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In this work, we investigated the effects of millimetric surface structures on dropwise condensation heat
transfer under two different environments: pure vapor and an air-vapor mixture. Our experimental
results show that, although convex structures enable faster droplet growth in an air-vapor mixture,
the same structures impose the opposite effect during pure vapor condensation, hindering droplet
growth. We developed a model for each case to predict the heat flux distribution along the structured
surface, and the model shows reasonable agreement with experimental results. This work demonstrates
that the effects of geometric features on dropwise condensation are not invariable but rather dependent
on the scenario of resistances to heat and mass transfer in the system. The fundamental understanding
developed in this study provides useful guidelines for condensation applications including power gener-
ation, desalination, dew harvesting, and thermal management.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Condensation is a useful approach for energy transport due to
the large amount of latent heat released during the phase change
process. Condensation of water vapor has been routinely observed
in nature [1–3] and commonly utilized in a wide range of applica-
tions such as desalination systems [4,5], steam cycles [6,7], water
harvesting [8,9], and nuclear reactors [1–3,10,11]. In these applica-
tions, enhancement of the condensation heat and mass transfer
performance can significantly contribute to energy efficiency, eco-
nomic performance, and environmental sustainability of the over-
all system. Filmwise condensation is standard in industrial
applications due to the high surface energy of common condenser
materials, but this mode of condensation suffers from its intrinsic
barrier to heat transfer created by the condensed liquid film. On
the other hand, dropwise condensation, which has been demon-
strated to exhibit 5–7 times higher heat transfer coefficients com-
pared to filmwise condensation [12], has attracted much research
interest since its discovery in 1930 [13].

The performance enhancement obtained by dropwise conden-
sation is due to the gravity-induced removal of discrete droplets
upon growing to a critical size near the capillary length, allowing
renucleation and growth of small droplets; therefore, facilitating
droplet growth plays a critical role in dropwise condensation. As
such, droplet growth has been studied at great length, both theo-
retically and experimentally. An early dropwise condensation the-
ory combined the heat transfer rate through a single drop with the
expression for drop size distribution to obtain the condensation
heat flux on the surface [14]. Following this work, more advanced
models have been developed by considering precise descriptions
for droplet size distribution [15] and the effect of large contact
angles [16,17]. Among experimental studies, a variety of micro-
and nanoscale surface structures have been used to manipulate
droplet growth. High droplet mobility and rapid droplet removal
have been demonstrated on nanowires [18], nanocones [19], and
hierarchical structures [20]. In addition, spatial control of micro-
droplets has been achieved on micro-pillar arrays [21], mesh-
screen structures [22], and hybrid surfaces [23]. Furthermore,
superhydrophobic nanotextured copper oxide surfaces [24–26]
have been developed to enable micrometer-sized droplets to jump
off of a surface regardless of gravity, which yields a higher conden-
sation heat transfer coefficient compared with state-of-the-art
dropwise condensing surfaces [27–31].

In contrast to micro- or nanoscale structures that require rela-
tively intricate and costly manufacturing processes and are often
prone to physical wear and destruction, recent studies have
reported that millimeter-sized convex structures can effectively
manipulate dropwise condensation. Park et al. [32] designed slip-
pery asymmetric bumps which significantly facilitate droplet
growth and departure and thereby show a sixfold-higher droplet
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Nomenclature

c concentration (mol/m3)
cp specific heat capacity (J/kg K)
D diffusion coefficient (m2/s)
h heat transfer coefficient (W/(m2 K))
J molecular diffusion rate (mol/s)
j diffusion flux (mol/(m2 s))
k thermal conductivity (W/(m�K))
P pressure (Pa)
Q heat transfer rate (W)
q heat flux (W/m2)
Rth thermal resistance (m2 K/W)
T temperature (K)

t time (s)

Greek letters
d thickness (m)
f diffusion boundary layer thickness (m)

Subscripts
b bottom surface of the block
s top surface of the block
1 bulk state
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growth rate compared to flat surfaces. Keeping track of droplet size
distribution on the bumpy surface, they experimentally demon-
strated that millimetric bumps alone can enhance condensation
on the top of the bumps. Medici et al. [33] also studied the effect
of millimeter-sized geometric features (corners, edges, grooves,
and scratches) on droplet growth during condensation. They con-
cluded that millimetric surface discontinuities can modify droplet
growth rates such that droplets near outer corners and edges grow
faster than those near inner corners, in agreement with Park’s
result. They also mentioned that this geometric effect disappears
when condensing on a substrate with poor thermal conductivity.
However, they attributed this phenomenon to the low thermal
conductivity of the substrate material and did not consider the
effects of the material property on the overall thermal resistance
network, which is the critical aspect of the condensation profile.

Indeed, these two studies of millimeter-scale geometric effects
on dropwise condensation are of great importance, since the con-
densation situation that is being considered there, i.e., vapor con-
densation in air, is ubiquitous in a variety of applications such as
desalination [34], water harvesting [9], air cooling [35], and waste
heat recovery [36]. However, these previous works did not take
into account that the condensation performance is affected not
only by geometric features but also by vapor conditions, i.e., the
presence of non-condensable gases (air, in this case). Vapor con-
densation in the presence of non-condensable gases (NCGs) is hin-
dered by the required vapor diffusion across a boundary layer
introduced by NCG accumulation near the liquid-vapor interface
[37–39]. It has been demonstrated that NCGs introduce additional
heat and mass transfer resistance and therefore significantly
degrade condensation performance in both the filmwise and drop-
wise modes [40]. In an early experimental demonstration of the
filmwise mode [41], a decrease of nearly 50% in condensation heat
transfer coefficient was observed in the presence of 0.5% NCG vol-
ume fraction. In accordance with this, a numerical study on lami-
nar filmwise condensation [42] showed that the presence of a
few percent of NCGs can substantially reduce condensation heat
transfer and furthermore introduce a dramatic change in the tem-
perature profile. The temperature of the liquid-vapor interface was
calculated to be as high as the bulk vapor temperature in the
absence of NCGs, but decreased to almost the cold wall tempera-
ture in the presence of 2% mass fraction of NCGs. A similar temper-
ature profile altered by NCGs was observed in an experimental
study where filmwise condensation with and without NCGs inside
a vertical tube was investigated [43], and the authors attributed
the altered temperature profile to the prominent influence of NCGs
on the thermal resistance network. The wall temperature was
observed to be close to the bulk vapor temperature in the pure-
steam condensation mode because the gas side had negligible ther-
mal resistance; however, it approached the coolant temperature
when the NCGs on the gas side dominated the overall thermal
resistance network. This viewpoint of a NCG-influenced thermal
resistance network was also explored in an experimental study
[44] where the dropwise and the filmwise modes resulted in a sim-
ilar range of heat transfer rates when condensing air-steam mix-
tures, owing to the governing role of the air-rich diffusion
boundary layer in the thermal resistance network dominating that
of the condensation modes.

