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In this paper, a dropwise condensation model using innovative ‘‘nano-scale, pin structured surfaces’’ is
presented. The surfaces are porous surfaces oriented with nano- or sub micro-scale pins randomly
designed or structurally arranged on extended and/or porous surfaces. These surfaces can promote a
dropwise condensation showing a higher heat transfer rate than that of ‘‘filmwise’’ condensation by
increasing the number of nucleation sites on the condenser surface and providing tunable surface prop-
erties such as surface wetting conditions. The developed model is consisted of a heat flux estimation of a
single condensate drop based on thermal resistance analysis and a population theory for small and large
condensate drops. The results of heat flux of a single condensate drop indicate that a smaller condensate
drop with higher contact angle has a higher condensation heat flux; however, when it combined with
population theory, a hemispherical shape of condensate with Wenzel surface wetting mode and a higher
pin density can increase dropwise condensation heat transfer rates. In addition, a thinner nano- or sub
micro-scale pins surfaces is required to increase condensation heat fluxes, when it is applied.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

There have been many efforts to enhance a condensation heat
transfer process (vapor-to-liquid phase), because the condensation
process is a critical heat transfer mechanism that improves the effi-
ciencies of energy systems used in many industrial processes.
‘‘Dropwise condensation’’ (DWC), which has been studied for over
70 years [1–7], shows a much higher heat transfer rate than those
of ‘‘filmwise condensation’’ (FWC). The greatest thermal resistance
of the filmwise condensation comes from a thick liquid condensate
layer covering the condensing surface. However, the dropwise con-
densation mode can minimize the thermal resistances of the liquid
condensate layer by the continuous cyclic process of generating
small condensate drops and rolling-off motion on the condenser
surface. Thus, the heat transfer rate of dropwise condensation is
substantially higher than that of the filmwise condensation [8].

Dropwise condensation is a multiple-staged process: the gener-
ation of the initial drops on a condensing surface, the growth to lar-
ger drops, and rolling off motion and departure from the
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condensing surface due to gravity. The dropwise condensation
starts with forming initial nucleate size drops on the condensing
surfaces by phase change from vapor to liquid. The sizes of drops in-
crease as the amount of vapor condensed on the surfaces of conden-
sate drops increases. The small drops become large drops and the
large drops start to collapse neighboring drops and then sweep
the surface. Once the volume of drops is large enough to fall against
the surface tension, drops are dripping off the condensing surfaces
by gravity. During the sweeping motion, the falling drops absorb
other drops on their paths and clean the condensing surfaces,
allowing new condenser surface for initial drops development.

The population of drops on the condenser surfaces is also
important to increase condensation heat fluxes, because the con-
densing process simultaneously generates many drops and the
growth rates of the drops are varied. Many mathematical models
for dropwise condensation have been developed based on the ideas
of combining a heat transfer in a single condensate drop as well as
drop population models on the condenser surface [9–16].

There are, however, some limitations using the developed drop-
wise condensation models, because the condensate shapes were
assumed to be hemispherical [10–15] or larger than a hemispher-
ical shape [16]. Although the efficiency of the dropwise condensa-
tion heat transfer is closely related to the properties of the
condenser surface [17] and the promoters used on the condenser
surface for accelerating dropwise condensation [18,19], the
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Nomenclature

A area of the condensing surface, m2

b fin layer thickness, m
k thermal conductivity, W m�1 K�1

h heat transfer coefficient, W m�2 K�1

hfg latent heat, J kg�1

N(r) population density of large drops, m�3

n(r) population density of small drops, m�3

Ns number of drops, m�3

q heat transfer rate, W
q00 heat flux, W m�2

r radius of drop, m
S sweeping rate, m2 s�1

T temperature, �C or K

Greek symbols
a tilted angle of condenser surface, degree
D difference
e porosity
h contact angle, �
ha advancing angle, �

