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etting condensed, but also on the physico-chemical properties of
he substrate, time scales involved, process control parameters,
xternal body forces other than gravity �such as electro-wetting�,
rientation and texture of the cold substrate, applicable subcool-
ng, etc. Leach et al. �12� reported that the contribution of small
rops to the overall heat transfer coefficient exceeds that of the
argest drops by a factor of 15. McCormick and Baer �13� reported
hat the droplet nucleation, growth patterns, and subsequent drop-
et dynamics have important practical consequences on high heat
ransfer rates. Experimental determination of the heat transfer co-
fficient is also a challenging task because of the many intricacies
nvolved in the process. Mainly, the driving temperature differ-
nce is very small in dropwise condensation, essentially resulting
n a very high heat transfer coefficient. Second, required spatio-
emporal resolutions are also quite demanding, as recently dem-
nstrated by Bansal et al. �14�, who have experimentally deter-
ined the local wall heat transfer coefficient below a condensing

ingle-droplet and multidroplet pendant system by liquid crystal
hermography. They reported the variation in local heat flux at the
ase of the droplet as a function of its diameter �similar work on
ingle-droplet and multidroplet systems evaporating on a heated
urface in the context of spray cooling has been shown by Tar-
arini et al. �15� using high resolution infrared thermography�.
eat transfer rates are also affected by sessile/pendant mode and
lobal orientation of the substrate. On an inclined substrate, con-
inuous sweeping of critically sized droplets and renewal of drop
rowth cycle is responsible for the higher heat transfer coefficient
ssociated with dropwise condensation, as summarized by
eipertz and Fröba �2�. Briscoe and Galvin �16� and Lawal and
rown �17� experimentally compared the performance of sessile
nd pendant droplets and attributed the instability of the pendant
ode for its better heat transfer coefficient.
Modeling of the dropwise condensation process based on nucle-

tion hypothesis has been attempted by various investigators.
licksman and Hunt �18� simulated the dropwise condensation

ycle in a number of stages, covering the equilibrium drop size to
he departing drop size, to achieve a large nucleation site density.
he initial stage consisted of a nucleation site density of 108 m−2

y taking 1000 sites on a surface of size 33�33 �m2. The area
f the second stage was increased ten times, and the droplets from
he first stage were redistributed on this surface. In this way, the
imulation was repeated until the departure droplet size was
eached. Thus, a high nucleation site density was achieved, but an
rtificial redistribution between two consecutive stages destroyed
he natural distribution of the drops. Wu and Maa �19� and Maa
20� used the population balance method to find the drop size
istribution of small drops, which grow mainly by direct conden-
ation. They estimated the heat transfer coefficient by considering
nly the conduction resistance through the drop. Abu-Orabi �21�
ncorporated the resistance due to heat conduction through the
romoting layer; curvature resistance was also included. Rose and
licksman �22� proposed a universal form of the distribution

unction for large drops, which grow primarily by coalescence
ith smaller drops, though smaller drops themselves mainly grow
y direct condensation. Gose et al. �23� carried out computer
imulation on a 100�100 grid with 200 randomly distributed
ucleation sites. Burnside and Hadi �24� simulated dropwise con-
ensation of steam from an equilibrium droplet to a detectable
ize on 240�240 �m2 surface with 60,000 randomly spaced
ucleation sites. Later, Vemuri and Kim �25� modeled dropwise
ondensation for hemispherical drops, which mainly grow by di-
ect condensation, by the population balance method. The primary
esistances to heat transfer, such as conduction through the drop
nd vapor-liquid interface resistance, were considered in develop-
ng the model. The derivation of a steady state distribution for
mall drops within the size range of negligible coalescence was
ased on the conservation of the number of drops with no accu-
ulation. Contact angle other than 90 deg was not considered in
his model. Leach et al. �12� experimentally observed drop growth
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kinetics: The smallest drops grow principally by the accretion of
liquid molecules diffusing along the substrate surface, while drops
larger than about 50 �m in diameter grow principally by the ac-
cretion of condensing vapor directly onto the drop surface. Their
model incorporated these growth mechanisms. They also reported
the effect of contact angles, degree of subcooling, and inclination
of a substrate on nucleation site densities onto a hydrophobic
polymer film and a silanized glass surface for sessile droplets.

A complete simulation of dropwise condensation from the equi-
librium droplet size to the departing droplet size, accounting for
the effect of saturation temperature, contact angle and its hyster-
esis, and the inclination of the substrate along with its experimen-
tal validation, has not been explicitly reported. Against this back-
ground, the present study aims at �a� experimentally observing
dropwise condensation on a chemically textured surface and �b�
simulating the entire spatio-temporal process of dropwise conden-
sation. The methodology adopted for the experimental study is

�i� recording high quality video images at sufficiently high
speeds to capture the complete cycle of dropwise conden-
sation, under controlled conditions, on the underside �pen-
dant mode� of chemically textured horizontal and inclined
surfaces. Silanes, which are known promoters of hydro-
phobicity, are used for coating the glass substrate; the cor-
responding static contact angles have been determined un-
der laboratory conditions.