Prior work has compared condensation heat transfer perfor-
mance with and without NCGs [41–43,45], and recent work has
shed light on geometrically enhanced dropwise condensation with
NCGs [32,33], but geometric effects on dropwise condensation per-
formance with and without NCGs have not been considered simul-
taneously. In the present study, we investigated the effects of
millimetric geometric features on dropwise condensation under
different vapor conditions by examining the heat transfer perfor-
mance in two cases (air-vapor mixture vs. pure vapor). To provide
an improved understanding of the physical phenomenon, we
developed numerical models for both case studies based on analy-
sis of the thermal resistance network involved in the heat andmass
transfer process. The reasonable agreement between experimental
results and modeling predictions demonstrates that the effect of
geometric features on dropwise condensation is not absolute, but
rather is determined by the specific thermal resistance scenario
involved in the given case of heat and mass transfer, which can
be completely altered by the presence of NCGs.

2. Materials and methods

2.1. Condensation substrate

A metal block 2.03 cm in width, 1.83 cm in height, and 2.11 cm
in length, including a bump 0.38 cm in width, 0.38 cm in height,
and 2.11 cm in length on the top surface, was milled to serve as
the geometric-featured substrate for the present study (Fig. 1). In
order to guarantee that heat would conduct from the top to the bot-
tom surface of the block during condensation and to prevent con-
densation on the sidewalls, thermal insulation for the block
sidewalls was provided with a 0.5 mm-thick polyetherimide
(Ultem) frame snugly fit around the sides of the condensation block.

In order to demonstrate opposite condensation scenarios on the
same substrate under the two vapor conditions (air-vapor mixture
vs. pure vapor), we deliberately designed reverse thermal resis-
tance scenarios under the two conditions by selecting titanium
as the block material upon a preliminary thermal resistance anal-
ysis. The thermal resistance of the titanium block can be estimated
using a simplified 1D conduction model by the following equation:

Rth ¼ d=k ð1Þ
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Fig. 1. A titanium block including a rectangular bump on the top surface was milled
to serve as the condenser surface. The block was thermally insulated by
polyetherimide. The schematic and a photo of the condenser surface with
surrounding insulation are shown in (a) and (b), respectively.
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where d denotes the characteristic thickness of the geometric fea-
ture in the conduction direction (0.38 cm) and k is the thermal con-
ductivity of the block material (for titanium, k = 15.6 W/(m�K)).
Consequently, the thermal resistance of the condensation block is
on the order of 10�4 m2 K/W, almost 2 orders of magnitude
between the characteristic thermal resistances of condensation in
pure vapor and condensation in an air-vapor mixture, which can
be estimated by the following equation:

Rth ¼ 1=h ð2Þ
where h is the condensation heat transfer coefficient (1/h is on the
order of 10�6–10�5 m2 K/W for pure vapor and 10�2–10�1 m2 K/W
for the air-vapor mixture) [6,12,34,36,46].

In order to achieve dropwise condensation, the titanium block
was functionalized by depositing a fluorinated silane (trichloro (1
H,1H,2H,2H-perfluorooctyl)-silane, Sigma-Aldrich) in the vapor
phase. This coating yields an advancing contact angle of
ha � 120:2� 3:1� measured on the flat surface of the sample, which
is in good agreement with previous studies [19,27,47].

2.2. Experimental setup

We tested the heat transfer performance of the condensation
block under two vapor conditions (air-vapor mixture vs. pure
vapor) in a controlled condensation chamber (supplementary
material, section S1) in which the total pressure can be accurately
measured. The schematic (not to scale) and the images taken from
the outside and the inside of the condensation chamber for the
experimental setup are shown in Fig. 2(a), (b), and (c), respectively.
Pure vapor was supplied from a heated water reservoir to the
chamber. Vapor condensation took place on the top surface of
the horizontally-placed condensation block, where droplets grew
Camera L
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Fig. 2. The schematic (not to scale) and the images taken from the outside and the insid
(c), respectively. The condensation block was horizontally placed on a cooling stage fix
chamber and condensed on the top surface of the block. A mirror tilted at 45� was used t
visually recording data. Illumination was provided by a light source.
without removal of condensate due to the absence of gravitational
body forces parallel to the surface. The titanium condensation
block was cooled down by a 2.54 cm � 2.54 cm � 1.27 cm copper
block cooling stage through a thin layer of double sided copper
tape. Just beneath the copper tape, a small groove was carved on
the cooling stage surface from its center to the midpoint of one
of its edges, in which a J-type thermocouple was tightly embedded
to monitor the local temperature. Considering the low thickness
(0.09 mm) and the high conductivity (�5 W/(m�K)) of the copper
type, the thermal resistance of the copper tape, which could be
estimated as Rth;copper tape ¼ dcopper tape=kcopper tape 	 1.8� 10�6 m2 K/W,
is much less than the thermal resistance of the titanium block
(on the order of 10�4 m2 K/W). Therefore, the temperature drop
through the copper tape could be neglected, and it is justifiable
to regard the measurement from the center thermocouple as the
bottom surface temperature of the titanium block, Tb. A 6.35 mm
diameter hole was drilled through the cooling stage, into which a
copper cooling tube with the same outside diameter was inserted
for internal chiller water flow. Visualization of the condensation
development was achieved through a viewing window on the
chamber, where a digital SLR camera (EOS Rebel T3, Canon) was
placed in line with the viewing window. A mirror tilted at an angle
of 45� was fixed above the condensation block to reflect an image
of the top surface of the block for the camera to capture both the
sidewall and the top surface of the bump. For the air-vapor mixture
condensation experiment, both dry bulb temperature and wet bulb
temperature of the bulk air-vapor mixture were measured by J-
type thermocouples suspended in the chamber. The relative
humidity calculated by the measured dry bulb and wet bulb tem-
peratures were compared with the reference value measured by a
humidity meter (RH820, OMEGA) placed in the chamber. For the
pure vapor condensation experiment, vacuum was achieved with
a vacuum pump before introducing water vapor into the chamber.
Chamber pressure was monitored by a pressure transducer (925
Micro Pirani, MKS) throughout the experiment. All experimental
data were collected by a data acquisition system (9205 & 9213,
National Instruments) interfaced to a computer.

