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Nomenclature

Surface area (mz); suffixes sl for solid-liquid, v for liquid vapor,

cd for substrate average
Specific heat at constant pressure (W/kg K)

Base diameter of drop (m)
Diffusion coefficient of adatoms

Scaling function for the island size distribution

Degree of roughness of substrate
Force (N); suffix o for surface tension and g for gravity;
Also, mass flux of monomers in the atomistic model

Acceleration due to gravity (m/s?)

Latent heat of vaporization (J/kg)
Heat transfer coefficient (W/m? K)

Unit vectors in x, y, and z directions

Average velocity of vapor molecules (m/s)
Thermal conductivity of condensate (W/m K)

Distance between two nucleation sites i and j (m)

Mass of droplet (kg); also, mass of a vapor phase particle; Am is the

incremental mass condensed over a time step At
Mass flux (kg/m2 s)

Maximum size of unstable clusters

Molecular weight of the condensing liquid (kg/kmol)

Number density of monomers (monomers/m?)
Number of atoms/molecules in a drop of minimum radius



Xii

n;

(Tsat - Tw)

Nomenclature

Number density of critical clusters (i refers to that cluster size

which does not decay but may change due to growth by the

addition of clusters) (m_z)

Number density of clusters containing j atoms/molecules (m~2)

Number of clusters of size s at coverage 9

Number density of stable clusters (n, = > n; for all j > i) (mfz)
j

Number of nucleation sites (cmfz); N for a textured surface
Avogadro number

Pressure (N/m?); v for vapor and 1 for liquid; sat for saturation

Average heat flux (W/m?)
Surface heat transfer rate (W)

Radius of drop (m); suffix b is for base radius

Radius of thermodynamically smallest drop (m)

Capillary length, \/o/g(p; — py) (m)

Size of the drop at instability due to fall-off (m)

Size of the drop at instability due to slide-off (m)

Specific gas constant (J/kmol K); R is the universal gas constant

Average island size; s = 1,2, 3, ...

Time, time step (s)

Temperature (K); 1, v, and w are for liquid, vapor, and wall; sat for
saturation

Temperature difference between the saturated vapor and
condensing wall (K)

Velocity component in x, y, and z directions (m/s)
Relative velocity between the wall and the drop (m/s); also terminal
velocity

Volume of the drop (m3); ¢, i, and j are for the centroid and locations
iandj

Cartesian coordinates
Characteristic distance for a graded surface

Fraction of surface covered by a stable cluster

Nondimensional Parameters

C_f Local skin friction coefficient (er/pUz)
Ct Average skin friction coefficient (27, /pU?)
Ja Jakob number, (Cp/hyy ), (Tea — Tw)



Nomenclature Xiii

Nu Nusselt number (Arcap/k)
(Nu)y Local Nusselt number (hsqdy /k)

Nugg Average Nusselt number (hy dy/k)
Pr Prandtl number (uC,/k)
Re Reynolds number (pUdy/pt)

Dimensionless Quantities

pl(spU?) Dimensionless pressure

(T —Ty)/AT Dimensionless temperature

u/U Dimensionless velocity in x direction
v/U Dimensionless velocity in y direction
w/U Dimensionless velocity in z direction

Greek Symbols

a Inclination angle of the substrate from horizontal (deg or rad)
a Thermal diffusivity (m?/s)

Volumetric expansion coefficient (Kil)

Thickness of promoter layer (m)

p
é
0; Decay constant of a cluster with j particles, s
r
7
p

Progress velocity in the vapor phase
Dynamic viscosity (Pa s)

Density (kg/m®); suffix 1 for liquid and v for vapor

c Surface tension (N/m); suffix lv, sv, and Is are the solid (s), liquid (1), and
vapor (v) interfaces

o Accommodation coefficient

o1 Capture rate of monomers by formation of dimers

o; Capture number of clusters containing j atoms

Tw,Tw  Local and average wall shear stress (N/mz)

0 Contact angle (rad or °); subscript * refer to rough surfaces, w and c to
Wenzel and Cassie states; adv and rcd to advancing and receding angles,
respectively

3 Azimuthal angle (° or rad)






Abstract

Dropwise condensation is a heterogeneous phase-change process in which vapor
condenses in the form of discrete liquid drops on or underneath a cold substrate. The
heat transfer coefficient of dropwise condensation can be up to an order higher than
film condensation and mixed-mode condensation, particularly with low-conductivity
liquids. Therefore, it is of considerable interest in applications such as thermal power
plants and condensing equipment. It is also of interest in the material enrichment of
large molecular weight liquids. Dropwise condensation is complex process, involv-
ing drop formation at the atomic scale, growth of drops by direct condensation,
coalescence of drops, drop instability and movement, followed by fresh nucleation.
Hence, the dropwise condensation process is hierarchical in the sense that it occurs in
a wide range of length and timescales. In addition, it depends on the thermophysical
properties of the condensing fluid, physicochemical and thermal properties of the
cold substrate, orientation of the cold substrate, surface texture, degree of
subcooling, thermodynamic saturation conditions, and presence of noncondensable
gases. As the driving temperature difference for the process is very small, experi-
mental measurement of heat transfer coefficient in dropwise condensation is a
challenging task. Against this background, a mathematical model of dropwise
condensation process underneath an inclined surface is presented in this monograph.
The model includes formation of drops at the atomic scale, growth by direct
condensation, coalescence, gravitational instability including slide-off and fall-off,
followed by fresh nucleation of liquid droplets. The stability criterion is developed as
a force balance equation at the level of a drop. Transport parameters of a sliding drop
are determined using a CFD model and presented in the form of correlations.
Performing the simulation of the complete cycle of dropwise condensation, the
spatiotemporal distribution of drops is obtained. Consequently, quantities such as
instantaneous condensation pattern, area of coverage, wall friction, and heat transfer
rates, as well as important time- and area-averaged wall heat fluxes are determined.
The simulated condensation patterns are compared against experimentally recorded
images. The model is also validated against wall heat fluxes reported in the literature.
While applicable for a wide range of fluids such as water and liquid metals, the
model is seen to be sensitive to surface texture, inclination, and saturation conditions.

XV



Chapter 1
Introduction

Keywords Classification « Hydrophobic surface * Drop formation « Condensation
cycle « Wettability « Contact angle » Hysteresis

1.1 Classification

Condensation involves change of phase from the vapor state to the liquid. It is
associated with mass transfer, during which vapor migrates towards the
liquid—vapor interface and is converted into liquid. Transport is driven by a pressure
reduction that occurs at the phase boundary. Condensation process is initiated by a
temperature difference, called subcooling, between the bulk vapor and the solid
surface. Subsequently, energy in the form of the latent heat must be removed from
the interfacial region either by conduction or convection. Apart from natural
phenomena, condensation is an essential part of energy conversion, water
harvesting, and thermal management systems. Improvement in heat and mass
transfer during the phase-change process, therefore, can have beneficial effects.
Classification of the condensation process and the corresponding pictorial view
of possible condensation patterns are depicted in Figs. 1.1 and 1.2, respectively.
Homogeneous condensation occurs in free space in the absence of any foreign
material. It takes place stochastically as result of fluctuations in the vapor
molecules. Such a process is only occasionally seen and barely plays an important
role in heat transfer devices. As an example, Fig. 1.2a shows satturated steam
flowing in a pipe, where sudden expansion creates a favorable condition for the
condensation of vapor. Heterogeneous condensation occurs when vapor condenses
on or underneath the surface of any other material (either liquid or solid) or on
spatially distributed nuclei, Fig. 1.2b—e. According to the type of condensing
surface, heterogeneous condensation is divided into volume condensation and
surface condensation. An example of volume condensation is formation of clouds,
mist, or fog. Surface condensation takes place on or underneath a subcooled surface
that is exposed to vapor. The resulting heat transfer coefficient is orders of

S. Khandekar and K. Muralidhar, Dropwise Condensation on Inclined 1
Textured Surfaces, SpringerBriefs in Applied Sciences and Technology 11,
DOI 10.1007/978-1-4614-8447-9_1, © Springer Science+Business Media New York 2014
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Condensation

Homogeneous Heterogeneous
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Fig. 1.1 Classification of condensation phenomena
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Fig. 1.2 Pictorial views of various types of condensation: (a) homogeneous condensation of
steam due to pressure drop in a steam nozzle, (b) heterogeneous volume condensation, (c¢)
heterogeneous condensation on liquid surface, (d) Filmwise condensation, and (e) dropwise
condensation on a vertical cold substrate. (f) Comparison of dropwise and filmwise condensation
heat transfer data for steam at atmospheric pressure
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magnitude greater than the single-phase convective paradigm. Hence, it plays an
important role in many heat transfer devices.

The phase-change process may result in either (1) the formation of a continuous
film on the cold substrate (filmwise condensation) or (2) the formation of a droplet
ensemble (dropwise condensation). There can be a mixed mode as well, having
fuzzy overlapping characteristics of drops and a liquid film. The condensation form
that is realized depends on the wettability of the surface, related to the free energy
of the condensing wall and the surface tension of the condensate. Filmwise con-
densation occurs when the liquid wets the substrate while dropwise condensation
takes place when the liquid does not have high affinity for the substrate. These
processes are of interest from an engineering point of view as condensation occurs
often in industrial equipment.

1.2 Filmwise Condensation

Filmwise condensation is preferred when the liquid wets the condenser surface,
resulting in the complete coverage of the surface by a liquid film. It is commonly
observed in various phase change heat transfer devices. The film is removed from
the surface under the action of the gravity, acceleration, or other body forces and
shear stresses due to vapor flow. The film renders a high thermal resistance to heat
transfer and therefore, a relatively large temperature gradient prevails across it.

1.3 Dropwise Condensation

Vapor-to-liquid phase-change process in the form of discrete drops on or under-
neath a cold substrate is called dropwise condensation. It is realized when the
condensate does not wet the substrate except at locations where well-wetted con-
taminant nuclei exist, Fig. 1.2e. The heat transfer coefficient during this process is
an order of magnitude larger than for filmwise condensation, Fig. 1.2f. This makes
dropwise condensation a very attractive mechanism for industrial applications.
Dropwise condensation begins with drop formation at preferred nucleation sites
at the atomic scale. These droplets grow by direct condensation, up to a size of the
order of the distance between neighboring nucleation sites. Beyond this point,
coalescence among neighboring drops takes place and subsequent growth of
drops occurs by the combination of direct condensation and coalescence. When a
drop reaches a size, at which the body forces exceed surface tension holding it to the
solid surface, the drop departs and sweeps the surface clear, permitting new
nucleation sites to become available. Hence, coalescence and sliding droplets
reexpose substrate area to provide a continuous source of nucleation sites. Overall,
dropwise condensation is a quasi-cyclic process, as represented in Fig. 1.3. Several
subprocesses of distinct length and timescales interact in space and time to form
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formation of
initial droplets

growth due
to direct
condensation

Fig. 1.3 Cycle of processes in dropwise condensation of vapor over an inclined cold substrate

a closed cycle of events. Various researchers (Mikic 1969; Griffith 1985; Tanasawa
1991; Rose 2002; Carey 2008) have confirmed that dropwise condensation is a
complex phenomenon involving an interplay of several factors—from molecular
level forces at the three-phase contact line of the droplets to the body forces acting
on the condensing liquid droplets.