hr receding angle, �
q density, kg/m3

r surface tension, N/m
s sweeping period, s

Subscripts and superscripts
c condensate
curv curvature
drop drop
e effective
i interfacial
max maximum
min minimum
p porous
pin pin
s solution or surface
sat saturation
subcool subcooling
total total
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hysteresis of the water contact angle due to the angle of the tilted
condensation surface, was not considered. In addition, previously
developed models did not consider recently developed, modern
technology which can enable researchers to tune condensation
surfaces for increasing nucleation sites, changing condensate con-
tact angles, and accelerating surface renewal rates [20,21]. There-
fore, the objective of this study is to develop a mathematical
model for dropwise condensation using a nano-scale, pin struc-
tured surfaces as a promoter for dropwise condensation with con-
ducting parametric study for a pin density, a condensate contact
angle, surface wetting mode and a surface tilted angle.
Fig. 1. Condensate contact angles on condensing surface and condensate drop on
tilted surface.
2. Model approach

Although the actual condensation is a highly unsteady process
in nature, it is important to note that the dropwise model used
in this study attempts to obtain the mean of the heat flux of the
condensing surface using combinations of steady thermal resis-
tances of a single condensate drop and the steady population of
the drops on the surface, similar to previously developed models
[11–16].

Fig. 1(a) shows schematic images of the condensate drops on a
condenser surface with a hydrophilic (h < 90�) [21] and hydropho-
bic (h > 90�) [15,20,21], or a hemispherical (h = 90�) shapes [11–14]
depending on the surface tension of the condensates and surface
properties. Note that the radius of a condensate drop is r, however
the radius of the condenser surface contacting with the condensate
is rsinh.

In general, a condensate drop sitting on a tilted plate with an
angle of a, shown in Fig. 1(b), can have an advancing contact angle,
ha and a receding contact angle, hr, respectively.

Varanasi et al. [21] showed that condensate drops can sit on mi-
cro scale fins which serve as nucleation drop sites and dropwise
condensation promoters. In addition, Lee et al. [22] used a nano-
scale, pin structured, and copper oxide surface for evaporation.
Based on the geometry used by Varanasi et al. [21], pin structured
surfaces on a condenser was considered in this study and it is as-
sumed that the height of a condensate is equal to the pin height.
Fig. 2 shows the schematic image of nano-scale, pin structured sur-
face used by Lee et al. [22] with the dimensions and considering
pins as rectangular bars constructed upright on the condensing
surface.

Note that the surface wetting of condensates on a nano-scale
pin structured surface will be Cassie or Wenzel, or Cassie–Wenzel
mixed modes. For Wenzel mode, condensates fill the gaps between
the pin structured surfaces and non-condensable gases fill the gaps
for Cassie mode. In the aspect of heat transfer analysis, the concept
of using an effective thermal conductivity is applied for thermal
network method to simplify these modes. The effective thermal
conductivity (ke) of the nano-scale, pin structured surface can be
obtained from the conductivities of a pin structured surface and
the condensate or air filling the pores between the pins, which is
given by,

ke ¼ ekc þ ð1� eÞkp ð1Þ

where e is the porosity of pins structured surface, and kp is thermal
conductivities of a pin and kc can either be thermal conductivity of
condensate for Wenzel mode and air for Cassie mode. In addition, kc

can be in the range of those of Cassie and Wenzel modes for the
mixed mode.

Note that the thermal conductivity of a water condensate
(0.666 W/m-K) is higher than that of air (0.0313 W/m-K).



Fig. 3. Effect of sizes of single condensate drop on temperature drops by contact

Fig. 2. Nano-scale, pin structured surface of a condenser.
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2.1. Heat transfer model for single drop

In this section, a condensation heat transfer model of a single
condensate drop is presented. The surface subcool, which is the
temperature difference between the saturate vapor and the con-
densing surface, is given by,

DTsubcool ¼ Tsat � Ts ð2Þ

where Tsat is the saturation temperature and Ts is the temperature
at the base condenser surface.The sum of temperatures drops is
equal to the surface subcool (DTsubcool), which consists of temper-
ature drops in the thermal resistances in a single condensate
drop (DTtotal); an interfacial, conduction through a condensate, a
condensate drop curvature and a nano-scale, pin structured sur-
face are included in the calculation of the thermal resistances.
The temperature drops in a single condensate drop can be writ-
ten as,

DTsubcool ¼ DTtotal ¼ DTi þ DTdrop þ DTcurv þ DTpin ð3Þ

where DTi, DTdrop, DTcurv, and DTpin are the temperature drops by an
interfacial, a conduction through a condensate, a condensate drop
curvature and a pin structured surface, respectively.