�ii� digital processing of the video data obtained in step �i�
above to extract relevant spatio-temporal quantities of in-
terest such as drop size distribution, area of coverage,
droplet merger dynamics, coalescences, and fall-off and
slide-off times.

The quantitative experimental data thus obtained, along with
the observed qualitative behavior of dropwise condensation, are
used for comparison with the developed simulation model. After
code validation, parametric studies of dropwise condensation have
been done incorporating the numerical code. While the broad out-
line of the model has been taken from Ref. �3�, we have now
substantially enriched its originally proposed simplistic approach,
not only in the details of the relevant droplet force fields under
any substrate inclination but also on the generic extent of the
applicability of the model. The simulation of the process proceeds
from the equilibrium droplet size to the departing droplet size
underneath a horizontal and an inclined substrate, respectively.
The extended transient model incorporates the effect of contact
angle and its hysteresis and substrate inclination; it accounts for
continuous droplet fall-off/slide-off, droplet coalescence and
merger dynamics, and renucleation of droplets; thus, all the major
physical phenomena seen in experiments have been incorporated
in the present model.

Section 2 of the paper describes the design details of the ex-
periment setup and its methodology. Section 3 describes the math-
ematical model in detail, including the assumptions involved. Sec-
tion 4 describes the results obtained from the simulation and their
comparison with the experiments. Finally, major conclusions of
the present study are reported in Sec. 5.

2 Experimental Setup and Methodology
The experimental apparatus was designed to study dropwise

condensation under controlled conditions on the underside of a
cold substrate and is schematically shown in Fig. 1. The setup
primarily consisted of the main cylindrical stainless steel vacuum
chamber �better than 10−6 mbar abs.� of 180 mm inner diameter
and 120 mm length �Figs. 1�a� and 1�b��. It was closed from the
two ends by specially designed flanges. The lower flange was
fitted with a � /4 optical viewing window �view A; typical photo-
graphs of condensing droplets are shown in Fig. 1�c��. In addition,
it also had an annular space around this viewing window wherein

the working fluid inventory �distilled and de-ionized water� was
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tored. A circular, 1.5 mm thick mica strip heater �o.d.=70 mm,
.d.=40 mm� was attached outside this annular space to give the
ecessary heat input, as shown in the cut section of the experi-
ental setup in Fig. 1�d�. The upper end of the main vacuum

hamber was closed with a polycarbonate square flange with an
nbuilt cavity wherein cold water was circulated to maintain con-
tant temperature boundary conditions. The condenser capacity
as at least 20 times that of the expected heat transfer rate. The

hemically coated glass substrate �methodology of substrate
reparation is explained in the next section� of 100�100 mm2

as integrated on the upper flange, as shown. Connections for
vacuation, pressure transducer, and temperature sensors were
rovided on the main condensing chamber wall. The temperature
f the condensing vapor was measured with one K-type thermo-
ouple �Omega®, 0.5 mm diameter� of accuracy of �0.2°C after
alibration. It was placed centrally in the chamber at a distance of
5 mm from its side wall. The condensing chamber pressure was
easured by an absolute pressure transducer �Honeywell, accu-

acy 0.1% FS, NIST traceable calibration, range of 0–1.2 bars�.
nline data acquisition was carried out with 16 bit PCI-4351 card

National Instruments®�. The entire assembly could be tilted to
ny desired inclination at 0–25 deg. A color charge coupled device
CCD� video camera �Basler® A202KC with 1024�1024 pixels
t 100 fps� was used to capture the images of the drops forming
n the underside of the chemically textured substrate �view A, Fig.
�b��. Size scales were calibrated by imaging a grid with known
eriodicity. Diffused white light source symmetrically placed
round the camera was directed on the substrate from the optical
indow on the bottom flange so as to maintain a near parallel and

ymmetric beam on the droplets, ensuring a proper contrast level

Fig. 1 Details of the experimental setup to stu
tions underneath a substrate. „a… Photograph sho
exploded view of the condensing chamber show
condensing droplets at two different times, as
condensing chamber. „e… Schematic diagram exp
or subsequent edge detection.
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Dropwise condensation was achieved at the desired saturation
pressure by controlling the coolant temperature and the heat
throughput. Once a quasi-steady state was reached, the correspon-
dence between the saturation pressure and the condensing vapor
chamber temperature was continuously monitored. The high qual-
ity video images recorded were digitally processed �using IMAGE

J
® software� to get the relevant parameters of interest, i.e., area of

coverage, droplet size distribution, fall-off/slide-off, coalescence/
merger events, etc. The primary steps in finding the area of cov-
erage were �a� digital image acquisition, �b� contrast thresholding
and binning to reduce pixel noise, �c� droplet detection with ge-
ometry attributes, �d� measurement of total digitized pixel area
covered by the droplets, and �e� finding the area of coverage by
dividing the total pixel area of all the droplets by the total area of
the acquired image. Droplets below a diameter of around 0.1 mm
could not be resolved with the imaging hardware used. The image
processing software is first tested against benchmark images be-
fore applying it on actual experimental images.