Schmidt et al. (1930) reported a high heat transfer coefficient for dropwise
condensation. Ever since, it has been of considerable interest to many researchers
because of it being a facile method of enhancing the efficiency of power generation
units, thermal management systems, and water desalination systems. Special
surfaces are required with strong dewetting characteristics (Carey 2008). In recent
years, many research groups (Chen et al. 2009; Baojin et al. 2011; Ucar and Erbil
2012; Feng et al. 2012) have tried to create hydrophobic substrates by techniques
such as advanced machining, nanotechnology, and thin films.

1.4 Understanding Dropwise Condensation

Industrial applications of dropwise condensation have not been very successful.
This is because of the intricacies faced in controllability and long-term
sustainability of the process on textured substrates. Its dependence on a large
number of parameters such as nucleation site density, hydrophobicity, thickness
of promoter layer, substrate orientation, degree of subcooling, and environmental
conditions adds to the difficulty in modeling. In addition, many issues are unre-
solved. These include drop formation at the atomic scale, hierarchical phenomena,
growth and coalescence mechanisms, contact angle hysteresis, dynamics of the
three-phase contact line, instability of drops, and leaching.
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Small changes in the surface morphology on a micro/nanoscale lead to changes
in the droplet distribution, thereby affecting drop mobility. The overall temperature
difference is small making measurement of heat transfer coefficient quite difficult.
In addition, the statistical nature of droplet distribution in the ensemble contributes
to the intricacy of analysis and interpretation. Reported heat transfer data of
dropwise condensation invariably shows large scatter.

Dropwise condensation can be sustained only if the integrity of the condensing
surface is maintained over long periods of time. In practice, condensing surface
features are altered during growth, coalescence, and slide-off of the drops. Sustain-
ing dropwise condensation for long time periods on engineered surfaces is a major
challenge. Issues that require attention can be summarized as follows:

1. Longtime sustainability: The foremost is devising reliable means of promoting a
cyclic dropwise condensation process. The ideal substrate has low thermal
resistance, high durability, and low surface energy. With the advent of nano-
technology, breakthroughs in thin film coating, physical and chemical texturing,
and availability of superior experimental techniques, definite possibilities arise
for sustaining dropwise condensation over a longer duration.

2. Heat transfer measurement: Experimental heat transfer investigations report
widely scattered data because of inconsistency and difficulty in measurement
of very low temperature differences.

3. Substrate thermal conductivity: The effect of thermal conductivity of the sub-
strate on heat transfer during dropwise condensation is in controversy.

4. Mechanism of dropwise condensation: The interrelationship among the hierar-
chy of processes from the atomic scale to the drop is not addressed. A few
fundamental questions remain unanswered. What part of the surface forms
nucleation sites? What is the relation between the surface morphology and
nucleation site density? How are drops distributed on or underneath the sub-
strate? Is the equation determining minimum drop radius correct? How are
critical sizes of drop at slide-off and fall-off calculated? Details of coalescence
are unaddressed. Role of pressure and temperature fluctuations on leaching
needs to be understood. Effects of substrate orientation, hydrophobicity, and
surface energy gradient on heat transfer rates are of importance.

5. Controllability: Dropwise condensation depends on thermophysical properties
of the condensing fluid, physicochemical properties of the cold substrate, its
orientation, surface energy profile, subcooling, and saturation pressure. Thus,
close control of dropwise condensation is difficult and one needs clarity in
understanding the importance of parameters on various length and timescales.

6. Multiscale phenomenon: The overall mechanism of formation of a droplet on a
textured surface involves varied length scales, from atomistic orders at early
stage of nucleation, to scales affected by the body forces, while surface tension is
important at intermediate scales. Thus, dropwise condensation can be under-
stood only when a multiscale modeling approach is adopted.
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1.5 Intermediate Steps in Dropwise Condensation

Dropwise condensation begins at an atomistic level in which vapor atoms impinge
on the cold substrate. These individual atoms will form stable clusters which lead to
microscopic droplets at a specific location on a surface. These grow by direct
condensation of the vapor and by coalescence between droplets, until a certain
size is reached. Drops then leave the surface by the action of body forces and vapor
shear and reexpose the substrate area. Fresh nucleation occurs at the reexposed area
and the complete condensation cycle begins at the atomic level once again. The
atomistic model captures the initial stage of condensation, which leads to a stable
cluster. Once a cluster is formed, bulk thermophysical properties of the liquid and
physicochemical properties of substrate become relevant and start influencing
growth. Dropwise condensation can be sustained if the condensate does not wet
the cold surface. Figure 1.4 shows the schematic diagram of various types of
solid—liquid drop interaction on a planar surface. Wetting characteristics can be
established by the measurement of the apparent contact angle 6, specific to the
choice of the liquid and the surface material (DeGennes 1985). It is defined as the
angle between the tangents drawn at the liquid—vapor interface and the liquid—solid
interface. The wettability of a surface by a liquid is a consequence of a combination
of complex processes. Some of these originate at the microscale and can be
understood in terms of surface chemistry and long-range van der Waals forces.
Certain factors are purely statistical and may vary from sample to sample. These
include wetting transitions and the pinning of the contact line. Fluid motion inside
the droplet commences when it starts moving due to a force imbalance. The shape
of the droplet will then depend on the principles of fluid dynamics as well. As a first
step, the solid—liquid interaction in a drop may be characterized uniquely by the
apparent contact angle ¢ and determined by measurements when the drop is in
mechanical equilibrium. Liquid is said to wet a solid surface completely if it
spreads over a considerable distance with a limiting value of 8 = 0°, Fig. 1.4a. If
it retains a full spherical drop on contact with a solid surface, it is said to be fully
nonwetting with contact angle § = 180°, Fig. 1.4c. In between the wetting and
nonwetting regimes, there can be a situation when a liquid has a contact angle
0 < 8 < 180°. This situation is known as partial wetting and the liquid has a finite

OSSO OO

Fig. 1.4 Schematic representation of surface—drop interaction on a planar surface at the contin-
uum scale. (a) Complete wetting (6 = 0), (b) partial wetting (0 < 8 < 180°), and (c¢) nonwetting
(6 = 180°)
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liquid—solid interface, as shown in Fig. 1.4b. In the real engineering context, most
systems involning solids and liquids are invariably between the wetting and the
nonwetting limits.

The contact angle contains details of the interactions at various interfaces
including solid-liquid, liquid—gas, solid—gas and solid—liquid—gas. The adoption
of the apparent contact angle simplifies analysis and helps understand the behavior
of drops from a mechanics perspective. For a given liquid, a wide variety of
substrates, natural and engineered, will produce a range of contact angles. These
are classified as hydrophilic (0° < 8 < 90°), hydrophobic (90° < 8 < 140°) and
superhydrophobic (140° < 8 < 180°) (Berthier 2008).

Several important phenomena in condensation rely on partial wetting of the
solid substrate by the condensing liquid. Surface heterogeneities on the condensing
substrate—chemical and topographical—have profound effect on the apparent
contact angle and give rise to contact angle hysteresis and local pinning of the
three-phase contact line. Based on the knowledge of contact angle, the behavior
of a liquid drop on, or underneath a solid surface, is obtained. As the contact
angle influences the equilibrium shape of the drop and hence its curvature, it can
be related to interfacial tension and the surface energy distribution of the
solid substrate.

1.5.1 Measurement of Contact Angle

Three-phase contact lines are formed when materials in different phases, e.g., solid,
liquid, and gas (or vapor) intersect. Common examples are a liquid drop spreading
on a solid surface or a liquid meniscus in a capillary tube. In the presence of the
third phase (gas or vapor), a liquid spreading on a solid surface can reach two
distinct equilibrium states. These are the following: (a) partial wetting and
(b) complete wetting. The condition for static equilibrium of a triple contact line
involving an ideal solid (perfectly smooth and chemically homogeneous), liquid,
and a gas/vapor surrounding it is stated in the form of the classical Young’s
equation as

Oy C0S 0 = 05y — Oy (1.1)

Here, the symbol o, is the surface tension between phases a and b. Symbols s, 1,
and v in (1.1) stand for solid, liquid, and the gaseous phases respectively. The
symbol @ is the apparent contact angle at each point of the solid—liquid boundary.
Equation (1.1) holds for an ideally smooth solid surface with no chemical
heterogeneities. Real solid surfaces depart from an ideal behavior since they are
not perfectly smooth. In addition, their composition may also vary slightly with
location. Molecules, atoms, or ions of other chemical species may be adsorbed on
the surface. Effectively, the static contact angle turns out to be nonunique on real
surfaces and can only be experimentally determined.
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Fig. 1.5 Measurement of contact angle on a textured substrate. (a) Effect of roughness on contact
angle (Wenzel Law) for a hydrophilic substrate and hydrophobic substrate. (b) Effect of chemical
nonhomogeneity on local contact angle (Cassie-Baxter relation)

The experimentally observed contact angle depends on the way the surface is
prepared, Fig. 1.5. One of the first attempts on understanding the influence of
surface roughness on wetting is due to Wenzel (1936) who proposed the following
relationship for the apparent contact angle

cos@ =f-cosf (1.2)

Here, 6* is the apparent contact angle, f is the degree of roughness (with f = 1
for a smooth surface, f > 1 for a rough surface, and 6, the local apparent contact
angle). Equation (1.2) embodies two types of behavior for rough surfaces.
For hydrophilic behavior, we have 8* < 6 since f > 1, as shwon in Fig. 1.5a-i.
Likewise, for hydrophobic, we have 6* > 6, as depicted in Fig. 1.5a-ii. Many
researchers (Huh and Mason 1977; Leger and Joany 1977; DeGennes 1985) have
shown that a wetting experiment is extremely sensitive to heterogeneities of
the solid surface. Shibuichi et al. (1996) have shown that contact angle can be
tuned by varying solid roughness in the hydrophilic region (6 < 90°). Other groups
(Lenz and Lipowdky 1998; Li and Amirfazli 2007; Chen et al. 2007; Berthier 2008;
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Hsieh et al. 2008) have shown that the substrate roughness amplifies the hydrophilic
or hydrophobic character of contact.

Similar reasoning can be applied to a surface that is planar but chemically
heterogeneous. The contact angle on chemically homogeneous and nonhomoge-
neous surfaces is shown in Fig. 1.5b. Viewing a chemically heterogeneous surface,
as composed of distinct patches (such as A; and A,) of various species, the apparent
contact angle follows the relation

cos@ = A -cosf + A, - cosO; (1.3)

Equation (1.3) is called the Cassie-Baxter relation; 6* is the apparent contact
angle, €, and 0, are the local contact angles for surface patches 1 and 2 respectively,
A; and A, are the fractional areas occupied by surface patches 1 and 2, respectively.
Therefore, the apparent angle 6* (restricted to the interval [@;, 6,]) is given by an
average involving the cosines of the angles characteristic of each constituent specie.