The first term of the temperature drops by the interfacial ther-
mal resistance between vapor and liquid condensate with a contact
angle of h, can be presented by

DTi ¼
q

hið2pr2ð1� cos hÞÞ ð4Þ

where q is a condensation heat transfer rate and hi is an interfacial
heat transfer coefficient.

Since there is a conduction thermal resistance through a con-
densate drop itself, the integration methods between the two
neighboring isothermal surfaces used by Kim and Kim [16] is ap-
plied to obtain the average temperature of a condensate drop.
The conduction heat transfer resistance of a single condensate drop
can be obtained by

DTdrop ¼
qh

4prkc sin h
ð5Þ

The temperature drops due to a thermal resistance of the conden-
sate drop curvature, is given by [9,14,16],

DTcurv ¼
rmin

r
DTsubcool ð6Þ

where rmin is the minimum viable drop radius determined by the
temperature of subcool and obtained by [10–12,14],

rmin ¼
2rcTsat

hfgqcDTsubcool
ð7Þ
The condensate or air fills the pores between the pins, which signif-
icantly contributes to the total temperature drop. The correspond-
ing temperature drop due to the pin structured surface is
calculated by,

DTpin ¼
qb

kepðr sin hÞ2
ð8Þ

where r and b are the dimensions shown in the Figs. 1 and 3, respec-
tively. Using the total temperature drops in Eq. (3), the heat transfer
rate, q(r) and the heat flux, q00ðrÞ of a single drop with a radius (r) are
expressed respectively by
angles; (a) 10 nm, (b) 0.1 lm, and (c) 1 lm.
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qðrÞ ¼ DTsubcoolpr2 1� rmin=rð Þ
b

ke sin2 h
þ rh

4ks sin hþ 1
2hið1�cos hÞ

� � ð9Þ

q00ðrÞ ¼ qðrÞ
pðr sin hÞ2

ð10Þ
2.2. Drop population models

The population of small drops and large drops are separately
considered in this study: small drops are primarily grown by direct
condensation from vapor, while large drops are primarily grown by
the coalescences of neighboring drops. In addition, not all of the
small drops can grow to the maximum radius size of the large
drops due to a sweeping of falling drops. The sweeping rates of
the falling drops can affect the number of small drops, because
the falling drops can remove the small drops in its path during
flowing over the condenser surface by gravity.

To determine large and small drops or coalescence and non-
coalescence of the condensate drops, an effective radius, re is equal
to a half mean spacing between active nucleation sites and used by
other studies [11,14,16], is also applied. Note that the projected ra-
dius of a condensate drop on a condenser surface is used as the
effective radius in this study; thus the effective radius of the con-
densate with a contact angle less than 90� is larger than that of
the condensate with equal of higher contact angle than 90�. The
effective radius, re can be obtained by,

re ¼ ð4NsÞ�1=2 for h P 90
�

re sin h ¼ ð4NsÞ�1=2 for h < 90
� ð11Þ

where Ns is a number of nucleation site on a unit area of condensing
surface.

Based on the effective radius, the drop population is divided
into two categories: a population of small drops, n(r) and a popu-
lation of large drops, N(r). The population of small drops (less than
re), n(r) is obtained from the population density theory used in
numerous studies [14,16,23], while the population of the larger
drop (larger than re), N(r) is obtained from an experimental-based
equation.

The population density theory is balancing the number of drops
becoming radius, r, the number of drops growing larger than r, and
the number of drops removed by the sweeping flow of falling
drops. The differential equation for the population of small drops
from the population density theory can be written by,

d
dr
ðGnÞ þ n

s
¼ 0 ð12Þ

where G is a drop growth rate and n and s are a population of drops
and a sweeping period, respectively.