2.3. Experimental procedures

A set of strict procedures was followed throughout the exper-
iments. For both case studies (air-vapor mixture and pure vapor),
the same preparatory steps including preheating the chamber,
degassing the water vapor reservoir, and installing the test
sample were followed, as detailed in the supplementary material,
section S2.
ight Window Mirror Ti Block Cooling Stage

c)

10 cm 10 cm

e of the condensation chamber for the experimental setup are shown in (a), (b), and
ed in a controlled chamber. Water vapor was introduced from a reservoir into the
o reflect the top surface of the block to the camera outside the viewing window for
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Both the experiments (air-vapor mixture condensation and
pure vapor condensation) were carried out in the condensation
chamber with the chamber door closed. The difference between
these two experiments is the control over the vapor condition
(i.e., the content of NCGs). In the air-vapor mixture case, the bel-
lows valve connecting the inside of the chamber to the outside
ambient was kept open in order to maintain an ambient pressure
inside the chamber with inlet air. In the pure vapor case, the bel-
lows valve was kept closed throughout the experiment, and the
condensation chamber was evacuated to a vacuum of P < 1.0 Pa
to eliminate NCGs prior to introducing the pure vapor from the
reservoir. This vacuum condition was reached by following a stan-
dard pump-down procedure. First, the liquid nitrogen cold trap
was filled to about half capacity. The ambient exposed valve con-
necting the chamber and the vacuum pump was closed and the
valve connected to the liquid nitrogen cold trap was opened. Then,
the vacuum pump was turned on, starting the pump-down pro-
cess, during which the chamber pressure was continuously moni-
tored. Typically, satisfactory vacuum conditions (0.5 Pa < P < 1 Pa)
were reached after one hour of the pump-down process.

After the vapor condition was satisfied in each case (air-vapor
mixture vs. pure vapor), the heater around the water vapor reser-
voir was turned down to 5% power and the vapor inflow valve was
slowly opened until the operating conditions were achieved.
Simultaneously, the camera was turned on to record condensation.
A light source (KL 2500 LCD, SCHOTT) was fixed next to the camera
outside the viewing window of the chamber for illumination. It
took about two minutes of full operation to achieve steady state
performance. For the air-vapor mixture case, the steady state con-
dition was obtained at a bulk fluid temperature of 56 �C with a rel-
ative humidity of 80%. For the pure vapor condensation
experiment, a steady state at vapor pressure of 6 kPa was main-
tained, which is a typical operation pressure for power plant con-
densers [48,49].

2.4. Numerical modeling

In order to understand the experimental results, we modeled
each of the environmental conditions explored in the present work.
Numerical models for dropwise condensation in both the air-vapor
mixture and in pure vapor were developed for comparison with
experimental results based on the following assumptions:

(1) Condensation occurred at a steady state.
(2) Variations in temperature or vapor concentration in the z

direction (Fig. 1) were negligible (2D model).
(3) Adiabatic conditions (no heat transfer or mass transfer in the

horizontal direction) were applied to the two vertical
boundaries of the considered 2D region, which is justifiable
for the symmetric situation where an array of the same geo-
metric features is used.

(4) In the case of air-vapor mixture condensation, the gas region
represented the largest thermal resistance and therefore the
condensation block could be treated as isothermal at the
bottom surface temperature Tb. Mass transfer of water vapor
occurred in a diffusion boundary layer where convection
effects were negligible [50].

(5) In the case of pure vapor condensation, the gas region had
negligible thermal resistance compared with the solid
region. Therefore, the vapor was assumed to be saturated
homogeneously in the chamber (including at the liquid-
vapor interface on the block) at the bulk temperature T1.

Note that here we approximated the surface temperature of
the block Ts to be equivalent to the bottom surface tempera-
ture of the block Tb in the air-vapor mixture case and to the
saturation temperature of the bulk vapor T1 in the pure vapor
case, based on analysis of the thermal resistances. During the
experiments, we used this approximation instead of measuring
the surface temperature directly because adding thermocouples
onto the block surface would affect the droplet growth rate
measurement during the image processing work. Afterwards,
this temperature approximation was validated by direct mea-
surement of the surface temperature under similar experimen-
tal conditions, as detailed in the supplemental material,
section S5.

For the air-vapor mixture condensation, large amounts of NCGs
accumulated near the condensation surface, forming a boundary
layer within which mass diffusion of water vapor was driven by
the concentration gradient of water vapor. For the present study,
a boundary layer thickness f � 1 cm was calculated (supplemen-
tary material, section S3), which is in a good agreement with pre-
vious studies [32,33]. The vapor diffusion within the boundary
layer followed:

@c
@t

þr! � j
!
¼ 0; ð3Þ

where the first term represents the variation of vapor concentration

with time and was set as zero under assumption (1). j
!
is the diffu-

sion flux of water vapor, which can be determined by Fick’s law:

j
!
¼ �Dr! c; ð4Þ

where D is the diffusion coefficient of vapor in air, which is related
to temperature and pressure. For simplicity, a constant value of
3.0 � 10�5 m2/s was assigned to D [51] due to the small range of
variation in temperature and pressure considered in the present
study.

In order to solve the concentration profile of water vapor in the
gas region, the following boundary conditions were applied: (i) c at
the bottom of the gas region equaled to cs, corresponding to the
saturation state of water vapor at the top surface temperature of
the condensation block Ts, which was approximated to be the same
as Tb due to assumption (4); (ii) c beyond the diffusion boundary
layer equaled to c1, corresponding to the concentration of the bulk
air-vapor mixture with temperature, total pressure, and relative
humidity measured from the experiment; and (iii) the two vertical
boundaries were adiabatic.

The complete vapor concentration profile in the gas region
was solved through a finite element method (schematically
shown in Fig. 3) by iterating until convergence. Once the concen-
tration profile was determined, we derived the heat flux distribu-
tion along the top surface of the condensation block combining
the mass flux distribution with density and latent heat of the
water vapor.

For the pure vapor condensation, the water vapor had negli-
gible thermal resistance compared to the titanium condensation
block, as discussed in Section 2.1. Hence, we assumed that the
top surface temperature of the block equaled to the saturation
temperature of the bulk vapor and derived the temperature pro-
file inside the condensation block using the conduction
equation:

qcp
@T
@t

þr
!
� q! ¼ 0; ð5Þ

where the first term represents the variation of block temperature

with time and was assigned to be zero under assumption (1). q
!

is
the heat flux through the condensation block, which was calculated
by Fourier’s law:

q
! ¼ �kr! T: ð6Þ
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Fig. 3. Schematics of the numerical models for dropwise condensation with and
without NCGs. For the air-vapor mixture case, the gas region dominates the thermal
resistance; thus, Ts was equal to Tb and the concentration profile was determined by
the diffusion equation, as illustrated by the boundary conditions and the governing
equations shown in (a) and (b). For the pure vapor case, the solid region dominated
the thermal resistance and thus Ts was equal to T1 and the concentration profile
was determined by the conduction equation, as illustrated by the boundary
conditions and the governing equations shown in (c) and (d).
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In order to solve the temperature profile in the condensation
block, the following boundary conditions were applied: (i) T at
the bottom surface of the block equaled to the value measured
from the experiment; (ii) T at the top surface of the block equaled
to T1, corresponding to the saturation temperature of the bulk
vapor; and (iii) the two vertical boundaries were adiabatic.