This discussion clarifies why the three-phase contact line of a liquid drop resting
on a surface gets locally deformed: chemical and topographical heterogeneities
play an important role. Certain surfaces have roughness in the form of micro-pillars
creating a superhydrophobic substrate. Here, it has been observed that the drop can
sit on a textured (rough) surface in two distinct configurations, Fig. 1.6a-i. For the
Wenzel state, drop penetrates the pillars. For Cassie state, it does not contact the
actual surface and indeed, may stay on the top of the pillars, Fig. 1.6a-ii. In such
cases the contact angle is obtained as follows. For Wenzel state, (1.2) (Wenzel’s
law) applies as

cosfy, =f -cosf (1.4)

Here, 6,, is the apparent contact angle of the Wenzel state and fis the equivalent
roughness of the substrate. For the Cassie state, one can write Cassie’s law (1.3) as

cos@. =f-cos@+ (1 —f) cosby (L.5)

Here, 6. is the apparent contact angle of Cassie state of drop and 6, is the contact
angle with the layer of air, and fis the ratio of the contact surface (top of the pillars)
to the total horizontal surface. If the pillars are not too far from each other, the value
of 90 = .

1.5.2 Pinning of the Contact Line

In Fig. 1.6c¢, a sketch of the wetting behavior of a drop of liquid on a substrate with a
continuously varying topography and continuously varying wettability, is depicted.
Ondarcuhu (1995) and Lenz and Lipowdky (1998) showed the three-phase contact
line to be pinned at a surface defect and a sharp transition of wettability on the
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(i) Wenzel state (i) Cassie state

(i) varying substrate topgraphy (ii) varying susbtrate wettability

(i) varying substrate topgraphy (i) varying susbtrate wettability

Fig. 1.6 Effect of contact angle when droplet is sitting on a textured substrate. (a) Two possible
states of a drop sitting on a physically textured surface. (b) Effect of roughness and continuously
varying wettability of substrate on contact angle. (¢) Pinning due to sudden physical and chemical
discontinuity

substrate. Local chemical and geometrical defects locally modify the contact angle.
If the drop size is smaller than the length scale of the topography, Fig. 1.6c-i shows
that the drop shape is not affected by the topography. If the drop is larger than the
topographical features, the global shape of the drop will be affected by the defor-
mation of the three-phase contact line. Similarly, for a substrate with a gradient in
wettability (chemically nonhomogeneous surface), Fig. 1.6c-ii, the drop is
deformed due to the peripheral changes in the contact angle of the three-phase
contact line.

If the substrate has a sharp topography or wettability pattern, the situation is
different, Fig. 1.6c-i. At the discontinuities, Young’s Equation (1.1) becomes
ill-defined. As a result, the three-phase contact line becomes immobilized. This
effect is known as the pinning of the contact line. The pinning of an advancing
contact line towards a convex edge over the substrate with homogeneous wettabil-
ity is illustrated in Fig. 1.6c-ii. The contact angle at the boundary can have any
value in between the smaller angle 6~ on the hydrophilic part and the larger value
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0" on the hydrophobic part. As a consequence, the position of the contact line is
fixed to the line of discontinuity as long as the contact angle falls in the range of 6~ to
0". The contact angle now depends on the local wettability of the substrate and the
global shape of the liquid—vapor interface at equilibrium. Contact angles will change
further under dynamic conditions when, owing to fluid motion, a nonuniform
pressure field is created within the drop. Hence, the contact angle is not only
governed by the local wettability of the substrate but also depends on global shapes
of the liquid—vapor interface in equilibrium. The wettability pattern on or underneath
the substrate may act as an anchoring point for the contact line of a wetting liquid.

1.5.3 Capillary Length Scale

Surface tension, a negligible weak force in the macroscopic world, is dominant at
smaller scales. This is because the force due to surface tension decreases linearly
with size whereas weight scales down as the third power (Trimmer 1989). The
crossover occurs at around the capillary length. Well below this crossover, the force
due to surface tension is dominant and well above, the force of gravity is important.

To determine the capillary length, consider a liquid droplet underneath a sub-
strate. It hangs underneath the substrate due to surface tension. It is stable until it
grows large enough to be separated by the force due to gravity, i.e., its own weight.
The force due to surface tension is approximated as

Fy=ro (1.6)
The force due to the gravity is approximated as
F,~rpg (1.7)

The two forces are equal when the drop separates from the substrate. The critical
radius of drop, when it separates is obtained by balancing (1.6) and (1.7) and it
equals the capillary length

le=r.=1/0/pg (1.8)

Capillary length defines the length scale below which surface tension dominates
gravity. It is in the millimeter range for water. It depends on thermophysical
properties of the liquid—solid combination. Leach et al. (2006) and Leipertz
(2010) reported that small drops are locations of high heat transfer rates.
Heat transfer diminishes with increasing drop radius. The largest drop diameter
depends the interfacial forces at phase boundaries and body force, and hence,
capillary length. Therefore, heat transfer coefficient in dropwise condensation
crucially depends on capillary length or capillary radius.



12 1 Introduction

Fig. 1.7 (a) Basic a

definition of advancing gas solid T
(Hadv) and receding (ercd)

angles during immersion
and removal of a solid plane

in a liquid medium. (b) liquid ¢ 0 aqv liquid O rcq

Droplet angle on an inclined
plane with leading side
angle (f,.x) and rear side

angle (Omin .
gle (Buin) \ O SiNBpmax

center of mass

mg sina
mg cosa mg

1.5.4 Contact Angle Hysteresis

Partially immersing a thin solid sheet in a liquid and moving it slowly, Furmidge
(1962) reported the appearance of two distinct contact angles. These angles are
known as the advancing angle 0,4, and receding angle 6.4, depending on the
direction of motion of the plate, Fig. 1.7a. Arising from this experiment, a differ-
ence between the advancing and receding contact angles is known as contact angle
hysteresis. For an idealized solid surface that is perfectly smooth, clean, and
homogeneous in composition there would appear to be no reason for 8,4, and ;.4
to be different. However, such an idealized surface does not exist. Real condensing
surfaces are typically metallic and are never perfectly smooth, composition may
vary slightly with location, and molecules, atoms, or ions of other substances may
be adsorbed on surface. Contact angle hysteresis is acknowledged to be a conse-
quence of three factors: (1) surface inhomogeneity, (2) surface roughness, and
(3) impurities on the surface.

If a drop of liquid is placed underneath a horizontal surface, it achieves an
equilibrium shape and leaves the droplet with almost constant angle all around its
perimeter (ideal contact angle hysteresis is zero). If the surface is then turned
through angle a, the drop will deform to balance the gravity force parallel to
plate inclination and perpendicular to the substrate, Fig. 1.7b. The contact angle
reaches its maximum value for an advancing liquid edge of the drop and the
minimum value for a receding liquid edge of the drop. Many researchers (Brown
et al. 1980; Lawal and Brown 1982; Extrand and Kumagai 1995; ElSherbini and
Jacobi 2004a, b; Dimitrakopoulos and Higdon 1999) argued that the maximum and
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minimum contact angles on or underneath an inclined substrate are equivalent to
advancing and receding contact angles respectively. The static advancing and
receding contact angles can be easily observed from a tilted pendant droplet as
shown in Fig. 1.7b. In a dynamic context, the contact angle changes from static
values so that the advancing angle increases and receding angle decreases as a
function of the speed of the three-phase contact line. The literature on the interrela-
tion between the static and dynamic contact on or underneath an inclined substrate
is rather scarce.

Contact angle hysteresis plays an important role in the stability of a drop on or
underneath an inclined substrate. The difference between the top and bottom side
contact angle makes it possible for the droplet to adopt a shape that may support the
weight of the liquid against gravity. Hence, contact angle hysteresis offers resis-
tance against the motion of drop. Note in Fig. 1.7b that the interface radius of
curvature is smaller over the upper portion of the droplet and greatest near the base.
The resulting variation of the surface tension forces over the interface may serve to
balance the hydrostatic pressure difference across the interface, allowing the drop-
let to hold its position on the vertical wall against gravity.

Various investigators (Dussan 1979; Dussan and Chow 1983; Dussan 1985;
Briscoe and Galvin 1991a, b; Extrand and Kumagai 1995; Miwa et al. 2000;
Elsherbini and Jacobi 2006) have derived an expression relating the criticality of
drop sliding on or underneath an inclined plane in dropwise condensation, as a
function of hysteresis (0,qy — @rcq), as follows

sina= oy, - (R-K/m- g)(cosOq — cosbagy) (1.9)

In (1.9), a is the critical sliding angle, o}, the surface tension, m the mass of the
drop, and R and K are a length scale and shape constant for the contour of the drop,
respectively.

Oner and McCarthy (2000) made it clear that contact angle hysteresis can be a
qualitative indication of drop mobility. Yet, Krasovitski and Marmur (2005) and
Pierce et al. (2008) argued that advancing and receding contact angles are measured
on a level surface and should theoretically not be used in numerical predictions of
the sliding angles. Instead, they define the maximum and minimum contact angles
(O max and O,,;n), which are those that occur at the leading and trailing edges of a drop
profile on a surface inclined at the sliding angle, Fig. 1.7b. The modified form of
(1.9) is obtained as follows

sina = oy, - (R-K/m - g)(cos Omax — €OS Opmin) (1.10)

Theoretical and experimental evidence suggest that the relationship between
Omax and O,q, as well as O,,;, and 0,4 respectively, varies with the surface-liquid
combination. ElSherbini and Jacobi (2004a, b) reported empirical data that exhibits
Omax and O, approximately equal to 6,5, and 6,4 for all surface-water
combinations. Krasovitski and Marmur (2005) reported that the upper side contact
angle (6,,;,) tends to be approximately equal to the receding contact angle, while the
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lower side contact angle (0,,,x) may be much lower than the advancing contact
angle. Hence, there is some controversy on the value of the leading angle and trailing
angle of a deformed drop on an inclined substrate at criticality. This information is
quite important from the viewpoint of dropwise condensation and has attracted
attention. In the present monograph, the leading side angle (0,.x) is assumed
equal to the advancing angle (0,4,) of drop and trailing side angle (0,,;,) equal to
the receding angle (0,.q) at criticality for determining the size of drop at criticality.

Various researchers (Leach et al. 2006; Ma et al. 2008; Kim and Kim 2011;
Rykaczewski 2012) have reported that heat transfer rate increases with diminishing
contact angle hysteresis since criticality of drop slide-off/fall-off is inversely
proportional to it. Large hysteresis will provide adequate forces along and normal
to the wall and improve the stability of the drop. Conversely, the drop slide-off or
fall-off will occur early on a surface that has small hysteresis. The repeated sweep
and removal of drops from a surface result in fresh condensation and an overall
improvement in the heat transfer rate.

On a roughened hydrophobic substrate, a liquid drop can exhibit either the
Cassie state where the drop sits on the air-filled textures or the Wenzel state
where the drop wets cavities of the textures (see Fig. 1.6). The apparent contact
angle of a roughened hydrophobic surface is enhanced in both the Cassie and
Wenzel states; however, the Cassie state is the preferred superhydrophobic state
in which a drop has a much smaller contact angle hysteresis and therefore a higher
mobility. Till date, none of the reported condensation studies on engineered
superhydrophobic surfaces has exhibited a sustained Cassie state; instead, the
condensate drops partially or fully penetrates into the cavities over the course of
condensation (Ma et al. 2012).