Surface Preparation (Chemical Texturing). The substrate
preparation involved coating the glass surface using chemical va-
por deposition �CVD� of silane molecules. The chemical vapor
deposition setup consisted of a vacuum pump �rotary vane
rougher pump coupled with diffusion pump, ultimate vacuum
level �10−5 mbar�, a plasma oxidizer �with a rf generator having
power levels of 6–18 W and frequencies of 8–12 MHz�, and a
desiccator. Inside the reactor, which was maintained at low
vacuum pressure, the high frequency oscillating electromagnetic
field ionized the silane molecules forming plasma. This interacted
with the glass substrate by the following: �i� Removing organic

dropwise condensation under controlled condi-
the details of the main condensing chamber; „b…

all the components. „c… Typical images of the
tured from view A. „d… Cross-sectional view of
ing the chemical vapor deposition process.
dy
ws
ing

cap
contamination from its surface. The high energy plasma particles
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ombine with the contaminant to form carbon dioxide �CO2� or
ethane �CH4�, and �ii� modifying the physico-chemical charac-

eristics of surfaces by adsorption or chemisorption, etc. The sila-
ation process is explained schematically in Fig. 1�e�. Octyl-
ecyl-trichloro-silane �C18H37C13Si supplied by M/s Sigma
ldrich®� was used as the coating material on the glass substrate.
efore keeping the substrate for 30 min inside the CVD reactor,

he substrate was cleaned by dipping it in a pirani solution �sul-
uric acid and hydrogen peroxide in the ratio 3:1 by volume� for 2
, thereafter washing it with distilled water and drying it in nitro-
en. Nascent oxygen released when sulfuric acid reacts with hy-
rogen peroxide cleans the surface. The silane molecules attached
hemselves to the plasma cleaned glass plate, which was kept
nside the CVD chamber, by a self-assembled monolayer process.
fter preparing the surface, the static, advancing, and receding

ontact angles of a pendant water drop for horizontal and inclined
ubstrates were measured by a goniometer that had a special at-
achment for inclining the substrate.

Model Description
The simulation presented in this work is based on the postulate

hat droplet embryos form and grow at nucleation sites, while the
ortion of the surface between the growing droplets remains dry
26,27�.1 The nucleation sites are randomly distributed on the sub-
trate. According to the Clausis–Claperyon equation, the size of
he initial thermodynamically stable drop formed at a nucleus is of
he order of magnitude of a few nanometers for the usual heat
ransfer fluids. Therefore, from an engineering standpoint, it is
ifficult to experimentally capture the initial nucleation density on
reshly exposed surfaces. This necessitates the use of theoretical
odels for estimating the number of initial nucleation sites, for

xample, the proposal of Rose �28� and Mu et al. �29�. Leach et al.
12� reported that the initial drop nucleation density is a function
f the degree of subcooling �Tsat=Tsat−Tw but is a weak function
f the physico-chemical properties �resultant contact angle� of the
old substrate. Following the literature on the initial nucleation
ensity and in view of the ensuing temperature difference for the
ange of interest, the nucleation density is assumed to be 109 m−2

n the present model. Initially, all the sites are occupied by the
roplet of the smallest radius as determined from thermodynamic
onsiderations. These droplets are allowed to grow by direct con-
ensation followed by subsequent coalescence until, depending on
he substrate inclination, the droplet attains critical size for either
all-off or slide-off. The simulation is confined to condensation
nderneath cold substrates with pendant drops.

3.1 Condensation Underneath a Horizontal Substrate. A
endant drop underneath a flat horizontal substrate is shown in
ig. 2�a�. The drop is considered as a portion of a sphere of radius
making a contact angle �. From the geometry, the drop volume
, area of liquid-vapor interface Alv, and area of solid-liquid in-

erface Asl are given by

V =
�r3

3
�2 – 3 cos � + cos3 �� �1�

Alv = 2�r2�1 − cos �� �2�

Asl = 2�r2�1 − cos2 �� �3�

or a specified wall subcooling �Ts−Tw�, the smallest stable drop-
et size possible can be found form thermodynamic considerations
s �3�

1Another postulation suggests that condensation initially occurs in a filmwise
anner, forming an extremely thin film on the solid surface. As condensation con-

inues in time, this film ruptures forming distinct droplets which subsequently grow.

his mechanism is not followed in the present work.
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rmin =
2� · 	l · Tw

hlv�Tsat − Tw�
�4�

Although the arguments leading to this equation do not include
the substrate surface energy, Leach et al. �12� showed that such
effects are of higher order and can be neglected for engineering
calculations on the microscale. As droplets grow in size, the
meso-/macroscale droplet dynamics cannot neglect the bulk con-
tact angle ensuing from the surface energy of the substrate. The
maximum drop diameter is calculated from balancing the surface
tension with the weight of the drop and is derived as2

rmax =�� 6 sin2 �

2 – 3 cos � + cos3 �
� · � �

g · �
l − 
v�� �5�

The temperature drop due to various resistances to heat transfer is
calculated as follows:

�i� Conduction resistance: The drop in temperature due to
conduction heat transfer is determined as

�Tcond =
q · r

4� · r2 · kc�1 − cos ��
�6�

�ii� The temperature drop due to interfacial heat transfer is

�Tint =
q

2� · r2 · hi�1 − cos ��
�7�

�iii� Curvature resistance: This resistance includes the loss of
driving temperature potential due to the droplet interface
curvature and is given by �3�

�Tcurv =
2	l · � · Tw

hlv · r
=

�Tsat − Tw�rmin

r
�8�

The interfacial heat transfer coefficient is given by

2Eq. �5� can be interpreted as modified Bond number criterion, applicable for a
pendant droplet which takes into account the effect of contact angle in the force
balance. In case of a horizontal substrate, there is no contact angle hysteresis. The

�

Fig. 2 „a… Schematic drawing of a pendant drop underneath a
horizontal substrate with contact angle �. „b… Drawing of a de-
formed drop with unequal advancing and receding angles, and
its equivalent spherically approximated profile.
usual definition of Bond number is given by, Bo= �2·r�� �g�
l−
v�� /��
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hi = � 2�̂

2 − �̂
� · � hlv

2

Ts	lv
� · � M̄

2�R̄Tsat

�1/2

�9�

ere, hi is the interfacial heat transfer coefficient and kc is the
ondensate thermal conductivity.

The temperature drop will balance the total available subcool-
ng, and so,

�Tt = �Tcond + �Tint + �Tcurv = �Tsat �10�

he heat flux through a single droplet is derived as

q = ��r2
lhlv� · �2 – 3 cos � + cos3 �� · �dr

dt
� �11�

rom the above equation, the rate of growth of individual droplets
s as follows:

dr

dt
= � 4�Tt


l · hlv
� · 	�1 −

rmin

r
�

� 2

hi
+

r

kc
� 
 · � �1 − cos ��

�2 – 3 cos � + cos3 ���
�12�

Equation �12� has been integrated to determine the growth of
he droplet due to direct condensation. Along with the direct con-
ensation growth loop in the simulator, a parallel coalescence loop
s also monitored at each time step. The time for coalescence is
aken to be much smaller than the other time scales of the con-
ensation process. Hence, as soon as two droplets contact each
ther �or three droplets or, very rarely, four droplets contact each
ther simultaneously�, they are substituted with an equivalent
ingle droplet with a conserved volume, located at the weighted
enter of mass of the individual coalescing droplets.3 At each time
tep, the nucleation sites, which are covered by drops, are checked
nd flagged as hidden sites. In this manner, the randomly distrib-
ted droplets are allowed to grow to a stage where their weight
xceeds the retention surface force, yielding the critical Bond
umber criterion given by Eq. �5�. At this juncture, droplets fall
ff. The drop is then removed, and all hidden nucleation sites
nderneath the drop become active and instantaneously supplied
ith thermodynamically stable droplets of minimum radius. It is

o be noted that the simulation needs to track multiple generations
f the droplets—nucleating, growing by direct condensation and
y coalescence, and some falling-off when the virgin surface thus
xposed is renucleated. The cycle thus begins again and is re-
eated for a long duration until a dynamic quasi-steady state is
eached.

3.2 Condensation Underneath an Inclined Substrate. In-
lining the substrate causes imbalance in the forces and results in
rop deformation to achieve necessary static balance. As the drop-
et grows in size, the gravity force component parallel to the sub-
trate exceeds the force component due to surface tension and will
ventually cause the droplet to slide underneath the substrate. As
roplets slide, they encounter other growing droplets on their
ath. This process results in a very rapid mass accumulation, as
he sliding droplet sweeps away a large population of drops lo-
ated ahead of it. The critical drop diameter at which sliding com-
ences depends not only on the thermophysical properties of the

iquid but also on the contact angle hysteresis and physico-
hemical properties of the substrate. Moreover, under dynamic
onditions of dropwise condensation, the applicability of static
orce balances is questionable due to the presence of capillary
aves, distortion in local equilibrium droplet shapes, droplet pin-

3Typically droplet mergers happen in a time scale of 5–300 ms, depending on
heir respective sizes and thermophysical properties �30–32�. In contrast, the entire
xperiment of dropwise condensation, from a virgin surface to the first fall-off or a
lide-off is typically of the order of one hour. This justifies our assumption of ‘in-

tantaneous coalescence.

ournal of Heat Transfer

oaded 08 Nov 2010 to 202.3.77.11. Redistribution subject to ASME 
ning, variation in dynamic contact angle due to inertia effects,
local sudden acceleration, and three dimensional flow structures
inside the droplets �33–35�. Therefore, there is a considerable de-
bate in the literature on the applicability of static conditions on the
real-time condensation process �36�. The bulk composite effect of
these real-time dynamic situations and local contact line perturba-
tions is usually manifested in the form of varying hysteresis of
advancing and receding angles. Therefore, the static force balance
conditions are assumed to be representative of the dynamic situ-
ation as absolute contact angles and hysteresis are accounted for.