Similar to solving the vapor concentration profile in the gas
region, the complete temperature profile of the condensation block
was solved through a finite element method (schematically shown
in Fig. 3) by iterating until convergence. Heat flux distribution
along the top surface of the condensation block was then derived
from the block temperature profile.
3. Results and discussion

Droplet growth on the top surface of the substrate was visually
recorded throughout the condensation experiments (Supplemen-
tary movies 1 for air-vapor mixture condition and 2 for pure vapor
condition).
Supplementary movie 1.
Images of the condensation development on the substrate’s top sur-
face with air-vapor mixture and with pure vapor are shown in Fig. 4
(a) and (c), respectively. The upper images in the figures show the
reflection of the block’s top surface in the mirror, and the lower
images show the sidewall of the bump. In both cases the substrate
displayed dropwise condensation ofwater vapor, while the conden-
sation rate and the droplet size distribution differed.When exposed
to air, water vapor condensed mostly on the top surface of the
bump, especially at the outer edges of the bump, but few condensed
droplets were found in the inner corners of the bump, as shown in
Fig. 4(a). This observation agrees with those from previous studies
about geometric effects on dropwise condensation [14,15], demon-
strating that the bumpy geometric feature provides local enhance-
ment of dropwise condensation. However, in the pure vapor
condensation experiment, the droplet size distribution pattern
was reversed: vapor was observed to condense mostly at the inner
corners of the bump,while little vapor condensed on the top surface
of the bump, as shown in Fig. 4(c), which demonstrates that the
bump has a local degradation effect on dropwise condensation.
These results indicate that the same geometric feature (in this
study, the bump)with the samematerial property can impose com-
pletely opposite effects on dropwise condensation under different
vapor conditions (air-vapor mixture vs. pure vapor).

The condensation profile in the two case studies as discussed
above could be determined by the concentration profile in the
gas region (in the air-vapor mixture case) or the temperature
profile in the solid region (in the pure vapor case), which was
numerically solved based on the analysis of the thermal resistance
network. The vapor concentration profile in the diffusion boundary
layer for the air-vapor mixture case and the temperature profile in
the condensation block for the pure vapor case, solved by the
numerical models, are shown in Fig. 4(b) and (d), respectively.
For the air-vapor mixture condensation, the largest thermal resis-
tance existed in the gas region due to the presence of a large
amount of NCGs. Hence, the bottom boundary of the gas region just
above the condensation block was treated as isothermal at Tb, and
the water vapor concentration there was fixed as a constant corre-
sponding to the saturation condition. The condensation profile
could be determined from vapor diffusion driven by the concentra-
tion gradient in the gas region. As a result, vapor preferably con-
densed on the outer edges of the bump where the vapor
concentration gradient reached its maximum value. In contrast
to the case of the air-vapor mixture condensation, in the pure
vapor condensation experiment, pure vapor had a negligible ther-
mal resistance compared to the condensation substrate. Thus, the
upper boundary of the solid region just below the water vapor
was treated as isothermal at T1, and the condensation profile could
be determined from the heat conduction driven by the tempera-
ture gradient in the solid region. Consequently, in the pure vapor
case, vapor condensation was most likely to occur at the inner
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Fig. 4. Condensation profile of two case studies (air-vapor mixture vs. pure vapor). (a) Time-lapsed photographs of condensation development on the bumpy condensation
substrate in the presence of air. (b) Numerical calculation of concentration profile in the air-vapor diffusion boundary layer for the case of air-vapor mixture condensation. (c)
Time-lapse photographs of condensation development on the bumpy condensation substrate with pure vapor. (d) Numerical calculation of temperature profile in the
condensation block for the case of pure vapor condensation.
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corners of the bump where the temperature gradient reached its
maximum value.

In order to quantify the condensation heat transfer performance
in the experiments and to compare it with numerical modeling
results, the heat flux distribution along the top surface of the con-
densation substrate was extracted from experimental data through
image processing. Images for droplet growth development were
continuously captured every 5 s for over 1000 s after condensation
reached a steady state. The condensate mass increased almost lin-
early with time for the early stage of dropwise condensation where
droplet coalescence did not significantly impact the heat transfer
performance [35]. Thus, the condensation rate (mass per unit time)
on the condensation substrate was reasonably obtained by divid-
ing the total condensate mass difference between two selected
times (within the early stage) by the time interval. In order to dis-
tinguish local heat transfer performance, the surface area of the top
surface of the condensation block (in the images) was evenly
divided into several regions within which heat flux could be
obtained from condensation rate. Our image processing methodol-
ogy along with the droplet size distribution data are detailed in the
supplementary material, section S4 and table S1.

Fig. 5(a) and (b) quantitatively show the condensation heat flux
distribution along the top surface of the condensation block during
the condensation experiments with the air-vapor mixture and with
pure vapor, respectively. The black data points were extracted from
the images obtained during the two experiments by image pro-
cessing. The blue solid lines show the heat flux distribution
obtained from the numerical model. In the air-vapor mixture case,
the maximum heat flux was reached at the outer edges of the
bump, and there was little heat flux at the inner corners, as shown
in Fig. 5(a). However, in the pure vapor case, the outer edges had
almost no heat flux, and the maximum heat flux was reached at
the inner corners, as shown in Fig. 5(b). The completely different
heat flux distribution in the two cases is mainly due to the different
thermal resistance network altered by the presence of NCGs, as
discussed. In both case studies, the experimental data and the
modeling results show reasonable agreement with each other,
especially the good agreement in the bump region and the similar
trends in heat flux distribution. The discrepancy occurring at the
flat regions was mainly due to the fact that in our experiments,
we only used one bump and there was inevitable heat/mass dissi-
pation on the vertical boundaries of the solid/gas regions, which
differs from the assumption (3) we used in our model. Adding a
heat flux dissipation term into the heat transfer equation in the
pure vapor case model, or adding a mass flux dissipation term into
the mass transfer equation in the air-vapor mixture case model,
would mitigate this difference between the modeling and the
experimental results. However, the focus of the current numerical
modeling work is to build a general model to illustrate the effects
of geometric features on condensation heat transfer under differ-
ent vapor conditions. Modeling the heat dissipations from the
boundaries could deviate from the focus of the current study.
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Therefore, we did not revise the model to compensate for the inevi-
table heat dissipation that occurred in the experiments. Despite
the discrepancy in the flat regions, the reasonable agreement in
heat flux distribution profile between experimental and modeling
results demonstrates that the effects of the geometric features on
dropwise condensation are not only determined by the geometric
features themselves, but also significantly influenced by the vapor
condition, which is capable of completely altering the thermal
resistance network involved in the heat and mass transfer process.
Based on our understanding, the condensation profile is deter-
mined by the overall thermal resistance network which is affected
by many factors including the geometry of the condensation sub-
strate, the material of the condensation substrate, and the vapor
condition, rather than dependent on any one of these factors alone.