1.5.5 Vapor Accommodation Coefficient

When condensation occurs, kinetic theory of gases suggests that the flux of vapor
molecules joining the liquid must exceed the flux of molecules escaping the liquid
phase. Accommodation coefficient, denoted as ¢ defines the fraction of the striking
vapor molecules that actually get condensed on the vapor—liquid interface. The
remaining fraction (1 — &) is due to reflection of vapor molecules that strike the
interface but do not condense. The accommodation coefficient indirectly measures
the interfacial resistance of the liquid—vapor interface to condensation. Higher the
accommodation coefficient, lower the interfacial resistance of the liquid—vapor
interface of the condensed drop. Quoted values of ¢ in literature widely vary.
Mills and Seban (1967) reported that the accommodation coefficient is less than
unity only when the interface is impure. For pure liquid—vapor interface, the value
reported in the literature is unity. Because extreme purity is unlikely in most
engineering systems, a value of less than unity can be expected. Sukhatme and
Rohsenow (1966) reported its values ranging from 0.37 to 0.61 for condensation of
metallic vapor. For liquid ethanol, methanol, alcohol, and water, the reported values
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Fig. 1.8 Variation of interfacial heat transfer coefficient with respect to the accommodation
coefficient for water vapor

of accommodation coefficient range from 0.02 to 0.04 (Carey 2008). On the other
hand, for benzene and carbon tetrachloride, reported values are closer to unity.
Mareka and Straub (2001) reported that accommodation coefficient decreases with
increasing temperature. The interfacial resistance may be particularly important in
the condensation of liquid metals.

The variation of interfacial heat transfer resistance per unit area (see Chap. 2), at
experimental conditions of 30 °C saturation temperature and 0.015 bar saturation
pressure for water vapor, are presented in Fig. 1.8. There is considerable variation
of the interface heat transfer coefficient of over an order of magnitude for small
values of the accommodation coefficient, 0.01 < 6 < 0.1. Beyond ¢ > 0.1 the
interface heat transfer coefficient does not change appreciably.

1.6 Closure

This chapter introduces briefly the classification and significance of various physi-
cal processes in dropwise condensation. The importance of wettability and contact
angle on the formation of drops is highlighted. The shape of the drop plays a central
role in fixing conduction resistance, the onset of instability with respect to static
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equilibrium, as well as its motion over the substrate. Once large drops move out of
the surface, fresh nucleation ensures that the condensation process is cyclic, with a
characteristic timescale, area coverage, and drop size distribution. Mathematical
modeling of the dropwise condensation process forms the topic of the following
chapters.



Chapter 2
Modeling Dropwise Condensation

Keywords Mathematical modeling * Nucleation ¢ Population balance « Minimum
radius « Growth by direct condensation ¢ Coalescence ¢ Instability « Condensation
cycle

2.1 Mechanism of Dropwise Condensation

and its Modeling

The large body of literature available on the subject suggests the following three
independent mechanisms of dropwise condensation (Leipertz 2010):

1.

The vapor condenses primarily between the droplets, i.e., the droplet-free area.
This condensate layer gets transported to the droplets in their vicinity by surface
diffusion. According to this model, the thin film between the droplets and the
free surface of the droplets contribute to overall heat transfer.

. While vapor condensation begins in a filmwise mode (filmwise condensation),

the film reaches a critical thickness and ruptures due to surface tension driven
instability forming droplets. It is postulated that major part of the heat transfer
takes place at this very thin condensate film, while the droplets mainly act as
liquid collectors. This model of the dropwise condensation process was pro-
posed by Jakob (1936). Song et al. (1991) have put forward a droplet and
condensate film mechanism for the formation of droplets during dropwise
condensation. These authors observed that a thin film of condensate exists on
open areas among the droplets and a film of condensate remains at the spots from
which the droplets have departed.

. Droplets are only formed at individual nucleation sites, while the area between the

droplets is regarded to be inactive with respect to condensation. In this model, heat
transfer occurs only through the droplets and is primarily limited by their heat
conduction resistance. This model was first proposed by Eucken (1937). Majority
of the studies support this mechanism, in which the condensate is in the form of
discrete drops located at the nucleation sites on or underneath a lyophobic substrate.

S. Khandekar and K. Muralidhar, Dropwise Condensation on Inclined 17
Textured Surfaces, SpringerBriefs in Applied Sciences and Technology 11,
DOI 10.1007/978-1-4614-8447-9_2, © Springer Science+Business Media New York 2014
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McCormic and Baer (1963) proposed a new mechanism of heat transfer in
dropwise condensation. The analysis indicated that heat is transferred through
active areas on the condenser surfaces which are continually produced by numerous
drop coalescence. These areas remain active for a short portion of the cycle time.
During this time, numerous submicroscopic drops grow from randomly distributed
sites. McCormick and Westwater (1965) studied nucleation of water drops during
dropwise condensation on a horizontal surface of copper coated with a monolayer
of benzyl mercaptan. Their photographic evidence showed no visible condensate
liquid film among the droplets. Drops nucleated at natural cavities on the condenser
surface. Some cavities were nucleation sites because they contained trapped, liquid
water.

Umur and Griffith (1965) found that, at least for low temperature difference, the
area between growing droplets on the surface was, in fact dry. Their results indicate
that no film greater than monolayer thickness existes between the droplets, and no
condensation can take place in these areas. Further evidence of nonexistence of a
condensate film between droplets was furnished by Ivanovskii et al. (1967), using a
different fluid. By measuring the electrical resistance between the two electrodes
embedded in a glass surface on which dropwise condensation of mercury was
taking place, they concluded that no thin condensate layer existed between droplets.

Photographs taken through a microscopic with magnification of up to
400 showed nucleating and growing droplets which eventually coalesce with
neighboring droplets (McCormick and Westwater 1965). New drops form on the
sites vacated by the coalescing droplets.

The first dropwise condensation model was proposed by Le Fevre and Rose
(1966). In this model, a calculation for heat transfer through a single drop was
combined with that of the drop size distribution to obtain the average heat flux. For
deriving heat transfer rates through a single drop, the following three thermal
resistances are considered: (a) conduction resistance, (b) vapor-liquid interfacial
resistance, and (c) surface curvature resistance. The thickness of the promoter layer
was neglected.

Gose et al. (1967) developed a model for heat transfer during dropwise conden-
sation on randomly distributed nucleation sites. Simulation was performed on a
100 x 100 grid with 200 randomly distributed nucleation sites. The model
accounted for growth, coalescence, vacating active sites beneath the smaller of
the coalescing drops, re-nucleation on the newly exposed sites, and drop removal.
For steady-state condensation, the theory showed that small drops grow by vapor
condensation, and that larger drops grow predominantly by coalescence. The
authors observed that higher nucleation sites and drop removal from substrate
were factors for a large heat transfer coefficient.

Glicksman and Hunt (1972) simulated the condensation cycle in a number of
stages, covering the equilibrium drop size to the departing drop size, with a large
nucleation site density. The initial nucleation site density considered was 10° cm ™
with 1,000 sites on a surface of size 33 pm x 33 pm. The area of the second stage
was increased ten times and the droplets from the first stage were redistributed on
this surface. In this way, the simulation was repeated until the departure droplet size
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was reached. An artificial redistribution between the two consecutive stages,
however, destroyed the natural distribution of drops.

Rose and Glicksman (1973) proposed a universal form of the distribution
function for large drops which grow primarily by coalescence with smaller drops,
though smaller drops themselves grow by direct condensation.

Tanaka (1975a, b) used a precise expression for the calculation of drop size
distribution. The author considered the transient change of local drop size distribu-
tion, taking into account the processes of growth and coalescence of drops. From
this point of view, the author put forward a theory of dropwise condensation. The
theory is based on the following assumptions: (1) primary droplets nucleate at
discrete sites distributed randomly on the condensing surface; (2) drops are hemi-
spherical; (3) the governing heat-transfer resistance through a single drop is heat
conduction; and (4) temperature of the condensing surface is uniform. Basic
integro-differential Equations describing the transient process of dropwise conden-
sation on a newly swept region were derived. By introducing a model for the cycle
of drop departure, a general expression for the average heat-transfer coefficient was
obtained.

Wu and Maa (1976) used the population balance method to find the drop size
distribution of small drops which grow mainly by direct condensation. They
estimated the heat transfer coefficient by considering the conduction resistance
through the drop. Maa (1978) later utilized the population balance equation derived
for dropwise condensation, considering both drop growth due to direct condensa-
tion and coalescence between drops, to obtain the resulting drop size distributions.
Results confirmed that the drop size distribution and heat flux of dropwise conden-
sation depend strongly on the concentration of active nucleation sites on the
substrate surface.

Meakin (1992) described the following stages of the dropwise condensation:
(a) nucleation and growth, (b) growth and coalescence, (c) growth and coalescence
with renucleation in exposed regions, and (d) growth, coalescence, and renucleation
with removal of larger droplets. All the four stages were simulated and their results
were described in terms of simple scaling theories.

Abu-Orabi (1998) used the population balance approach to predict the drop size
distribution for small drops that grow by direct condensation. Resistances to heat
transfer due to the drop (conduction through the drop, vapor-liquid interfacial
resistance, and drop curvature), the promoter layer, and the sweeping effect of the
falling drops were incorporated into the model. The total heat flux was calculated
from the drop size distributions and the heat transfer rate through a single drop.
Drop size distribution for large drops that grow by coalescence was obtained from
the work of Rose and Glicksman (1973).

Burnside and Hadi (1999) simulated dropwise condensation of steam from an
equilibrium droplet to a detectable size on 240 pm x 240 pm surface with
10* cm ™2 randomly spaced nucleation sites, stopping when the maximum drop
radius was about 4 pm. The authors observed a maximum drop radius of 3.9 mm,
0.21 ms after the start of condensation and peak heat transfer coefficient immedi-
ately after the condensing surface wipe up by the drop.
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Fig. 2.1 Comparison of drop distribution between random fractal model and direct photography
(Wu et al. 2001)

Wu et al. (2001) presented a fractal model to simulate drop size and its spatial
distribution in dropwise condensation. The boundary conditions of heat conduction
through the condensing surface were established using the heat transfer model
through a single drop proposed by Rose (1981). Photographs of dropwise conden-
sation at various instants were similar to experiments, Fig. 2.1.

Vemuri and Kim (2006) modeled dropwise condensation for hemispherical
drops which grow by direct condensation, using the population balance method.
The primary resistances to heat transfer, such as conduction through the drop and
vapor-liquid interface were considered. The derivation of steady state distribution
for small drops within the size range of negligible coalescence was based on the
conservation of the number of drops with no accumulation. Contact angles other
than 90° were not considered in this model.

On growth kinetics, Leach et al. (2006) reported from experiments that the
smallest drops grow principally by the accretion of liquid molecules diffusing
along the substrate surface, while drops larger than about 50 pm in diameter grow
by the deposition of condensing vapor directly onto the drop surface. The effects of
contact angle, degree of subcooling, and inclination of substrate for a hydrophobic
polymer film and silanized glass surface for sessile droplets were reported.

Liu et al. (2007) showed experimentally proved that the state of initial conden-
sate formed on the surfaces is not in the form of a thin film but as nuclei. These
results demonstrate that the mechanism of formation of initial condensate drops
for dropwise condensation accords with the hypothesis of nucleation sites.
Consequently, recent analytical models have assumed that droplets form on nucle-
ation sites, neglecting any heat transfer taking place between the drops. It is also
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assumed that condensation occurs only on the free surface of droplets, and that the
latent heat is transferred through the droplets to the solid surface.

Similarly, experimental and theoretical work of Carey (2008) casts serious doubt
on the existence of films and supports the view of McCormic and Baer (1963) that
nucleation is an essential feature of dropwise condensation.

