysteresis. Finally, from a practical standpoint,
temperature and pressure resilience must be taken into account as, very
often, condensation processes occur in a hostile environment.
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Table 5
Effect of the condensation surface temperature on the amount of condensate produced.

Test Section Area Coated [%] Ts/σ [°C]/[± °C] m''[g.m−2] ṁ''[g.m−2.min−1] Δm'[g.m−1] N

Fig. 2c 70 17.8/0.23 907.65 14.45 0.92 44
12.6/0.18 1107.16 17.98 0.99 50
6.6/0.19 1134.32 19.04 1.04 49
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