It is also worth noting that the heat flux obtained in the pure
vapor condensation was generally much higher than the one
obtained in the air-vapor mixture condensation. Averaging the
local heat flux data along the block surface gave an average heat
flux of 401 ± 20 W/m2 for the air-vapor mixture case study and
8676 ± 551 W/m2 for the pure vapor case study. Direct comparison
between the two heat flux values is not meaningful since they
were measured at different degrees of subcooling, DT = (T1 � Ts).
However, seeing that the heat flux value in the pure vapor case
was over 20 times larger than that in the air-vapor mixture case,
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Fig. 5. Condensation heat flux distribution along the top condenser surface in two
cases: (a) condensation with an air-vapor mixture, and (b) condensation with pure
vapor. The bump region is highlighted in red with deep red for the top-surface
region and light red for the sidewall region. Black data points are extracted from
image processing on photographs taken from the experiments. Heat flux distribu-
tion derived from the numerical model is shown by the blue solid line. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
and that the subcooling in the pure vapor case was maintained
at almost 0 �C which was much smaller than that in the air-
vapor mixture case, from a scaling perspective, we can infer that
the heat transfer coefficient, which is the ratio of the heat flux to
the subcooling, has a much larger value in the pure vapor case than
in the air-vapor mixture case. Therefore, the NCGs in the air-vapor
mixture case significantly degraded condensation heat transfer.

Finally, this work mainly focused on two extreme situations
where the thermal resistance network was dominated by one
region (either the gas region or the solid region). This great con-
trast in thermal resistance of the two regions enabled us to approx-
imate the region with negligible resistance to be isothermal
(assumptions (4) and (5)) and simplified our numerical modeling.
However, it is also useful to consider more complicated situations
where some of the simplifications or assumptions are not valid
anymore. For example, in the case where the thermal conductivity
of the condensation substrate is so low that the thermal resistance
of the substrate is comparable to that of the air-vapor mixture
above the substrate, it is no longer feasible to approximate the sub-
strate surface as isothermal. Nevertheless, it is still applicable to
carry out a comprehensive thermal resistance analysis to obtain
condensation profile, as long as careful consideration is taken into
the energy balance among conduction heat flux of the substrate,
latent heat flux released by condensation, and conduction heat flux
of the air-vapor mixture (when convection is neglected). By com-
paring the thermal resistance of the gas region to that of the solid
region, we derived a dimensionless number:

N ¼ ksolid
kgas þ DMhfgDc

DT

ð7Þ

to determine the condensation profile in general air-vapor mixture
cases, where k, D,M, hfg, c, and T represent thermal conductivity, dif-
fusion coefficient of vapor in air, molar mass of water vapor, latent
heat, concentration, and temperature, respectively. If N
 1, water
vapor would preferably condense on the outer edges of geometric
features; if N� 1, condensation would more likely happen at the
inner corners of the features. Note that this dimensionless number
is not applicable to the case of pure vapor condensation since Fick’s
law is not valid for transport of concentrated species. Detailed
derivation of the dimensionless number N and its application to
an extended case study with more complicated thermal resistance
scenarios are discussed in the supplementary material, section S6.
4. Conclusion

We investigated geometric effects on dropwise condensation,
both with and without the presence of NCGs. Based on the analysis
of the thermal resistance network, numerical models were devel-
oped for condensation heat flux distribution in the two cases.
Meanwhile, droplet growth rate was experimentally captured
and converted to heat flux through image processing. The reason-
able agreement between modeling and experimental results
demonstrates that the same convex geometric feature, or bump,
can impose opposite effects on dropwise condensation in different
vapor conditions. Based on our analysis, the effects of geometric
features on dropwise condensation are not absolute, but rather
depend on the thermal resistances involved in the system. The
understanding gained in this study is expected to provide useful
guidelines for related condensation applications such as dew har-
vesting, desalination, and air cooling.
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S1. Condensation chamber setup 

The custom environmental chamber used for this work (Kurt J. Lesker) consists of a 

stainless steel frame with a door (sealed with a rubber gasket), two viewing windows, and 

apertures for various components. Resistive heater lines were wrapped around the exterior of the 

chamber walls to prevent condensation at the inside walls and then insulated on the exterior 

walls. The output power of the resistive heater lines was controlled by a voltage regulator 

(Variac). Two thermally insulated stainless steel water flow lines (Swagelok) were fed into the 

chamber via a KF flange port (Kurt J. Lesker) to supply cooling water to the chamber from a 

large capacity chiller (System III, Neslab). A flowmeter (7 LPM MAX, Hedland) with an 

accuracy of ± 2% was integrated along the water inflow line. 

A secondary stainless steel tube line was fed into the chamber via a KF adapter port that 

served as the flow line for the incoming water vapor supplied from a heated steel water reservoir. 

The vapor reservoir was wrapped with a rope heater (120 W, Omega) and thermally insulated to 

limit heat losses to the environment. The access tubes were welded to the vapor reservoir, each 

with independently-controlled valves. The first valve (Diaphragm Type, Swagelok), connecting 

the bottom of the reservoir to the ambient, was used to fill the reservoir with water. The second 

valve (BK-60, Swagelok), connecting the top of the reservoir to the inside of the chamber, 

provided a path for vapor inflow. K-type thermocouples were located along the length of the 

water vapor reservoir to monitor temperature. 