Kim and Kim (2011) modeled dropwise condensation over a superhydrophobic
surface. The overall methodology, similar to those described earlier, has the
following differences: (a) Heat transfer through a single droplet is analyzed as a
combination of the vapor-liquid interfacial resistance, the resistance due to the
conduction through the drop itself, the resistance from the coating layer, and the
resistance due to curvature, (b) Population balance model is adapted to develop a
drop distribution function for the small drops that grow by direct condensation,
(c) Drop size distribution for large drops that grow mainly by coalescence is
obtained from the empirical equation of Tanaka (1975b). Results showed that the
single droplet heat transfer and drop distribution are significantly affected by the
contact angle.

A complete simulation of dropwise condensation from drop formation at the
atomic scale to the departing droplet size, accounting for the effect of saturation
temperature, contact angle, and contact angle hysteresis, wettability gradient on the
condensing substrate and the inclination of the substrate along with its experimental
validation are reported in the present work. The model presented in this work is
based on the postulation that drop embryos form and grow at nucleation sites, while
the portion of the surface between the growing drops remains dry. The vapor
condenses on the free surface of drops at each of the nucleation sites. Latent heat
released during condensation is transferred through the liquid drop to the cold wall.
Thus, heat transfer in dropwise condensation is primarily limited by the thermal
resistance of the liquid drop and the available nucleation site density.

Dropwise condensation is a combination of various processes occurring over a
wide spectrum of length and timescales. A comprehensive mathematical model of
various subprocesses occurring in dropwise condensation underneath an inclined
textured substrate is reported in this chapter.

A framework that explains hierarchical modeling of dropwise condensation in
terms of the processes involved is depicted in Fig. 2.2. The atomistic model, which
relies on population balance, is the starting point for determining the size of the
smallest stable drop. The nucleation sites are randomly distributed on the substrate
and all the sites are initially occupied by the drops of smallest radius—namely, the
maximum size of a stable cluster) in the atomistic model. The subsequent steps that
follow are growth by direct condensation, coalescence, instability, drop motion, and
computation of transport coefficients for sliding drops. The model as a whole yields
the instantaneous drop size distribution, instantaneous rate of growth of drops, area
of coverage by drops, frequency of drop slide/fall-off, and local and average heat
transfer coefficient over inclined surfaces. The simulation discussed here is con-
fined to condensation underneath cold inclined substrates forming pendant drops.
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Fig. 2.2 Schematic diagram of hierarchical modeling in dropwise condensation
2.2 Drop Formation at the Atomic Scale

Condensation in the form of discrete drops can be homogeneous, namely,
distributed in the vapor phase, or heterogeneous, as in the presence of a cooler
solid substrate. It is now accepted that phase-change, whether homogeneous or
heterogeneous, is induced by nucleation, triggered by molecular clustering. In view
of experimental limitations, the physical picture, right at nucleation, is not very
clear. From a heat transfer viewpoint, an important question is how do drops form,
grow, and get mobilized over a textured solid surface. At the atomic level, vapor
atoms may impinge on the surface with a direct velocity, or alternatively, the vapor
may be quiescent. Individual quiescent vapor atoms may form stable clusters by
combining with neighbors and grow on the substrate with time by losing their latent
heat (Sikarwar et al. 2012).

Bentley and Hands (1978) reported various processes occurring at the atomic
scale, Fig. 2.3, from arrival of monomers to formation of stable clusters on the cold
substrate. The surface adatoms undergo a sequence of processes such as adsorption,
diffusion, reflection, agglomeration, transfer of energy, and formation of stable
clusters, eventually manifesting as a distribution of condensed liquid nuclei.
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Fig. 2.3 Processes involved in deposition of condensate atoms on a cold substrate (Bentley and
Hands 1978)

Atoms/molecules bound to the surface form an adatom and a group of adatoms
leads to a cluster. Although it is possible to form clusters in the vapor phase before
they get deposited on the surface, with large substrate subcooling, one can expect
all the condensation to occur at the surface leading to heterogeneous condensation.

Lee and Maa (1991) experimentally observed the mechanism of vapor deposi-
tion by using an electron microscope. The process was composed of adsorption of
the vapor molecules on the substrate, surface diffusion, growth, and coalescence of
the deposited clusters.

Hashimoto and Kotake (1995) reported that molecules approaching the cooled
wall have higher energies than the departing molecules that have transferred their
energy to the wall. The energy exchange between the incoming and departing
molecules at distinct temperatures provides a sufficient condition for molecular
clustering, Fig. 2.4. The cluster size formed increases near the wall, and the
thickness of the cluster zone depends on the thermal condition of the molecular
system and the processes of energy transfer.

Kotake (1998) reported that the existence of clusters depends on the condition of
energy transfer between molecules of the vapor to the cold substrate. The rate of
condensation depends on the relative strengths of three intermolecular attractions:
(a) the energy of attraction between two adsorbed molecules, (b) the adsorption
energy on the substrate, and (c) the adsorption energy of a vapor molecule on an
adsorbed layer of its own species.

Peng et al. (2000) reported that clustering of molecules on a cold substrate is
similar to reaction kinetics with appropriate reaction rates. The authors reported
that the driving force for the coalescence of clusters results from the tendency of
minimization of surface energy. The transport of mass occurs via the routes of
evaporation—condensation and surface diffusion.

McCoy (2000) presented a theory based on cluster distribution kinetics for single
monomer addition and dissociation. Population balance equation was used to describe
the dynamics of cluster mass distribution during homogeneous and heterogeneous
nucleation in unsteady closed and steady flow systems. The distribution-kinetics



24 2 Modeling Dropwise Condensation

Fig. 2.4 Cluster formation o) O Monomers
in the vicinity of the O

condensate or a cooled wall O
(Kotake 1998): evaporating

molecules have lower O
energy (e.) than condensing @) %

molecules (e.); e, < e.is a O

favorable condition for

cluster formation O % %
O% $ee 8D Clusters

€

O o o O
O00O0O000O00000O0O0

OC0O0OO000O0OO00O0O00OO0O0
O000000O0O0OOOOO0Oo

Condensate

approach was based on the recognition that nucleation and growth from vapor led to
droplets larger than the nuclei and distributed in mass. Cluster growth by addition—
dissociation was found to be similar to polymerization—depolymerization reaction. It
was shown that heterogeneous nucleation preserves the number of clusters, equal to
the nucleation sites.

Wang et al. (2003) proposed an idea of critical aggregation concentration of
active molecules to describe the moment just before nucleus formation. Tian
et al. (2004) studied the aggregation of active molecules inside a metastable bulk-
phase using thermodynamics. The authors derived an expression for the critical
aggregation concentration, energy distribution of active molecules inside the bulk-
phase at superheated and supercooled limits, and used the molecular aggregation
theory to describe the gas—liquid phase-transition process.

Song et al. (2009) suggested that steam molecules become clusters prior to
condensation on the cooled surface, Fig. 2.5. The authors argued that clustering
begins in the vapor phase itself close to the cold wall. Clusters formed closer to the
wall are larger than those formed in the bulk vapor phase.

On the basis of the available literature, it can be concluded that drop formation
during condensation commences with the impingement of vapor atoms on or
underneath a cold substrate. Alternatively, vapor may be quiescent. The individual
quiescent atoms may form stable clusters by combining with the neighbors and
grow on the surface with time, Fig. 2.6a. An atom/molecule bound to the surface is
an adatom and a group of adatoms leads to a cluster, Fig. 2.6b. It is also possible to
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Fig. 2.5 Physical model of vapor condensation, proposed by Song et al. (2009)

form clusters in the vapor phase before they get deposited on the surface. With large
substrate subcooling, one can expect all condensation to occur at the surface level.
The stability of the cluster depends on mutual energy interactions between the
cluster, the atoms of the surrounding vapor and the cold wall. Molecules/atoms
approaching the cold wall have a higher temperature than departing molecules/
atoms that have transferred their energy to the wall. This energy difference
determines whether a given cluster clinging to the surface will be stable, grow
with time, or diminish in size. Many stable clusters growing together may form an
atomic/molecular monolayer of condensate on the substrate, Fig. 2.6b, c.

There are at least two possibilities of drop formation (dewetting), Fig. 2.6¢c, d. In
the first model, it is postulated that the condensation initially occurs in a filmwise
manner, forming an extremely thin film on the solid surface, Fig. 2.6c-i. As
condensation continues, this film ruptures due to intrinsic interfacial instabilities
and distinct drops are formed, Fig. 2.6d-i. The second theory is based on the
premise that drop formation is a heterogeneous nucleation process, Fig. 2.6c-ii.
Here, stable clusters gets located at specific nucleation sites over the substrate, such
as pits and grooves, grow in the continuum domain, while the portion of the surface
between growing drops essentially remains dry. Small droplets are formed by direct
condensation via nucleation at locations with local minima of the free surface
energy, Fig. 2.6d-ii. Hence, the processes such as molecular potential, adatoms
dynamics, cluster dynamics, surface diffusion, stable cluster size, nucleation
density, film stability and rupture, topography interaction, and stable cluster forma-
tion appear as condensation proceeds from the atomistic scale to the microscale.
From the heat transfer point of view, control of these processes is of critical concern
in atomistic modeling of dropwise condensation.
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Fig. 2.6 Mechanism of liquid drop formation underneath a cold substrate. From angstroms to
nanometers, individual vapor molecules come closer, a system of adatoms form and a group of
adatoms leads to a cluster. Many growing clusters together may form a molecular monolayer of
liquid. At this stage there are at least two possibilities: droplet formation (dewetting) and film
formation. The liquid film ruptures and forms droplets

2.3 Atomistic Modeling of Dropwise Condensation

The basic aim of atomistic modeling of dropwise condensation is to determine the
size of the stable cluster at nucleation and connect phenomena occurring at the
atomic scale to the macroscale. Formation of drops during condensation
commences with the impingement of vapor atoms on a cold substrate kept at a
temperature below saturation. Atoms approaching the cold wall have higher
energies than departing atoms and hence transfer energy to the wall. The energy
exchange between incoming and departing atoms of different energies provides a
sufficient condition for molecular clustering.

The vapor mass flux F' is obtained in the form of an overexpanded jet from a
nozzle discharging into an evacuated chamber, Fig. 2.7a. When the vapor is station-
ary, the mass flux is set to zero. The substrate on which all the condensation takes
place is initially clean and free of any condensate. Atoms are deposited on the
substrate at a constant rate. An adsorbed layer of atoms, called adatoms, is first
formed prior to nucleation, Fig. 2.7b. These adatoms can diffuse on the surface with
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Fig. 2.7 Physical modeling of droplet formation underneath a substrate. (a) Schematic represen-
tation of the vapor flux impinging vertically on the underside of a horizontal substrate. (b)
Schematic drawing of the distribution of clusters on the substrate

a characteristic time period that is the mean resident time (7,45) and then re-evaporate
back to the vapor phase. They may collide with other adatoms or clusters during
their migration, thus causing nucleation to be initiated. The adatom population on
the substrate changes with time due to desorption, capture, or release of an adatom
by a cluster. The population may redistribute itself over the surface as a result of
diffusion at a speed determined by the diffusion coefficient. If two adatoms occupy
neighboring sites, they will stick to form a cluster. More adatoms may be captured by
a cluster or two clusters may combine to form large clusters. The population of
cluster of a certain size will thus change due to adatom capture or release, coales-
cence with other clusters, or breakage into smaller clusters and desorption. In the
growth stages, the condensate clusters grow, not only by capturing adatoms on the
surface, but also by direct capture of impinging vapor molecules/atoms. The resi-
dence time is taken to be large enough so that sufficient time is available for all the
adatoms existing in vapor phase to lose their latent heat and get condensed.