The contact angle hysteresis, namely, the variation in the ad-
vancing to the receding contact angle, is taken to vary linearly
along the contact line �refer Fig. 3�. While alternative strategies
are available �37,38�, this approach has been adopted earlier �39�.
The variation in contact angle, with respect to azimuthal angle
along the contact line, is formulated as

� = �adv +
�� − �rcd − �adv�

�
� �13�

Figure 3�a� shows a deformed pendant droplet underneath an
inclined substrate, and Fig. 3�b� highlights the relevant forces at
the contact line. The base of the drop is assumed to be circular, as
shown in Fig. 3�c�, and its volume is calculated using the spheri-
cal cap approximation, as shown in Fig. 2�b�.4 With known ad-
vancing and receding contact angles, the geometric reconstruction

4There is some conflict in the calculation of volume and its experimental valida-
tion for sessile drops on inclined surfaces, as reported in �40–43�. Some reports
�40–42� suggest that approximating the drop shape as a spherical cap can lead to
10%–25% error in volume. Based on experimental evidence, others �43� believe that
such an approximation is quite valid. To the best of the knowledge of the authors,
there is no corresponding literature on the calculation of pendant drop volumes.

Fig. 3 „a… A deformed pendant drop underneath an inclined
substrate. „b… Free body diagram of a static drop underneath an
inclined surface. „c… Base of droplet on the substrate taken as a
circle.
Therefore, the spherical cap approximation has been used in the present work.
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f the entire droplet is possible.
The retention forces perpendicular and parallel to the substrate

re calculated as

Fr� = 2�
0

�

� cos � cos � · rb · d� �14�

Fr� = �rb
 �

2� − �rcd − �adv
�sin�2� − �rcd� − sin �adv�

+
�

�adv + �rcd
�sin �rcd + sin �adv�� �15�

s noted earlier, the drop is assumed as a segment of a sphere
ith a contact angle �avg, where �avg is evaluated at the base of the

rop. Hence,

he gravity force component perpendicular to the substrate is

gravity force, Fg�

21501-6 / Vol. 133, FEBRUARY 2011
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�avg = ��rcd + �adv�/2 �16�

The volume of the equivalent spherically capped droplet is given
by

Vsc =
� · rb

3�2 – 3 cos �avg + cos3 �avg�
3 sin3 �avg

�17�

The force component due to gravity that is parallel to the substrate
is

Fg� =
�rb

3�2 – 3 cos �avg + cos3 �avg�
3 sin3 �avg


 · g sin � �18�

Finally, the critical radius of the droplet at slide-off on the inclined

substrate is calculated as
rcrit =�� 3 sin3 �avg

��2 – 3 cos �avg + cos3 �avg�
�
 �

2� − �rcd − �adv
�sin�2� − �rcd� − sin �adv� +

�

�adv + �rcd
�sin �rcd + sin �adv��� �

�g sin ���
l − 
v��
�19�
he surface tension component perpendicular to the inclined sub-
trate is calculated as

Fr� = 2�
0

�

� sin � · rb · d� �20�

Fr� = 2� · rb� �

� − �rcd − �adv
� · �cos �rcd + cos �adv� �21�
Fg� =
�rb

3�2 – 3 cos �av + cos3 �av�
3 sin3 �av


 · g cos � �22�

The maximum radius of the drop at fall-off is obtained by balanc-
ing the forces perpendicular to the substrate as
rmax =�� 6�sin3 �avg��cos �rcd + cos �adv�
�2 – 3 cos �avg + cos3 �avg��� − �rcd − �adv�

�� �

�g cos ���
l − 
v�� �23�
On an inclined surface, critical sized droplets first begin to
lide-off, rather than fall, as on a horizontal substrate. Criticality is
chieved by direct condensation growth or, alternatively, by coa-
escence with the adjoining drops. Thus, depending on the length
cale of the substrate and the time scales of direct growth and
rowth due to coalescence, there are various possibilities on an
nclined substrate. These include the following:

�i� Slide-off criticality is achieved, and during the entire slide-
off on the substrate, fall-off criticality is not achieved.

�ii� Slide-off criticality is achieved, and during the slide-off on
the substrate, fall-off criticality is also achieved before the
droplet traverses the complete substrate length scale.

Both these possibilities have been incorporated in the math-
ematical model.

During slide-off, the body forces accelerate the droplets, and in
he process many droplets on the path are swept away. The accel-
ration of the droplet is calculated by computing force compo-
ents. Those parallel to the substrate are

�i�
�ii� force due to shear at the wall, Fs
�iii� retention force due to surface tension, Fr�

A linear velocity distribution is assumed inside the moving
drop, and the maximum velocity is taken to appear at its center of
mass �33,34,44,45�, which is at a distance of L from the substrate.
The velocity gradient and shear stress are thus calculated as

du

dy
=

U

L
�24�


 = �l
du

dy
= �l

U

L
�25�

The viscous force on the droplet is calculated as

Fs = 
 · � · rb
2 �26�

From these forces, the acceleration and velocity of the droplet are
calculated as

a =
Fg� − Fs − Fr� �27�
m
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Ucurr = Uprev + a · dt �28�
Finally, closure is obtained by externally supplying the wetta-

ility characteristics of the substrate, i.e., its average contact angle
or a horizontal substrate and the advancing-receding angles for
he inclined substrate, both from experimental data. Using these
quations, the entire dropwise condensation process is simulated
nderneath an inclined substrate from initial nucleation to a dy-
amic quasi-steady state.

3.3 Model Assumptions. The following are the main assump-
ions considered during the development of the mathematical

odel.