A bellows valve (Kurt J. Lesker) was attached to the chamber to serve as a leak port 

between the ambient and inside of the chamber. In order to monitor temperatures within the 

chamber, J-type thermocouple bundles were connected through the chamber apertures via a 

thermocouple feed through (Kurt J. Lesker). A pressure transducer (925 Micro Pirani, MKS) was 

attached to monitor pressure within the chamber. The thermocouple bundles and the pressure 

transducer were both electrically connected to an analog input source (9205&9213, National 

Instruments), which was interfaced to a computer for data recording. A second bellows valve 

(Kurt J. Lesker) was integrated onto the chamber for the vacuum pump, which brought down the 

chamber to vacuum conditions prior to vapor filling. A liquid nitrogen cold trap was 

incorporated along the line from the chamber to the vacuum which served to remove any 

moisture from the pump-down process and ultimately assist in yielding higher quality vacuum 



3 

 

conditions. A tertiary bellows valve (Kurt J. Lesker) was integrated on a T fitting between the 

vacuum pump and liquid 
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Figure S1. (a) Schematic of experimental setup (not to scale). (b) Image of the experimental 

setup shown from the front (camera and data acquisition system not shown). (c) Image of the 

experimental setup from the rear of the chamber showing the cooling water inlet and outlet and 

water vapor reservoir.  Reprinted with permission from Reference 1.  Copyright 

2012 American Chemical Society.[1] 

 

nitrogen reservoir to connect the vacuum line to the ambient to release the vacuum line to 

ambient conditions once pump down was achieved. In order to visually capture data, a digital 

SLR camera (EOS Rebel T3, Canon) was placed in line with the 5” viewing windows on the 

chamber. The schematic of the exterior of the environmental setup is depicted in Figure S1a.  

Images of the front and rear of the experimental setup are shown in Figures S1b and c, 

respectively. 
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S2. Experimental preparation 

The first step was to turn on the voltage regulator to heat the condensation chamber walls 

up to a temperature over 35°C such that vapor would not condense on the chamber wall. 

Meanwhile, the water vapor reservoir was degassed through the following procedures. Initially, 

3.5 liters of DI water (99% full) was filled into the reservoir using a syringe through a vapor 

release valve on the reservoir. Then, the vapor release valve was closed and a vapor inflow valve 

connecting the water vapor reservoir to the chamber was opened, when the rope heater around 

the reservoir was turned on with its maximum power (120 W). Two K type thermocouples were 

installed in the water vapor reservoir monitoring the temperature at the top and at the bottom 

section of the reservoir respectively. The top section temperature was measured to be higher than 

the bottom section temperature, because of the water thermal-mass present at the middle/bottom 

section. Thus, we ensured that the regions in the reservoir with higher thermal capacity were 

brought to a sufficiently high temperature for boiling. Once boiling occurred and both the top 

section temperature and the bottom section temperature of the reservoir were measured to be 

higher than 95°C for more than 10 minutes, the vapor inflow valve was closed. The excess water 

that spilled inside the chamber during the degassing process was removed. 

In order to install the test sample onto the rig (Figure S1), the two ends of the copper 

cooling tube were connected to two 90-degree male elbow connecters on the rig. After all 

adapters/connecters were tightened without leaks that could influence vapor conditions, the 

bellow tubes were connected to the water lines for circulating cooling water and the test setup 

was placed onto the steel supports. Then, the mirror was fixed onto the steel supports facing 

towards the test sample with a tilting angle of 45° to reflect the top surface of the bumpy 

structure to the camera which was placed in line with the viewing window outside the chamber. 

All of the tubes for cooling water flow inside the chamber except the section inside the cooling 

stage were insulated and the mirror was attached to a heating pad (power 5W, 3M), in order to 

avoid vapor condensation on them.  
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S3. Boundary layer thickness approximation 

The thickness of the diffusion boundary layer can be approximated using the method of 

shape factor, based on the analogy between the heat conduction problem and the mass diffusion 

problem described as follows. Consider a conduction heat transfer problem where a thin 

rectangular plate with length L and width W (W>L) at a uniform temperature T1 is attached to a 

semi-infinite medium with a far-field temperature of T2, as shown in Figure S2.  

At steady state and with a constant thermal conductivity of the rectangular plate, the 

governing equation for this heat transfer problem can be simplified as: 

 

2 2 2

2 2 2
0

T T T

x y z

  
  

  
  (S1) 

 

 

 

 

 

Figure S2. A thin rectangular plate of length L (into page), width W with a uniform temperature 

of T1 attached to a semi-infinite medium having isothermal surface. The far-field temperature 

and the isothermal surface temperature for the semi-infinite medium are the same as T2. 
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In addition, two boundary conditions need to be satisfied: 

 

plate 1 far-field 2; .T T T T    (S2) 

 

 Thereby, Equation (S1) along with boundary conditions (S2) completely describe the 

conduction heat transfer problem mentioned above.  

For a steady-state conduction problem where heat is conducted between two isothermal 

surfaces (or objects), the conduction shape factor S is defined such that  

 

Q kS T  ,   (S3) 

 

where Q  denotes the total amount of heat being conducted, k is the thermal conductivity of the 

material within which heat is transferred, and T represents the temperature difference between 

the two isothermal surfaces (or objects). 

 For the case of a thin rectangular plate at T1 exchanging heat with a semi-infinite medium 

at T2, as shown in Figure S2, the conduction shape factor has been given as [2]: 

 

, ( ).
ln(4 / )

W
S W L

W L


    (S4) 

 

Therefore, the total amount of heat being conducted can be calculated as: 

 

ln(4 / )

Wk T
Q kS T

W L

 
   .  (S5) 

 

 Now consider the mass diffusion problem in the case of air-vapor mixture condensation 

in the current study. Seeing that the bumpy geometric feature is small compared to the whole 

condensation block and that the condensation block can be treated as isothermal according to 

assumption (4), we can simplify the condensation block to a thin, 2.11 cm×2.03 cm plate with a  
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Figure S3. Simplified schematic for vapor condensation on the block in the presence of air. The 

block is simplified as a 2.11 cm×2.03 cm thin plate with a constant vapor concentration of cs at 

its surface. The air-vapor mixture has a far-filed vapor concentration of c∞. Mass transfer mainly 

occurs through vapor diffusion in a near-surface boundary layer of thickness . 

 

vapor concentration of cs at its surface, being attached to a semi-infinite medium with a far-field 

vapor condensation of c∞.  

A schematic for the diffusion problem is shown in Figure S3. At steady state and with a 

constant diffusion coefficient, the governing equation for this mass transfer problem can be 

simplified as: 

 

2 2 2

2 2 2
0

c c c

x y z

  
  

  
.  (S6) 

 

In addition, two boundary conditions need to be satisfied: 

 

plate s far-field; .c c c c    (S7) 
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 Equation (S6) and boundary conditions (S7) provide a complete description for the 

diffusion mass transfer problem.  

From a comparison between the governing equations and boundary conditions for the 

conduction heat transfer problem and the diffusion mass transfer problem mentioned above, it is 

obvious that these two problems are analogous to each other in mathematics, and hence should 

have analogous forms of solutions.  Therefore, it is reasonable to utilize the shape factor in the 

conduction problem to approximate the boundary layer thickness in the diffusion problem, as 

described below. 