Since the heat transfer rate of a drop, q(r) is equal to a drop en-
thalpy change from vapor to condensate, the growth rate, G can be
written by,

G ¼ qðrÞ
qchfgð2pr2Þð1� cos hÞ ð13Þ

Using Eq. (12) into Eq. (13), the population for small drops, n(r) can
be obtained as follows,

nðrÞ ¼ ðGnÞmin

G
exp

A2
sA1

r�r2
minð Þ

2 þ2rminðr� rminÞþ r2
min lnðr� rminÞ

� �
þ A3

sA1
r� rminþ rmin lnðr� rminÞ½ �

0
B@

1
CA

ð14Þ

where
A1 ¼
DT

2qchfg
; A2 ¼

hð1� cos hÞ
4kc sin h

; and A3 ¼
1

2hi
þ bð1� cos hÞ

ke sin2 h
:

For the population of the larger drops not significantly affected by a
nano-scale, pin structured surface, a suggested equation developed
by Le Fevre and Rose [9] for a flat surface, is used.

NðrÞ ¼ 1
3pr2rmax

r
rmax

� ��2=3

ð15Þ

where rmax is the maximum drop radius before falling off the sur-
face and estimated by the force balance between the surface tension
and gravity on a tilted condenser surface [24], which is given by

rmax ¼
3

sina
ðcos hr � cos haÞ sin h
ð2� 3 cos hþ cos3 hÞ

r
qg

� �1=2

ð16Þ

where a is the angle of a tilted plate and ha and hr refer to advancing
and receding contact angles, respectively.

Since the independent population model was separately applied
for small drops and large drops in this analysis, boundary condi-
tions were considered for a smooth transition between these mod-
els with matching the results at the effect radius, re. The first
boundary condition is matching drop population, N(r) = n(r) at
the effect radius, re. By applying the first boundary condition, the
population for smaller drops, n(r) is can be obtained by [14,16],

nðrÞ ¼ 1
3pr3

e rmax

re

rmax

� ��2=3 rðre � rminÞ
r � rmin

A2r þ A3

A2re þ A3
expðB1 þ B2Þ

ð17Þ

where s is a sweeping period and B1 ¼ A2
sA1

r2
e�r2

2 þ rmin

h
ðre � rÞ � r2

min ln r�rmin
re�rmin

� �
� and B2 ¼ A3

sA1
re � r � rmin lnð r�rmin

re�rmin
Þ

h i
are gi-

ven respectively. The second boundary condition is matching a
the slopes of n(r) and N(r) at re, which is given by,

dðlnðnðrÞÞÞ
dðlnðrÞÞ ¼

dðlnðnðrÞÞÞ
dðlnðrÞÞ ¼ �

8
3

ð18Þ

By applying the second boundary condition, the sweeping period, s
can be obtained as a function of re and written as

s ¼ A
S
¼ 3r2

e ðA2re þ A3Þ2

A1 11A2r2
e � 14A2rermin þ 8A3re � 11A3rmin

� 	 ð19Þ

where A is the condensing surface areas and S is the surface renewal
rate due to the sweeping during the falling of large drops.

Finally, the total heat transfer rate per unit area of dropwise
condensation on a nano-scale, pin-structured surface is calculated
by integrating the heat transfer rates of small drops and the large
drops from the minimum to the maximum of drop radiuses,

q00total ¼
Z re

rmin

qðrÞnðrÞdr þ
Z rmax

re

qðrÞNðrÞdr

 !
ð20Þ
3. Results

In this study, water vapor is used as a working fluid with a sat-
uration temperature of 373 K. The height and the thermal conduc-
tivity of the pin structured surface (Fig. 2) used in this study are
0.1 lm and 20 W/m-K, respectively. The interfacial heat transfer
coefficient of the water vapor used in Eq. (4) is given by
15.7 MW/m2-K [25] and the receding and the advancing contact
angles Eq. (16) are assumed as �10� and +10� of the contact angle
[24], respectively. The basic surface wetting mode considered in
this study is Wenzel model. Table 1 shows base line conditions
used in the model.