1. Nucleation sites are randomly distributed on the surface. The
initial nucleation site density of 109 m−2 is assumed �12�.

2. The thermodynamically constrained smallest radius is taken
as the minimum radius in the simulation. Initially, the sub-
strate is virgin, and all nucleation sites are instantaneously
occupied by the droplet of minimum radius.

ig. 4 „a… The cycle of major physical processes observed in
he pendant mode of dropwise condensation on a horizontal
ubstrate. „b… Qualitative comparison of experimental images
f dropwise condensation on silanated glass substrate of area
5Ã25 mm2

„coated with octyl-decyl-tri-chloro-silane,
18H37C13Si… with corresponding images generated by simula-

ion. The hazy patch seen in the top-left section of the last ex-
erimental image is due to the fact that the droplet has fallen
n the viewing glass „view A… through which images are being
ecorded.
3. Prior to reaching the critical volume for fall-off or slide-off,
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all drops are located at the weighted center of mass of the
coalescing droplets.

4. Heat transfer resistance arises due to the liquid-vapor inter-
face, curvature, and conduction, driven by subcooling of the
substrate. Constriction resistance and convective transport of
heat inside the drop are neglected.

5. The accommodation coefficient is taken to be 0.02 for water
and 0.21 for sodium �3�. Although literature suggests that the
accommodation coefficient is also a function of temperature,
we have not changed its value in the simulations.

6. Droplet coalescence is assumed to be instantaneous and
smooth �refer to footnote 4�; inertia effects and change in the
shape of the droplet due to acceleration are neglected.

7. An equivalent spherical cap approximation has been incor-
porated to model droplet shapes.

8. The dynamic variation in contact angle is neglected. For a
particular surface-liquid combination, its value is taken to be
constant and prescribed.

9. Partial fall-off of droplets is neglected; complete volume of
the critical drop is removed.

10. The entire substrate is assumed to be at constant tempera-
ture; any local variation due to drop dynamics is neglected.

4 Results and Discussion
Dropwise condensation of distilled and de-ionized water, under-

neath a horizontal substrate and an inclined substrate having an
angle of inclination of 15 deg, has been carried out on a glass
substrate, which is coated by octyl-decyl-tri-chloro-silane
�C18H37C13Si�. The saturation temperature is maintained at 27°C
in all experiments with a cold substrate always maintained at
22°C. The static contact angle of water underneath the chemically
textured substrate was measured to be 96�0.5 deg for the droplet
volume range of 50–100 �l. The experimental process is simu-
lated by the mathematical model for both horizontal and inclined
arrangements of the substrate, subject to features, assumptions,
and limitations outlined in Sec. 3.3. Section 4.1 first reports the
experimental observations of dropwise condensation on chemi-
cally textured horizontal and inclined surfaces. The data are com-
pared against the simulation model presented in Sec. 3. After vali-
dation, simulations are performed for the range of parameters not

Fig. 5 Sequence of two images observed during experiment
and corresponding simulation, showing coalescence of three
droplets a, b, and c, resulting in the formation of a composite
drop d
covered in the experiments. Here, the effect of the static contact
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ngle, thermophysical properties of the working fluid, physico-
hemical properties of the substrate, and the angle of inclination
f the substrate are considered.

4.1 Experimental Observations and Comparison With
imulation. The experimental results and the corresponding nu-
erical simulation of condensation of water at saturation tempera-

ure of 27°C ��Tsat=5°C� are compared both on qualitative and
uantitative terms. Major results are summarized in Figs. 4–11.
igure 4�a� schematically depicts the major observable processes
f dropwise condensation underneath a horizontal substrate. These
re nucleation, growth, coalescence, and fall-off of droplets. Fig-
re 4�b� visually and qualitatively highlights these processes, as
bserved experimentally �view A in Fig. 1�b�� and captured in the
omputer simulation. The statistical nature of the overall process,
ith multiple generations of droplets in different stages of their

espective growth phase and present simultaneously on the sub-
trate, is clearly visible. Contrary to the perfect circular footprints
f the droplet bases assumed in the simulation, local phenomena
uch as pinning of the contact line �10�, capillary waves, contact
ine inertia during droplet merging, and the dynamics of the
iquid-vapor interface cause deviations that are observable in the
xperiments. Specifically, droplet pinning and the noncircular
ase of the footprint can be clearly seen in the experimental im-
ges. Thus, the mathematical model can be further refined to
over local disturbances. However, major phenomena related to
ropwise condensation underneath horizontal substrates are well
imulated by the model.