When the temperature of the substrate is significantly lower than the saturation
temperature, condensation will be complete, in the sense that all the atoms
contained in the vapor phase stick to the substrate. Under these conditions, the
following additional assumptions facilitate the computation of cluster densities:

1. Adatoms alone diffuse while dimers and larger clusters are stable, namely, they
do not disintegrate or diffuse within the substrate.

2. Direct impingement of free atoms on adatoms and clusters, and the coalescence
of clusters can be neglected. Thus, the atoms and clusters diffusing within the
substrate arise exclusively from the condensate and do not have contributions to
their population from the vapor phase.
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2.3.1 Mathematical Model

With the approximation discussed above, the rate equations of the atomistic model
(Brune 1998; Amar et al. 2001; Venables 2000; Oura et al. 2003) reduce to:

(dni/dt) = F — (n/tas) + (=261 D -m* —ny -0, D - ny) (2.1)
(dl’lj/df) =ny-0j-1 -D - nj_1 —np-oj -D - n; fOI‘j =2t0 17000 (22)
(dl’lx/dl‘) =m-o6;-D-n; 2.3)

Complete information on the local distribution of clusters is contained in the
capture and decay rates, o; and §; respectively. In the present study, these quantities
are given parameters. The capture coefficients are nearly constant with ; = 3 and
oy = 7. A first principles calculation of these parameters involves solving a
Helmholtz-type diffusion equation for clusters in two dimensions in the presence
of a certain density of stable islands. The analytical expressions obtained with
this approach are (Brune 1998; Venables 2000):

B 47(1 - 2)
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1
Here,Z=9->_ n; is the fraction of the surface covered by the stable clusters and
j=1

J is the total coverage area. Using constant values of ¢; and o, one can obtain the
island size distribution for a specified value of i. For the present discussion, it is
assumed that dimers as well as clusters with three or more atoms are stable;
consequently the decay constants &;(j > 2) are effectively zero. The assumption
is equivalent to stating that clusters that are held together by the long-range van der
Waal forces do not have any intrinsic breakup mechanism. The long-range forces
appear over length scales of a few nanometers while repulsive forces become
significant over considerably shorter length scales of a few angstroms. Thus,
number densities of clusters change purely because of the addition of monomers.

The condition that complete condensation of the impinging vapor takes place is
equivalent to the inequality o, - ny - D - 7,95 >> 1; it neglects re-evaporation effects
(Venables 2000). For the complete condensation regime modeled here, the mean
residence time 7,45 is high. It was found that the model predictions reported in the
present study were not sensitive to changes in this quantity for 7,4 > 0.1 seconds.
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2.3.2 Numerical Methodology

Numerical simulation of (2.1-2.3) was run for a large set of cluster sizes varying
from adatoms (cluster containing one atom/molecule) to clusters containing 1,000
atoms/molecules. The largest cluster with a nonzero number density was found
from simulation to have 100-200 atoms/molecules. Hence, the choice of a cluster
with 1,000 atoms as an upper limit was considered adequate.

The initial conditions were specified during simulation as ni(t = 0) = 0 (for
j = 110 1,000) and n.(t = 0) = 0. The model parameters were taken as o; = 3 (for
j=1,0;="7(for j=2to 1,000) and 6, = 7.

Brune (1998) has showed that the values of the capture coefficients specified
above give meaningful results; the corresponding computational effort is also lower
since they need not be repeatedly calculated from (2.4 and 2.5). A vapor flux of
F = 0.005 per second has been adopted for the study. The diffusion constant D was
calculated with the ratio (D/F) taking on the values of 10°, 10°, 10”. The residence
time of 7,4 = 2.3 s was chosen from numerical experiments to model the complete
nucleation regime.

Equations (2.1-2.3) constitute a system of 1,001 coupled ODEs. The fourth
order Runge-Kutta method was implemented in a C++ language program to solve
the system of simultaneous differential equations. The model and the computer
program were validated against the benchmark results and are presented next.

2.3.3 Validation

The validation of cluster growth simulation is discussed here. The number of
islands/clusters of size s can be expressed in terms of the scaling function (Bartelt
et al. 1993; Ratsch and Zangwill 1994; Stroscio and Pierce 1994; Brune et al. 1999;
Ratsch and Venables 2003; Shi et al. 2005).

ng(9) = %(ZS/S) (2.6)

The symbol n, is the number of islands of size s at coverage 9, given by:

9= Zs-ns (2.7)

s>1

The average island size is

SZZS"%/Z'% (2.8)
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Fig. 2.8 (a) Numerical simulation of the rate equations governing the nucleation process. (b) The
results given by Shi et al. (2005) by using both the rate equations (RE) approach (solid lines) and
Monte Carlo (MC) simulation (symbols) are presented here
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The quantity fi(s/S) is the scaling function for the island size distribution
corresponding when the critical sized island is equal to i.

The variation of the scaled island size distribution with the scaled island size is
reported by Shi et al. (2005). A comparison of the data generated in the present
work against Shi et al. (2005) is shown in Fig. 2.8. A close match between the two is
obtained. The variation of monomer density and saturation island density with
coverage in Fig. 2.9 also show a good match.

2.3.4 Parametric Study with Atomistic Model

After validation, a parametric study has been carried out for studying the variation
in monomer density, saturation island density, and density of stable clusters with
respect to parameters D, F, and 7,4,. Simulation is conducted for the limiting case of
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zero flux deposition rate (F = 0). The results, plotted in Fig. 2.10, show that the
initial spike in the number density distribution vanishes when the deposition rate is
zero. The number density distribution of the condensing clusters on the substrate as
a function of the model parameters D, F, and 7,4 is shown in Fig. 2.11a, b. The first
peak at the origin of the coordinate system corresponds to single adatoms
originating from the impingement of the vapor flux. The second peak indicates
the most probable cluster size of the condensate. The tail of the distribution shows
that sizes beyond a certain value do not appear on the substrate. The size distribu-
tion determined from (2.1-2.3) is purely from microscopic considerations and does
not include macroscopic influences such as surface tension and gravity. Hence, the
largest cluster, corresponding to the smallest number density in Fig. 2.11a, b can be
interpreted as the smallest drop that would appear on a macroscopic viewpoint.
Beyond this size, factors such as gravity, surface tension, and coalescence would be
operative in determining the increase in drop diameter.

The preceding expectation has been examined with reference to the thermody-
namic estimate (2.24) as follows. At atmospheric pressure and a surface maintained
at 80 °C, one can calculate r,;, = 9.617 x 107 '° m for water. The number of
molecules in the drop can be found from the relationship,

Na-7-13
nd:%(2—3cos 0 + cos’ 0) (2.9)

Using properties of water, namely, molecular weight M of 18 g/mol, N, the
Avogadro number and 6 = 90°, we get,

ng= (271’ -Na)/(3-M - ) (2.10)

The volume referred in (2.9) and (2.10) is that of the spherical cap of a droplet
whose radius is ry,;, (see 2.24) and contact angle is 6. The number of molecules



32 2 Modeling Dropwise Condensation

a T T

- — D/F=10°

S 30 -—- D/F=10° |

< — D/F=107
--- D/F=10°

~

£

S~ m

)

Z

wv

c

()

©

3

@

3

O

g\,_,/\ I
0.0 : ST .
0 20 40 60 80 100 120 140 160 180 200 220
Cluster size
o — D/F=10°
g 30 --- D/F =101
> — D/F=10°
--- D/F=10°
NE .
E 2.0 A X10
= 2'0.&/\
wv
c 0 1.0
(I}
i e N T TS Sseol
,8 1‘0 L 0'00 20 40 60 80 100 120 140 160 180 200 220
g Cluster size
G I s
| \
i \ 1
\
\
I g\/\
0.0 = . = = Soooamsoeaa -
0 20 40 60 80 100 120 140 160 180 200 220

Cluster size

Fig. 2.11 (a) Variation of cluster density with cluster size at F = 0.005 s~!. The cluster size
where the number density becomes zero yields the maximum cluster size. Inset shows the details
of the island density profiles for D/F = 107 and 10%. (b) Variation of the cluster density with
clusterﬁsize at F = 0.05 s~ '. Inser shows the details of the island density profiles for D/F = 10
and 10

corresponding to the minimum radius of 9.617 x 10~ '° m can now be estimated as
ng = 60. In the cluster model, the following results were obtained:

D = 5,000 and F = 0.005, nq = 53
D =500 and F = 0.05, ng = 58
D =50and F = 0.5, ng = 62

The number of molecules thus calculated in the smallest drop corresponds quite
well to the data of Fig. 2.8.
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Fig. 2.12 (a) Variation of the minimum drop radius with diffusion constant D at three different
deposition rate F. (b) Variation of the minimum drop radius with deposition rate F at two different
values of diffusion constant D

The sensitivity of the drop size to the diffusion parameter D and the impinging
flux F are shown in Fig. 2.12a, b. The minimum drop size is seen to increase with
D as well as F, though the change is not substantial. For an increase of 4 orders of
magnitude in the diffusion coefficient, the minimum drop radius increases by a
factor of about 2. For an increase of 1 order of magnitude in the vapor flux, the
minimum drop radius increases by about 30 %.

These changes are related to the slight broadening of the cluster density and
hence there is an increase in the size of the largest possible cluster. A higher mass
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Fig. 2.103 Drop size distribution on a surface for (a) rpy;, = 10 A and Fmax = 5 mm, (b) ruin
= 100 A and r,,x = 5 mm during condensation of water vapor

flux increases the number density of adatoms over the substrate and consequently
diminishes the extent of diffusion away from the clusters. A higher diffusion
constant encourages the association process of monomers and permits the clusters
of larger sizes to form. Both the factors lead to an increase in the number of
molecules in the largest cluster and hence, in the minimum drop radius.

Apart from the material properties of the condensing medium, the diffusion
coefficient is a function of the surface properties and temperature of the substrate.
The vapor flux is a process parameter and can be independently controlled. The cluster
model given by (2.1-2.3) predicts that by varying D, in effect varying the surface
properties, the minimum drop radius is altered. One method available for altering
the surface characteristics is physical texturing. As discussed by Chen et al. (1996)

D x 1/ (2.11)
The symbol 7 represents friction coefficient of the surface. When 7 is small,

D o 1/ (2.12)

While texturing decreases the friction coefficient, the diffusion coefficient
increases, with a corresponding increase in the minimum drop diameter (Chen
et al. 1996, 1999). The increase is, however, marginal, as shown in Fig. 2.11a.
For chemical texturing of a surface, first principles calculations can be used to
predict the diffusion constant (Bloch et al. 1993; Ratsch et al. 1997).

The sensitivity of the drop size distribution on the macroscale to the initial
minimum drop radius is examined in Fig. 2.13. Here, the question of special interest
is whether the drop size distribution can be influenced by controlling the minimum
drop radius. To answer this question, two different r,,;, values were started with,
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and droplet growth simulation was carried out till drops were large enough for fall-
off. The two distribution patterns which emerge are practically identical, suggesting
that the macroscale drop distribution is determined by coalescence dynamics, rather
than the minimum drop radius.