Table 1
Base line conditions for dropwise condensation.

Working fluid Water
Unit

Surface wetting mode Wenzel
Saturation temperature Tsat �C 100
Temperature of subcool DTsubcool �C 0–9
Interfacial heat transfer coefficient hi MW m�2 K�1 15.7
Tilted angle a � 30–90
Contact angle h � 30–150
Advancing Angle ha � h + 10
Receding angle hr � h � 10

Pin structured surfaces
Coating/condensate thickness b lm 0.1
Thermal conductivity of pin material kf W m�1 K�1 20.0
Thermal conductivity of condensate kc W m�1 K�1 0.66
Number of nucleation sites Ns m�2 4.8 � 1012,5.0 � 1013,2.4 � 1014
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3.1. Heat transfer of single drop

Fig. 3(a)–(c) show the temperature drops of single condensate
drops with sizes of 10 nm, 0.1, and 1 lm on a condensing surface
with 5 K of sub-cool and contact angle ranges between 30� and
150�. For a 10 nm drop, the temperature drop due to the droplet
curvature is dominant and those due to the interfacial heat transfer
and conduction through the pin structured surfaces are competi-
tive. However, the temperature drops for 0.1 and 1 lm sizes, the
thermal resistances of conduction in condensate drops and an
interfacial heat transfer become dominant. As shown in Fig. 3(a)–
(c), the temperature drop due to the thermal conduction resistance
in the condensate (DTdrop) generally increases and becomes domi-
nant, as the contact angle and the drop size increase. It can be con-
sidered that the large size condensate drops with higher contact
angles make lower thermal resistances at the liquid-vapor inter-
faces due to larger interfacial areas, however these large drops
have a higher conduction thermal resistance in the condensate, be-
cause the conduction thermal resistance dramatically increases as
the average thickness of the condensate drop which has very low
thermal conductivity, increases. Therefore, it is natural that the
conduction thermal resistance of a single condensate drop be-
comes dominant as the size of a condensate drop increases.

The effect of a condensate drop size on the heat flux with the
surface subcool of 5 K and the contact angles ranges between 30�
and 150� is shown in Fig. 4. The heat flux of the single condensate
drop increases as the drop size decreases and the contact angle in-
creases. With the conditions of the fixed surface subcool and the
Fig. 4. Effect of sizes of single condensate drop on heat fluxes with respect to
contact angles.
interfacial heat transfer coefficient, the heat fluxes of the small
drops are higher than those of the large drops. For a small conden-
sate drop, such as a 10 nm one, the heat flux increases and the ef-
fect of a contact angle becomes significant as the contact angle
increases. However, the effect of a contact angle becomes insignif-
icant as the drop size increases. Interestingly, the highest heat flux
is obtained with a 10 nm condensate drop with a 150� contact an-
gle; however, the heat flux of the 10 nm condensate drop is less
than that of 0.1 lm condensate drop with a contact angle range
of 30�–75�. This finding implies that the size of the condensate
drop and the contact angle can be the key parameters to develop
a high performance condensation surface and it is important to
make a smaller condensate drop (<0.1 lm) with a higher contact
angle to enhance the heat flux of a single condensate drop.
3.2. Drop population

Assuming the dropwise condensation as a nucleation phenom-
enon, the number of nucleate sites of drops can affect the perfor-
mance of the dropwise condensation in addition to the sweeping
rate of falling drops. Based on the nucleate sites obtained from
Rose [13] in a range of 4.80 � 1012 m�2–2.40 � 1014 m�2, the pin
densities on structured surfaces considered in this study are 4.8,
50, and 240 fins/lm2, respectively.

Fig. 5(a) shows the population of the small and large, hemi-
spherical drops based on the nucleation site density in a range of
4.80 � 1012–2.40 � 1014 m�2, on a vertical condenser surface with
a surface subcool of 5 K. As shown in the figure, the drop popula-
tion decreases as the size of the drop increases and the effective
drop radius, re decreases as the pin density increases. The effective
drop radius, re varies 2.28 � 10�7, 7.07 � 10�8, and 3.23 � 10�8 m
for 4.8, 50, and 240 pins/lm2, respectively. Although the popula-
tion of small drops is not significantly affected by the size of the
condensate drop as that of large drops, the population of small
drops increases as the fin density increases. The population of large
drops is not affected by the nano pin density, since it is not a func-
tion of the number of nucleation density as shown in Eq. (15).