Figure 5 depicts coalescence of three drops �marked as a, b, and

Fig. 6 Visual and statistical comparison of exp
patterns and the corresponding histograms of dr
� as observed during the experiment and as revealed in the simu-
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lation. In the simulation, the center of the new resulting drop
�after coalescence, i.e., drop d� is determined by a mass weighted
average of centroids of constituent droplets before coalescence
�i.e., droplets a, b, and c�. The assumption that the coalesced vol-
ume takes up the weighted center of mass of the original droplets
is vindicated by this representative comparison. The merger re-
sults in the exposure of virgin areas around the drop where re-
nucleation of the new generation droplets will commence. Droplet
mergers bring about near instantaneous changes in the total area
coverage as well as the drop size distribution. A closer look at the
edges of the droplets during experiments, especially the larger
droplets, also reveals that the shapes of their bases are not exactly
circular, showing local pinning phenomenon of the contact line at
certain locations �e.g., see drop d in the experimental image�. As
droplets merge, experimental images show that it takes a certain
finite time �of the order of 0.1–300 ms, depending on the respec-
tive sizes of the coalescing droplets� for the surface and body
forces to redistribute the fluid in the coalesced drop and come to
the state of minimum possible energy level; the new contact line
shrinks and tends to be as circular as possible in a finite relaxation
time; local pinning can distort its circularity.

Figure 6 shows the spatial drop size distributions underneath
the horizontal substrate at 15 min and 30 min, respectively, after
the commencement of the condensation process. No fall-off has
yet taken place. The strong temporal variation in size distribution
of droplets is clearly visible. As can be seen, after a 15 min time
interval, the distribution shows moderately sized droplets with the
maximum diameter of about �2.0 mm. As time progresses, drop-

imental and simulated spatial drop distribution
let frequency at the dynamic steady state
er
op
lets merge, exposing virgin areas; an increase in the number den-
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ity of very small droplets �below �0.5 mm� is clearly visible at
0 min. In addition, the number density of larger droplets �greater
han �2.0 mm has increased substantially�. The simulated histo-
rams are denser than the experimental counterpart due to the loss

ig. 7 „a… Drop size distribution from experiments and simula-
ion at a time of 10 min after the commencement of dropwise
ondensation. „b… Time-wise variation in the area coverage of
roplets over the substrate.

ig. 8 Comparison of experiments and corresponding simula-
ion for the complete sequence of dropwise condensation pro-
ess, from the appearance of drops of minimum radius to the
rops of critical radius underneath a horizontal silanated glass

2
ubstrate of 25Ã10 mm area
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of information in experimental data during image processing of
droplets below about 0.1 mm. For the same reason, the experi-
mental and simulation histograms of the 15 min data are more
dissimilar than those at 30 min. Initially, as condensation com-
mences, the number of smaller sized droplets is quite large. At
later times, droplets of higher diameter are greater in number, as
noted earlier, and are captured well by the digital camera. In the
latter part of the process, the growth is chiefly dominated by coa-
lescence, and the number density distribution shifts toward larger
sized drops.

Figure 7�a� compares the experimental and simulated droplet
frequencies plotted as a function of the drop radius 10 min after
the commencement of the condensation process. The experimental
fall-off time for the first drop was approximately 58–62 min,
while the simulation predicted a number in the range of 48–54
min. It is clear that drops whose radius is less than �0.1 mm
have not been recorded by the camera. The corresponding range
of drop sizes that could be included in the simulation is
10−3–1.0 mm. Although the order of magnitude of rmin �at time
t=0� is �10−4 mm, nearly all the original drops have since grown
to the order of 10−3 mm at 10 min, mostly by direct condensation
growth. Droplet coalescence has not yet started, as can be clearly
seen in Fig. 7�b�, where the temporal change in area coverage of
drops is presented. Initially, there is a rapid increase in the cover-
age, and later, it approaches a dynamic quasi-steady state. Two
distinct zones clearly seen in the experimental and simulation data
are �i� growth due to direct condensation in the initial period and
�ii� growth due to coalescence. Large local fluctuations in area
coverage represent time instants when drops either coalesce to
form larger drops or a large drop fall-off/slide-off. The fact that
smaller drops could not be accounted due to imaging limitations
explains the higher values of coverage area in simulation �73.1%�
compared with experimental data �64.5%�.

Figure 8 shows the complete sequence of experimental and
simulated drop distributions, from the appearance of drops of
minimum radius to the formation of drops of critical radius, un-
derneath a horizontal substrate of 25�10 mm2 area. The first
image is at a time instant of 1 min, and thereafter the images are
at 4 min intervals. The last image is presented at 59 min for the
experiment and 50 min for the simulation. For this experiment, the
first fall-off occurred at 58.5 min, while in the corresponding
simulation, the first instance of fall-off was observed at 48 min
and 10 s. This discrepancy may arise due to the following factors:
�a� Noncondensable gases in the experimental chamber can dete-
riorate the heat transfer coefficient and delay the drop growth rate.
�b� The local effects of pinning and contact line dynamics lead to
higher frictional stresses, which enhance surface forces and delay
fall-off. The comparisons shown in Fig. 8 for a horizontal sub-
strate, however, show that the simulator satisfactorily captures the
major processes of dropwise condensation, both from qualitative
and quantitative standpoints.

4.1.1 Inclined Substrate. Various attributes of dropwise con-
densation of water at a saturation temperature of 27°C ��Tsat

=5°C� underneath an inclined substrate �15 deg from horizontal;
�adv=111 deg, �rcd=81 deg�, recorded in experiments and ob-
served in numerical simulation, are shown in Figs. 9–11.