On the one hand, as an analogy to Equation (S5), the total vapor molecules being 

transferred per unit time through diffusion can be calculated as: 

 

ln(4 / )

WD c
J DS c

W L

 
   .  (S8) 

 

On the other hand, under the assumption that mass transfer mainly occurs within a 

diffusion boundary layer with thickness  [3, 4], the total vapor mass being transferred can be 

derived based on Fick’s law: 

 

 
c c

J A D LW D
 

    
    

   
,  (S9) 

 

where A denotes the surface area of the plate and equals to the product of W and L. 

 Combining Equations (S8) and (S9) gives a diffusion boundary layer thickness of 0.92 

cm. In the numerical modeling, we used 1 cm as the boundary layer thickness. 
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S4. Image processing methodology 

Figure S4. Division of the surface area of the condensation block’s top surface in the 

photograph for condensation rate analysis. 

 

In the experimental analysis, we derived the heat flux from droplet growth rate, which is 

a valid technique that has been frequently used in the literature [5-7]. For each case of the 

condensation experiments (i.e., air-vapor mixture or pure vapor), two photographs captured at 

different time points during the early stage of the steady state dropwise condensation were 

carefully selected for image processing.  In order to distinguish the local heat transfer 

performance, the top surface of the condensation block in each photograph was evenly divided 

into 22 rows, as shown in Figure S4. For each row, the center 1/5 part was selected as the 

representative region for calculating condensation rate in that row. The reasons for this 

simplification include: (i) The variations in temperature in the z direction (Figure 1) were 

assumed to be negligible (2D model), thus ideally each column should have the same 

condensation rate; (ii) Heat loss to the insulation frame in z direction was inevitable in reality, 

and the center part experienced the least undesirable heat loss, as expected. 
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For each unit region, we used a pixel-counting software to measure the radius R of each 

droplet with diameter larger than 2 pixels and summed up their volume, which can be calculated 

by: 

 

3
3

drop

2 cos
( cos )
3 3

V R


    ,  (S10) 

 

where θ is the advancing contact angle. Then, the average heat flux in each row can be derived 

by integrating the condensation rate, the density and the latent heat of the water: 

 

drop, drop,t t t

fg

V V
q h

A t


 
  



 
,  (S11) 

 

where q is the average heat flux of one row, t denotes the time; A is the surface area of one row; 

  and fgh represent the density and the latent heat of the water, respectively. 

Due to symmetry, we obtained the heat flux in rows 12-22 by directly mirroring the data 

for rows 1-11 along the symmetrical line. Droplet size distribution data obtained from image 

processing are detailed in the attached excel file: table S1. Droplet size distribution. The image 

processing results are shown in Figure 5. Error bars indicate the propagation of error associated 

with the droplet diameter measurement (±1 pixel) during the image processing.    
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S5. Validation of temperature profile through direct measurement 

In the numerical modeling, based on thermal resistance analysis for the two cases, we 

made the approximation that the top surface temperature of the sample block Ts equaled to the 

bottom temperature of the block Tb in the air-vapor mixture case and to the saturation 

temperature of the bulk vapor T  in the pure vapor case. We validated this approximation 

through direct temperature measurement for the two case studies. 

In order to obtain the temperature profile on the top surface of the block, we attached 

three 36 gage (AWG, 0.13 mm in diameter) thermocouples at three different locations on the top 

surface of the block: (1) on the edge of the flat region; (2) on the top surface of the bump; and (3) 

on the sidewall of the bump. The thermocouples were attached to the surface using silver epoxy 

and cured for over 24 hours to ensure stable attachment to the block surface before the 

experiments. All thermocouples were calibrated by an Ultra Precise RTD Sensor (Omega) in a 

temperature-controlled water bath (Lauda RE 207) before use. The updated experimental 

configuration is shown in Figure S5. 

Similar experimental conditions as those in the initial experiments for the two case 

studies were achieved when condensation occurred. During the condensation process, the surface 

temperature of the block Ts was recorded at the three different locations: the edge of the flat 

region (denoted by Ts,f), the top surface of the bump (denoted by Ts,t) and the sidewall of the 

bump (denoted by Ts,s). 

 

Figure S5. Three thermocouples were attached at different locations on the top surface of the 

block for direct temperature measurement. 

 

Sidewall of 

the Bump

Top Surface of 

the Bump

Edge of 

Flat Region

1 cm
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In the case of air-vapor mixture condensation, the steady state condition was obtained at a 

bulk fluid temperature of 54.3°C with a relative humidity of 85%. For the pure vapor 

condensation, a steady state at vapor pressure of 5.9 kPa was maintained. The average values 

from direct temperature measurements for the two cases are listed in Table S2. 

 

Table S2. Experimental conditions and direct temperature measurements 

Case T (°C ) Pressure (kPa) RH(%) Tb (°C) Ts,f (°C) Ts,t (°C) Ts,s (°C) 

Air-Vapor Mixture 54.3 101.3 85.0  12.4 15.3 16.9 16.4 

Pure Vapor 35.8 5.9 100.0 22.5 33.9 35.4 35.4 

 

In both cases, the temperature measurement results agree with our model’s assumption 

that the surface temperature of the block Ts should be much closer to the temperature of the 

element of the thermal resistance network with the much lower resistance  (i.e., (Ts-Tb )<<(T -Ts) 

in the air-vapor mixture case, where the thermal resistance of the air-vapor mixture dominates, 

and (Ts- Tb )>>( T -Ts) in the pure vapor case, where the thermal resistance of the block 

dominates). In particular, for the pure vapor case, all of the temperatures on the surface of the 

block were measured to be almost the same as the temperature of the saturated vapor inside the 

chamber T . This observation validated our approximation that Ts≈T  in the pure vapor case. 

For the air-vapor mixture case, the direct measurement results show that there was a temperature 

difference of ~4°C between Ts and Tb, which could be attributed to two causes. First, the 

thermocouple measuring Tb was not in perfect contact with the bottom of the block due to the 

inevitable thermal resistance of the copper tape and the interfacial effects; therefore, the real 

value of Tb would be higher than the measured value. Second, the conduction and convection 

effects could decrease the thermal resistance on the gas region side, though these effects were 

small and thus neglected in our model. Although there was a small temperature change 

throughout the block, this value was less than one tenth of the temperature difference between 

the block and the bulk fluid temperature (T -Ts). Therefore, our approximation that Ts≈Tb in the 

air-vapor mixture case is justified. 
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S6. Extended case studies  

In this section, we extend our discussion onto more complex thermal resistance scenarios. 