The effect of the contact angle on the population of the small
and large hemispherical drops is shown in Fig. 5(b). Note that
the condenser surface with a contact angle larger than 90� has
the same effective radius of the condenser surface with a 90� con-
tact angle; however, the condenser surface with a contact angle of
less than 90� has a larger effective radius than that of the con-
denser surface with 90� contact angle. The population of small
drops with a contact angle larger than 90� is not significantly af-
fected by the contact angles. The small drops with a contact angle
lower than 90� shows lower population than that of the condenser
surface with a contact angle of 90� and decreases as the contact



Fig. 5. Population of condensate drops with respect to sizes; (a) effect of pin
structured surface density and (b) effect of contact angle.
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angle decreases. The effective drop radius based on Eq. (11) varies
2.28 � 10�7, 4.56 � 10�7, and 2.63 � 10�7 m for contact angles of
90�, 30�, and 60�, respectively.
3.3. Heat transfer of dropwise condensation

The predicted heat fluxes from the dropwise condensation
model are shown in Fig. 6 and compared to the experimental
Fig. 6. Condensation heat fluxes using promoters and pin structured coating
surface with respect to surface subcooling.
correlations from Le Fevre and Rose [4] and experimental results
of Aksan and Rose [5]. Le Fevre and Rose [4] used four different
types of promoters and obtained experimental correlations with
0.2 �C standard deviation of DTsubcool, which is given by

DTsubcool ¼ mq00 þ c ð21Þ

Table 2 shows the promoters and the constants developed by Le
Fevre and Rose [4] and used in Eq. (21).

As shown in the figure, the predicted heat fluxes from the drop-
wise condensation model are within a range obtained from previ-
ously published studies, although the heat fluxes of a subcool
range less than 3 K from the model are higher than those from
the experimental results. The maximum deviation between the
model and the fitted curve of the experimental data from Aksan
and Rose [5] is 17.5%. Thus, the developed model can predict the
dropwise condensation heat fluxes well.

Fig. 7 shows the effect of the nucleation site density using pin
structured surfaces on the condensation heat fluxes with fin densi-
ties of 4.8, 50, and 240 pins/lm2, respectively. The predictions
from Nusselt’s correlation for a laminar filmwise condensation on
a vertical plate were also plotted for comparison. As shown in
the figure, the heat flux of the dropwise condensation is higher
than that of the laminar filmwise condensation. In addition, the
heat flux of the dropwise condensation is significantly affected
by the pin density and increases as the pin density increases. This
finding is mainly due to the number of small drops increase as the
pin density increases, as shown in Fig. 5(a) and confirms the higher
pin density structured surface can significantly increase the heat
fluxes of the small drops.

The effect of a contact angle of a condensate on the condensa-
tion heat fluxes is shown in Fig. 8. These results of the contact an-
gle variation can also reveals the boundaries of heat fluxes for the
effect of non-uniform contact angles of drops distributed over the
surface. The heat flux increases as the contact angle increases up to
90�, then decrease as the contact angle increases to a degree larger
than 90�. It is important to note that the maximum drop radius, a
sine function in Eq. (16), increases as the contact angle increases
for a contact angle less than 90� and then decrease for a contact an-
gle higher than 90�. The heat flux of the dropwise condensation
with a contact angle larger than 90� decreases by decreasing the
maximum drop radius. The reason of this finding can be due to
the range of the radius in the integration Eq. (20) that determines
the large size of the drops becomes narrower. For a contact angle of
less than 90�, the heat flux of large drops increases by increasing
the maximum drop radius, while, the heat flux of small drops de-
creases by increasing effective radius and decreasing small drop
population as previously shown in Fig 5(b). It can be deduced from
the figure that a condenser surface which can generate hemispher-
ical drops with contact angles of 90� shows a higher heat flux than
those with contact angles larger or less than 90�. Thus, it is recom-
mended that the surface should have properties to make a uniform
water contact angles close to 90�.