Major physical processes observed on an inclined substrate are
similar to those of the horizontal substrate, except that the simple
fall-off mechanism is replaced by a more complex combination of
slide-off and fall-off. On an inclined substrate, a critically sized
sliding droplet, while sweeping other droplets on its path, may
either �i� reach the end of the substrate without falling off or �ii�
acquire enough mass to be pulled in the downward direction, thus
falling off from the substrate before actually reaching the edge of
the substrate. The scenario realized will depend on the rate of
growth of the drop, coalescence, and the length of the substrate
itself. The other physical processes of nucleation, direct conden-

sation growth, coalescence, and merger dynamics are quite similar
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o those of the horizontal substrate. The fact that the gravity vector
ow acts at an angle to the growing droplets leads to unsymmetri-
al drop deformation. The contact angle hysteresis plays a role in
he static force balance, as explained in Sec. 3.

Figure 9 depicts the experimental images and histograms of
roplet frequency along with the corresponding simulation data
or the hydrophobic surface of 15 deg inclination. The critical
tage of slide-off is also pictorially compared; a discrepancy in the
ctual time of slide-off in experiments as opposed to simulation is
gain observed. Soon after slide-off, virgin areas are created,
ucleation sites are exposed, and renucleation commences, as
hown in Fig. 9�c�. Moreover, repeated removal of drops leads to
he time averaged area of coverage being smaller for the inclined
ubstrate when compared with the horizontal. At the instant of the
rst slide-off, the area coverage is 58.8% in simulation and 49.5%
rom experiments. The discrepancy is again primarily attributed to
he loss of data pertaining to small sized droplets during experi-

ental observations.
Figures 10 and 11 show the complete temporal sequence of

vents on the inclined substrate. Unlike a horizontal substrate, the
rop dynamics on an inclined substrate is unique because the criti-
ality of droplet motion and the series of events soon thereafter
sweeping and/or fall-off� happen extremely quickly leading to a

Fig. 9 Size distribution of drops c
deg… silanated glass substrate of si
ments and in the simulation: „a… at ti
dropwise condensation, „b… at critic
complete sweeping action is comple
udden reduction in area coverage. It is clear from the histograms
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of Fig. 9 that the drop slide-off underneath the inclined substrate
occurs earlier than the corresponding time instant of fall-off un-
derneath a horizontal substrate. Figure 11 depicts the complex
sequence of slide-off, rapidly followed by sweeping, fall-off, and
renucleation. After the first instance of slide-off, it is interesting to
note that the subsequent slide-offs and sweeping actions occur at a
greater frequency. The mathematical model satisfactorily captures
these processes.

4.2 Parametric Study. The effect of the static contact angle,
namely, the wettability and substrate inclination, and the effect of
the thermophysical properties of the working fluid on dropwise
condensation patterns are parametrically explored in the present
section at a condensation temperature of 30°C and a cold sub-
strate temperature of 25°C. The mathematical model of Sec. 3 is
used for data generation. During simulation, the nucleation site
density has again been taken as 109 m−2.

The effect of the wettability of the condensing liquid on the
substrate is explored in Fig. 12�a�, where the spatial drop distri-
bution underneath a horizontal chemically textured substrate of
20�20 mm2 area, just before fall-off, is pictorially depicted. A
reduction in wettability increases the contact angle and leads to a
smaller base circle of the drop and, therefore, smaller surface

ensing underneath an inclined „15
25Ã25 mm2 as recorded in experi-
=2 min from the commencement of
tate of slide-off, and „c… just after a
by a sliding drop
ond
ze
me
al s
forces holding the drop. Thus, two effects are clearly visible. �i�
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he droplet volume at the time of fall-off is smaller. The area
overage of the drops, seen in Fig. 12�b�, is smaller as well. The
uasi-steady state area coverage varies with contact angle from
3.3% for 90 deg, 67.1% for 105 deg, and 52.4% for 120 deg. �ii�
ith increasing contact angle, the drops achieve fall-off criticality

arlier in the cycle, as shown in Fig. 12�c�. All other conditions
emaining unchanged, the fall-off time for a pendant drop is seen

ig. 10 Various temporal stages of droplet condensation on
he inclined substrate „15 deg… recorded during experiments
nd simulation. The commencement of sliding and sweeping
ctions of the drop as it gathers mass during transit and re-
ucleation of the virgin exposed surface, when the sweeping
ction is complete, are clearly seen.

Fig. 12 Effect of wettability: „a… Sim
before fall-off of a drop underneath
area for contact angles of 90 deg, 10
tion in coverage area of drops. „c… F

the contact angle „for all cases working
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Fig. 11 Sequence of images from experiments as well as
simulation showing drop slide-off and the subsequent sweep-
ing action on a 15 deg inclined 25Ã25 mm2 substrate. A dy-
namic steady state in the process has been achieved. Once
slide-off commences, the drop quickly gathers mass during the
sweeping action and subsequently falls off.
ulated spatial droplet distribution just
a horizontal substrate of 20Ã20 mm2

5 deg, and 120 deg. „b… Temporal varia-
all-off time of the drop as a function of
fluid: water; Tsat=30°C, �Tsat=5°C….

FEBRUARY 2011, Vol. 133 / 021501-11

license or copyright; see http://www.asme.org/terms/Terms_Use.cfm