In order to demonstrate the applicability of the thermal resistance analysis, we exemplify a case 

study below where we are able to predict the condensation profile through analysis of the 

thermal resistance network.  Our prediction is then validated by numerical calculation results 

obtained from COMSOL Multiphysics [8]. 

In this case study, the geometry of the condensation substrate is the same as shown in 

Figure 1, but the substrate material is changed from titanium to another material with a low 

thermal conductivity of  k=0.125 W/(m·K), such that the thermal resistance of the geometric 

feature ( / k ) is estimated to be on the same order of magnitude as the thermal resistance of the 

air-vapor mixture (1/h) according to the literature [9, 10]. Therefore, it is no longer valid to 

assume the condensation substrate is isothermal and to obtain the condensation heat flux by 

simply solving the concentration profile in the gas region, as we did in the previous air-vapor 

mixture condensation case study presented in the main text.  

The same boundary conditions as the previously considered air-vapor mixture case study 

are applied: (i) the bottom surface temperature of the condensation block is maintained at a 

constant Tb=12°C; (ii) the vapor temperature and relative humidity outside the diffusion  

boundary layer are kept at 56°C and 80%, respectively; and (iii) adiabatic boundary conditions 

(no heat transfer or mass transfer in the horizontal direction) are applied to the two vertical 

boundaries of the considered 2D region.  

Although it is no longer valid to assume the condensation block to be isothermal, the 

temperature variation on the top surface of the block is assumed to be small. Therefore, we can 

still utilize the shape factor method introduced in section S3 to calculate the diffusion boundary 

layer thickness, which yields the same thickness of 1 cm as calculated previously, since the 

shape factor method only depends on geometry. Preliminary prediction of the condensation 

profile can be made by comparing the thermal resistance involved in the characteristic solid 

region and gas region, as shown in Figure S6.  
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Figure S6. Schematic of the heat and mass transfer process occurring around the geometric 

feature. 

When the heat of the air-vapor mixture reaches position 1, it has two routes to transfer to 

position 2: (1) through conduction in the solid region, as depicted by the blue dashed line; (2) 

through mass diffusion and conduction in the gas region, as depicted by the red dashed line. The 

preferred option of its travel route is determined by the thermal resistance network. For the 

conduction inside the solid (route (1)), the thermal resistance can be calculated by 

 

th, solid solid/R k .  (S12) 

 

where ksolid is the thermal conductivity of the solid substrate (0.125 W/(m·K)). 

For the heat and mass transfer in the gas region (route (2)), the total thermal resistance 

can be calculated by its two paralleled components:  

 

th, gas th,diff th,cond1/ (1/ 1/ )R R R  .  (S13) 

 

The first component of the resistance in Equation (S13) accounts for the mass diffusion 

process, through which latent heat is released at the surface of the substrate:  

 

Diffusion boundary layer

Condensation substrate

T  , c 

  

  

δ 
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       ,  (S14) 

 

where M denotes the molar mass of water vapor (0.018 kg/mol), D is the diffusion coefficient of 

vapor in air (~3.0E-5 m
2
/s), hfg is the latent heat of water vapor (~ 2.4E6 J/kg) and c represents 

the concentration difference from position 1 to position 2. 

According to the definition of thermal resistance per unit area: 

 

th /R T q  ,  (S15) 

 

the thermal resistance caused by the mass diffusion process can be determined as 

 

th,diff

fg
fg

/
T T

R T q
c DMh c

D M h





 
    

 
  

,  (S16) 

 

where T  represents the temperature difference between position 1 and position 2. 

The second component in Equation (S13) represents the thermal resistance due to the 

conduction effects of the air-vapor mixture, which can be calculated by 

 

th,cond gas/R k ,  (S17) 

 

where kgas denotes the thermal conductivity of the humid air (~0.026 W/(m·K) [11, 12]). 

 Combining Equations (S12-S17), we can derive the ratio of the thermal resistance of the 

two routes, denoted by the dimensionless number N: 
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Although the temperature and the corresponding concentration at positions 1 and 2 are 

unknown, one can derive through a simple scaling that in the considered situation, the value of 

∆T/∆c for water near room temperature is on the order of 10. Substituting the values of all of the 

variables into Equation (S18) yields N ≈ 1, which predicts that in the current case study, heat 

has no preference for which route to travel, i.e., heat will transfer from the gas region into the 

substrate as if the two are the same media. Therefore, the isothermal and iso-concentration lines 

should be a series of horizontal lines. Consequently, condensation heat flux will almost be the 

same on the flat regions and the top surface of the bump, since the temperature gradient or 

concentration gradient in the vertical direction should almost be the same everywhere. However, 

there will be practically no condensation occurring on the sidewalls of the bump because the 

concentration gradient or the temperature gradient in the horizontal direction should almost be 

zero. 

In order to demonstrate our prediction from the thermal resistance analysis, we solved the 

concentration profile in the gas region and the coupled temperature profile in the solid region 

simultaneously using the COMSOL Multiphysics program. The same boundary conditions at the 

bottom surface of the substrate and the gas region beyond the diffusion boundary layer as 

previously mentioned are applied. At the interface of the solid region and the gas region, the 

conduction heat flux of the solid is balanced by the sum of the conduction heat flux of the humid 

air and the latent heat flux released by the condensation of the water vapor. Numerical 

calculation results for the concentration and temperature distribution is shown in Figures S7. 

Furthermore, the condensation heat flux distribution along the top surface of the condensation 

substrate is derived from the concentration profile, as shown in Figure S8. 
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Figure S7. Concentration profile and temperature profile calculated by COMSOL Multiphysics. 

 

Figure S8. Condensation heat flux distribution along the top condenser surface calculated by 

COMSOL Multiphysics. 
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The numerical calculation results shown in Figures S7 and S8 agree with our predictions 

very well: (1) Temperature and concentration distribute evenly from the upper limit of the 

diffusion boundary layer to the bottom surface of the condensation substrate, which corresponds 

to a series of parallel isothermal and iso-concentration lines, respectively, distributed in the solid 

region and the gas region; (2) Condensation heat flux remains almost constant throughout the 

horizontal top surfaces of the condensation substrate and drops to nearly zero at the sidewalls of 

the bump. The relatively low heat flux value in this extended study compared with the two case 

studies in the manuscript is reasonable, seeing that by changing the thermal conductivity of the 

block (from 15.6 W/(m·K) to 0.125 W/(m·K)) there was a drastic increase in the overall thermal 

resistance network. Therefore, it is reliable to predict the condensation profile on a given 

condenser surface from an analysis on the thermal resistance network even in complex situations 

where both the heat and mass transfer in the gas region and the heat transfer in the solid region 

play important roles in the overall heat and mass transfer process. 
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