Note that the results of variations of tiled angle of the condenser
surface and hysteresis of the contact angle are almost negligible
when compared to that of the condensate contact angles.

The parametric study results according to the surface wetting
modes were presented in Fig. 9. The surface wetting modes were
Table 2
Promoters and constants used in Eq. (20), [4].

No. Promoter m (�C-m2/MW) c (�C)

1 Dioctadecyl disulphide 3.0 0.6
2 No. 1 Amine (chiefly octadecylamine) 3.1 0.7
3 Di-S-octadecyl 00-1, 10 decanedixanthate 3.4 0.8
4 Dodecanetris (ethanethio) silane 4.7 0.6



Fig. 10. Effect of pin structured surfaces thickness on condensation heat fluxes.

Fig. 8. Effect of contact angles on condensation heat fluxes.

Fig. 7. Effect of pin structured surface density on condensation heat fluxes.
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accounted by modifying effective thermal conductivities. Thermal
conductivity of condensate is used for Wenzel mode and that of
air is used for Cassie mode for calculating effective thermal con-
ductivity. For the Wenzel–Cassie mixed mode used an average
Fig. 9. Effect of surface wetting modes on condensation heat fluxes.
thermal conductivity of those of Wenzel and Cassie modes. Be-
cause of a higher thermal conductivity of water condensates than
that of air, Wenzel surface wetting mode provides higher heat
fluxes than other surface wetting modes. Thus, it is preferable to
tune the surface property as Wenzel surface wetting mode for a
higher performance condensation.

Fig. 10 shows the effect of a pin structured thickness on the heat
flux of the dropwise condensation. The pin structured thicknesses
considered in this study are 10 nm, 0.1, and 1 lm, respectively. As
shown in the figure, the heat flux using of a nano-scale, pin struc-
tured surface decreases as the thickness of a pin structured in-
creases: adding extra thermal resistance with a pin structured
surface on the condensing surface increases the total thermal resis-
tance. Thus, it is preferable to use a thin pin structured surface on
the condensing to minimize the total thermal resistance and en-
hance a condenser performance using dropwise condensation.
4. Conclusion

An analytical model of dropwise condensation using a ‘‘nano-
scale, pin structured surface’’ as a dropwise condensation promoter
was developed and the performances of the dropwise condensa-
tion were theoretically investigated. It should be noted that the
nano-scale, pin structured surface not only promotes a dropwise
condensation mode, but also provides tunable properties of a con-
denser surface such as the number of nucleation sites, and hydro-
philic or hydrophobic conditions. The dropwise condensation
model was framed with a thermal resistance analysis based on
temperature drops in a single condensate drop and population the-
ory for small and large drops.

Based on the analysis of temperature drops in single condensate
drop, the thermal resistances were varied due to the size of the
condensate and the contact angle of the condensate on a condenser
surface. The conduction thermal resistance of a condensate had the
smallest thermal resistance for the 10 nm condensate case, but in-
creases and becomes dominant as the size of condensate increases.
A hydrophobic surface property for small condensates and a hydro-
philic surface property for large condensates provide higher con-
densation heat fluxes.

Using a nano-scale, pin structured surface as a dropwise con-
densation promoter could increase the population of small drops
by working as nucleation sites, which result in increasing the drop-
wise condensation heat flux. However, the nano-scale, pin struc-
tured surface promoter on the condenser surface can potentially
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increase the total condensation thermal resistance by adding extra
thermal resistance.

The predicted heat fluxes of the developed model were verified
by comparing against experimental results. It was found from the
numerical analysis on the dropwise condensation, taking into ac-
count of the effects of a condensate shape on condenser surface,
a pin density, a surface wetting mode and a thickness of the drop-
wise promoter, a thinner promoter layer with Wenzel surface wet-
ting mode, higher pin density and a hemispherical condensate on a
condenser surface can increase a dropwise condensation heat flux.
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