2.4 Macroscopic Modeling of Dropwise Condensation

Dropwise condensation at the macroscale is a consequence of the time dependent
subprocesses associated with the formation of drops at nucleation site, growth by
direct condensation and coalescence, sliding motion, fall-off, and then by
renucleation on or underneath the substrate. It is a complex intricately linked
phenomenon. A mathematical model of these subprocesses is required to describe
the entire dropwise condensation process (Sikarwar et al. 2013a, b).

Atomistic modeling of drop formation reveals that the maximum stable cluster
obtained by atomistic nucleation process is equal to the size of the minimum stable
radius obtained from thermodynamics consideration. Simulations show that con-
densation patterns at longer timescales are not sensitive to the atomic level pro-
cesses that fix the minimum drop radius. Therefore, atomic level modeling of
condensation is dispensed with and drops formed at the initial nucleation sites are
directly assigned the minimum possible stable radius from thermodynamic
considerations. The expression for the minimum radius is derived first.

2.4.1 Determination of Minimum Droplet Radius

Consider a system, shown in Fig. 2.14a, containing a liquid droplet of radius 7;, in
equilibrium with supersaturated vapor held at constant temperature (T,) and pres-
sure (py). Vapor is supercooled or in a supersaturated state without a phase
transformation since condensation transfers heat to the adjacent wall. The vapor
temperature is equal to the condensing wall temperature and the saturation temper-
ature (T) corresponding to vapor pressure (p,) is higher than Ty,. The liquid and
vapor state for a liquid droplet in equilibrium with surrounding vapor in a phase
diagram. “EF” is supercooled and “FG” is super heated state of vapor at a given
wall temperature, Fig. 2.14b. Similarly, “AB” is supercooled and “BC” is the
superheated state of liquid. At equilibrium, temperature and chemical potential in
the vapor and droplet must be the equal. Therefore,

Pve = Pre 2.13)

The pressure in the two phases (liquid and vapor) are related through the Young-
Laplace equation
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The chemical potential of vapor and liquid phases at equilibrium is evaluated by
using the integrated form of the Gibbs-Duhem equation for a constant temperature
process. Therefore

Q— @y = | vdp (2.15)
Py

—_—

We evaluate the integral on the right side (2.15) using the ideal gas law (v =
RT,/p) for vapor. Therefore, the chemical potential of the vapor phase is

Py
= @y +RTyIn (2.16)
(S (psat, |:Psat (Tw):|

For the liquid phase inside the droplet, the chemical potential can again be
evaluated using (2.15). The liquid is taken to be incompressible, with v equal to
the value for saturated liquid at T,. With this assumption, the chemical potential of
liquid phase is

Prle = Psarl +v lnb)le _psat(TW)] (2.17)
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Equating the values of ¢,. and ¢, given by (2.16) and (2.17) to satisfy (2.13),
and using the fact @, , = @, ), One obtains

Pv = psat(Tw) exp{w} (218)

As seen in Fig. 2.14b, if the vapor state point is on the metastable supercooled
vapor curve at point a, the liquid state corresponding to equal ¢ must lie on the
subcooled liquid line at point b. For the liquid droplet with finite radius, equilibrium
can be achieved only if the liquid is subcooled and the vapor is supersaturated
relative to its normal saturation state for a flat interface. Equation (2.18) indicates
that if p, is greater than pg,(Ty), then p. must also be greater than pg,(Ty),
consistent with the state points in Fig. 2.14b. Substituting (2.14) to eliminate p,
(2.18) becomes

Pv _Psat(Tw)€Xp{ l[p psm(RY? +2- G/me}} (2.19)

In most instances, the steep slope of the subcooled vapor line in Fig. 2.14b
results in values of p, that are much closer to p,(T,) than p,.. Therefore, p, — pga
(Tw) << 26/rmin and (2.19) is well approximated as

20

(2.20)
(RTy /1) In {#}

’min =

The Clapeyron equation is combined with the ideal gas law of vapor to obtain

dp phlv
— = 2.21
dT  RT? ( )
Integrating (2.21) between the p, and pg, and rearranging
P Toat
d hiy
J L_ | gr (2.22)
p RT;
P (Tw) Ty
Pv hlv
1 =— (Tea — Tw 2.23
" |:psal(Tw):| RT\%{ ( ! ) ( )

Substituting (2.23) in (2.20) yields
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26V1Tw
Fmin = 7~y (2.24)
hlv (Tsat - Tw)

This is the smallest droplet possible corresponding the equilibrium conditions
for a specified subcooling of (T, — Tw)-

2.4.2 Nucleation Site Density

The initial, thermodynamically determined drops have a diameter of the order of a
few nanometers for fluids encountered in heat transfer applications. Therefore, from
an engineering standpoint, it is difficult to experimentally capture the initial nucle-
ation phenomenon on a surface freshly exposed to vapor. Nucleation site density is
itself influenced by the thermophysical properties of the condensing fluid, physico-
chemical properties of the substrate, degree of subcooling, and the substrate
morphology. Thus, it is also difficult to determine the nucleation site density on a
substrate, either from theory or from experiments. Leach et al. (2006) reported
initial site densities close to 10° cm ™ for temperature differences in the range of
50-100 °C. For condensation of water at 30 °C, the authors suggested that the initial
nucleation site density is in the range of 10* to 10> cm 2, and gradually increases to
10° cm 2 before the first coalescence. Earlier, a theoretical expression for nucle-
ation site density (in units of cm~?) over an untreated surface was given by Rose
(1976) as

N = (0.0037)/r?

i (2.25)

Here, N is the number of sites on the substrate per unit area where the initial
drops, identifiable as liquid, are formed. Zhao and Beysens (1995) observed no
significant connection between the initial nucleation site density and the wettability
of the condensing fluid. Rose (2002) indicated that the parameter N in the range of
10° to 10° is close to the experimental data of dropwise condensation underneath a
chemically textured substrate. Mu et al. (2008) found that the nucleation density
varies with surface topography, the rougher substrate resulting in a higher nucle-
ation density. Based on the work of Rose (1976, 2002) and Mu et al. (2008), one can
conclude that the nucleation density is influenced not only by the degree of surface
topography but also by the extent of subcooling. Nucleation density might be
influenced by these two factors, i.e., changes in surface energy induced by a
chemical species (chemical texturing) and varying roughness morphology of the
substrate (physical texturing). The modified expression for the nucleation density of
a textured substrate can be expressed as

Ny =f-N (2.26)
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Here, Nris the nucleation site density of the textured substrate, fis the degree of
roughness and N is initial nucleation density of a smooth surface, as calculated by
(2.25), Rose (1976). For a general textured substrate—physical or chemical—factor
fneeds to be established and is a topic of research.

2.4.3 Nucleation Site Distribution

Heterogeneous nucleation is an important process for phase transitions, including
the initial droplet formation during the dropwise condensation process. The initial
droplets form only at the natural nucleation sites on the condenser surfaces, and the
number of nucleation sites significantly influence the dropwise condensation heat
transfer rate. On the other hand, the number of nucleation sites is directly related to
the surface properties—its texture, topography, and surface energy distribution.
Thus, it is important to study the relationship between surface topography and
number of active nucleation sites available at any given instance.

Many researchers have investigated the problem of nucleation site density of
dropwise condensation. Glicksman and Hunt (1972) numerically simulated nucle-
ation, growth, coalescence, and renucleation of drops ranging in size from the
smallest nucleating drops to the departing drops. Their simulated results agreed
well with the data of Krischer and Grigull (1971). Wu and Maa (1976) used the
population balance model to derive the size distributions for small pre-coalescence
drops. Their calculations showed that the nucleation site density was around N = 2
x 107 cm 2. Graham (1969) and Graham and Griffith (1973) studied the nucleation
site density with optical microscope photographs. Their results indicated that the
site density was 2 x 10® cm 2. Tanasawa et al. (1974) investigated the nucleation
site density with electron microscope photographs. The density exceeded
10'° ¢cm 2 in these measurements. Rose (1976) computed nucleation densities as
5.9 x 10° and 2.9 x 10" cm™? respectively for minimum nucleation radii 7y,
being 0.07 and 0.01 pm. Leach et al. (2006) reported initial drop densities close to
10 cm ™~ for temperature differences in the range of 50—100 °C. For condensation
of water at 30 °C, the initial nucleation site density is in the range of 10 to0 10° cm 2
and gradually increases to 10° cm 2 before the first coalescence. These numbers
from various researchers show that the nucleation site density may not be deter-
mined by 7, alone.

The differences in the nucleation sites densities may also result from the
methods used to evaluate the parameters from the images. There are quite few
studies related to the nucleation step of dropwise condensation getting influenced
by surface characteristics. McCormick and Westwater (1965) applied an optical
microscope and showed that the drops nucleated not only at natural cavities on the
condenser surface but also at those produced by needles and by erosion and
scratches on the surface. Therefore, surface properties of the material affect nucle-
ation site density. Fractal dimension can be used to describe the irregularity and
complexity of a rough surface. Yang et al. (1998) and Wu et al. (2001) showed that
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the droplet distribution had self-similarity, an important feature of fractal behavior.
However, the authors studied only the fractal character of droplet pattern without
considering the fractal behavior of the condensation surface. In the present work,
nucleation site density has been parametrically varied to gage its sensitivity on the
resulting heat transfer rate.

From the view point of the current model, the nucleation sites are
randomly distributed over the substrate area by using a random seed generator
function in C++. The function returns a matrix containing pseudo random numbers
with a uniform probability density function in the range [0, 1]. The distribution of
sites over the area proceeds column-wise till all the sites are occupied. Once this
distribution is carried out, it remains fixed for a given simulation.

Parameters, including the average contact angle, contact angle hysteresis, and
the nucleation site density of chemically textured surfaces can be quite different
from the physically textured counterparts. These parameters are an input to the
condensation model reported in the present study.

Physically textured surfaces are unique in many different ways for the following
reasons. For a single drop of liquid sitting over a physically patterned surface,
multiple droplet configurations are possible, making the determination of the
apparent contact angle a challenge. For example, the static drop could exhibit
wetting transitions between Cassie state or the Wenzel state (Berthier 2008;
Miljkovic et al. 2012); such configurations of droplets over physically textured
surfaces can be seen, for example, in Berthier (2008), Ma et al. (2012) and
Rykaczewski 2012). However, for a continuous cyclic process of dropwise conden-
sation on randomized hydrophobic textured surfaces encountering an ensemble of
drops of various sizes, it may be argued that the bulk behavior of physically and
chemically textured surfaces could be comparable, except for some differences in
apparent dynamic contact angles and the mobility of the three-phase contact line.
These differences should be small when the drop size is large in comparison to the
characteristic scale of the surface roughness. As the drop size at criticality is of the
order of a few millimeters, the drop is much larger than the surface features and
therefore, the proposed condensation model is expected to be uniformly valid for
physically as well as chemically textured surfaces.

2.4.4 Growth by Direct Condensation

Geometric parameters of a drop located underneath textured surfaces of various
orientations are estimated. A drop with radius r underneath a horizontal substrate is
considered as a part of sphere of contact angle 6, Fig. 2.15a. The contact angle 6 on
the coated surface is assumed to be constant regardless of the drop size r and the
vapor and surface temperature. Therefore, the average contact angle is 8,,, = 6.
For a horizontal substrate with wettability gradient and inclined substrate with-
out wettability gradient, the drop gets deformed and is not a part of a spherical
frustum, Fig. 2.15b, c. In these cases, the geometric parameters of a deformed drop
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deformed droplet &
~ profile oy

_ spherical cap ™.,
approximation "

pendant drop undemeath ~ pendant drop [jﬁﬁérpé'ath'horiz’ontal pendant drop undemeath
horizontal substrate with wettability gradient substrate inclined substrate

Fig. 2.15 Drop shape underneath (a) horizontal substrate, (b) horizontal substrate with unidirec-
tional wettability gradient, and (c) inclined substrate. For an inclined substrate, drops deform
according to advancing angle (0,4,) and receding angle (6,.q) of the liquid—substrate combination

are calculated using the spherical cap approximation. It is assumed that volume and
areas of the deformed drop are equivalent to the part of sphere of contact angle 0,,,,
as shown in Fig. 2.15b, c. There is some conflict in the calculation of volume of
deformed drop and its experimental validation for sessile drops on an inclined
surface.

Dussan (1985) and Elsherbini and Jacobi 2004a, b suggested that approximating
the drop shape as spherical cap can lead to 10-25 % errors in volume. Based on
experimental evidence, others (Extrand and Kumagai 1995; Dimitrakopoulos and
Higdon 1999) believe that such approximation is quite valid for a small drop. As
pendant drops tend to be small, the spherical cap approximation is used in the
present work.

The drops deform according to the applicable value of wettability gradient
underneath the horizontal substrate. Therefore, the 0,,, of a given ith drop is

(Oave); = (1/2) [(Omax); + (Omin);] (2.27)

Here, the (0,,.x); and (O,;n); are contact angles at the two sides of the drop,
Fig. 2.15b. For a horizontal substrate with wettability gradient, (fyax); and (Onmin);i
vary according to the drop position.

Hence, the average contact (6,,,) angle is given as

Oavg = (1/2)(Orca + Oaav) (2.28)
Here, 6,4 and 8,4, are assumed to be constant regardless of the position of drop
on the substrate. The drop volume V, area of liquid—vapor interface A;,, maximum

drop height from the free surface to wall I/, base radius r,, and area of the
solid-liquid interface Ay, are given by the following expressions

V = (2r/3) (2 — 308 Oayg + 08 Oayg ) (2.29)

Ay = 2721 (1 — €08 Oyyg) (2.30)
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Fig. 2.16 Schematic a) p o
diagram of a pendant drop .
with thermal resistances in

the droplet growth equation. Reonst
The promoter layer has a
thickness 8, T, is the vapor
saturation temperature, and

T, the wall temperature Reon
Reona
Reap
le'
Tsat Tsat vapor
Ag = 72r* (1 — c0s? Oayg) (2.31)
I =7r(1—cos Ouy) (2.32)
mn=r(l- cos’ Oave) (2.33)

2.4.4.1 Temperature Drop Due to Various Thermal Resistances

In the proposed model, condensation occurs only over the free surface of the drops.
The latent heat release at the free surface is transferred through the volume of liquid
to the cold substrate. The substrate area between drops is inactive with respect to
heat transfer.

A drop of contact angle 8,,, with radius r underneath a textured substrate, which
is coated with a promoter layer of thickness &, shows various thermal resistances in
the path of heat transfer, Fig. 2.16. The rate of condensation on the free surface
depends on its ability to transfer latent heat released to the cooler substrate. The
following thermal resistances are considered in the model:

1. Interfacial resistance (R;,;) associated with liquid—vapor interface.

2. Capillary resistance (R.,p) indicating a loss of driving temperature potential due
to droplet interface curvature.

3. Conduction resistance (R ,,q) associated with the conduction of heat through the
droplet.
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4. Drop promoter layer resistance (R.,,) associated with the thickness of the
promoter layer.

5. Constriction resistance (R.ons) associated with the thermal conductivity of the
substrate and nonuniform temperature distribution on the condensing wall due to
variable size of drops.

The total temperature difference between the vapor and the substrate (T — Tw)
is the sum of temperature drops due to the individual resistances.

(Tsat = Tw) = ATcond + ATine + ATcap + ATt + AT const (2.34)

The component temperature drops are determined as follows:

(a) Temperature drop due to interfacial resistance: During dropwise condensation,
various researchers have observed that there is transport of molecules crossing the
liquid—vapor interface in both directions (Carey 2008). When condensation occurs,
the flux of vapor molecules joining the liquid must exceed the flux of liquid
molecules escaping into the vapor phase. If the temperature of the interface is
equal to the saturation temperature, no net condensation must take place. For net
condensation to occur, there should be a finite difference between the saturation
temperature of vapor, Ty and temperature of liquid—vapor interface, Tj,. The
temperature difference (ATj, = (Ts — Tin)) due to film resistance at the
vapor—liquid interface is obtained as

qd
ATy = 24 2.35
- (2.35)
Therefore,
ATy = da (2.36)

2712 (1 — 08 Oayg)hint

Here, h;,, is the interfacial heat transfer coefficient, which is usually large and
strongly depends on the vapor pressure. It is thus possible to transfer thermal energy
at high heat flux levels with relatively low driving temperature difference in a phase
change process.

To determine A;,,, we consider the liquid—vapor interface at the molecular level
as shown in Fig. 2.17. The motion of vapor molecules in the vicinity of the interface
plays a central role in heat flux limitation during the condensation process.
According to the kinetic theory of gases, the statistical behavior of vapor at a
certain temperature is described by the Maxwellian velocity distribution

iy m Y P+ 49) 26T 4 dy d (2.37)
= c v .
n 27k T uavaw



44 2 Modeling Dropwise Condensation

Fig. 2.17 Liquid—vapor
interface and mass fluxes at

the liquid—vapor interface s
quid-vap Nwd at 7 and p, /

liquid-vapor interface
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vapor at Terand p,,

If the velocity of vapor molecules obeys the Maxwell distribution, the total rate
at which molecules passes through the surface A}, per unit mass and per unit area is

—1)2

M p

= | —= — 2.38

/ <27zR> mT'/2 (2.38)

This result of kinetic theory of gases can be used to interpret the motion of vapor
molecules near a liquid—vapor interface.

The mass flux of vapor molecules from the vapor phase that impinge on the
surface is

m've=m-6-Tj, (2.39)

-\ 1/2
A M Psat
"o sal
my. =06- F(ﬁ) . <T1/2> (2.40)

sat

The term I" corresponds to the fact that the vapor as a whole progresses towards
the substrate as long as net condensation takes place. This progress velocity should
be superimposed on the Maxwell velocity distribution. The net mass flux of vapor
molecules in the direction opposite to the substrate is

m’"e = méj), (2.41)

-\ 1/2
M Di
" A nt
m'e = G(ﬂ) . <T1/2> (2.42)

int

The net mass flux per unit area (m”;,)) condensing at the liquid—vapor interface is
equal to the difference between m” . and m”|,
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<5-r pfj;) - (5- b ]“;‘ZN (2.43)
Tsal Tint

=1+ [m”im/ (pV\/ZM/ﬂRTSm>} (2.44)

Combining (2.43) and (2.44), we get,

N — 12
26 M Dsat Pint
no_ [ 20 \[ M B
M ing = (2 - 8‘) (27[R> (qua/[Z Tl/z) (2.45)

int

(M
nt 277.'R

where

Equation (2.45) can be put into the following form if (Tsa — Tin)/Tsar) K 1:

2% M N\ (pa—pm Taw—T,
1 sat nt sat mt
m int (2 — 6) (ZJTRTSm> Dsat ( Peat e ) ( )

When the two terms in the parenthese on the right-hand side of (2.46) are
compared, the first term, (Pga — Pind)/Psar 1S usually much larger than the second,
(Tyye — Tin)/2T sy Thus, (2.46) is written as

2% Mo\
m//im = (n) (7) (Psat - Pim) (2.47)

2”RTsat

Further, from the Clausius-Clapeyron relation

Psat — Pint _ p]vhlv

2.48
Tsat - Tim Tsat ( )
Hence, (2.47) becomes
R — 1/2

20 M iy (Teat — Tint)

" v sat t
int = = = ; therefore, 2.49
m"int (2 — a) <2ﬂRTsa[) T erefore ( )

i
in h v

Bing = i (2.50)

(Tsat - Tim)

26 B2 M \'"?
By = Iv _ 2.51
= (75) (72) G @sn
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Here, the accommodation coefficient (6) defines the fraction of the striking
vapor molecules that actually gets condensed on the vapor—liquid interface.
The remaining fraction (1 — &) is the reflection of vapor molecules that strike the
interface but do not condense. The accommodation coefficient indirectly measures
the interfacial resistance of the liquid—vapor interface to condensation. Higher the
accommodation coefficient, lower the interfacial resistance of the liquid—vapor
interface of the condensed drop. For liquid ethanol, methanol, alcohol, and water,
the reported values of the accommodation coefficient range from 0.02 to 0.04. On
the other hand, reported values for benzene and carbon tetrachloride are closer to
unity. It has values ranging from 0.37 to 0.61 for condensation of metallic vapor.

(b) Temperature drop due to capillary resistance: As discussed earlier, a pressure
difference occurs at the liquid—vapor interface. Therefore, interface temperature is
below the saturation temperature of vapor. The depression of the equilibrium
interface temperature below the normal saturation temperature for the droplet of
radius r can be estimated by replacing (T, — T\) by ATy, and iy, by the radius
r in (2.24). The resulting relation is given as

2 Tw min
AT = (7"> (V;llv ) = (T — T4 (’r ) (2.52)

(c) Temperature drop due to conduction resistance: The drop itself acts as resis-
tance to heat conduction. Accordingly, the conduction resistance through a liquid
drop from the wall to liquid—vapor interface is such that the effective temperature
drop associated with this resistance is given by

1/2
ATcona = qjl( /k) (253)

Substituting (2.31 and 2.32) into (2.53) yields the following relation for the
temperature drop due to conduction,

qar(1 — cos Ouy,)

ATcona =
T 42k (1 = oS Oayg)

(2.54)

(d) Temperature drop due to promoter layer: The temperature drop due to the
resistance offered by the coating material on the substrate is given by

qao
kcoatAsl

AT o = (255)

Substituting (2.30) into (2.55) yields the following relation for the temperature
drop

qad
keoumr?(1 — cos? 9)

ATcon = (2.56)



2.4 Macroscopic Modeling of Dropwise Condensation 47

(e) Temperature drop due to constriction resistance: It measures the effect of
substrate thermal conductivity on dropwise condensation. There has been
continuing controversy about whether the thermal conductivity of the condensing
surface plays a significant role in determining effective of heat transfer in dropwise
condensation. Results of several investigators (Rose 2002; Bansal et al. 2009) have
been interpreted as indicating a strong effect of the thermal conductivity of the
substrate on dropwise condensation. But others (Rose 1978a, b) show negligible
effect of thermal conductivity of the condensing wall. Tsuruta (1993) has indicated
an additional thermal resistance due to the nonuniform heat flux distribution over
the condensing surface. In the present simulation, the substrate temperature is
assumed uniform. Therefore, the temperature drop due to constriction resistance
is absent (AT onst = 0).
The total temperature drop will balance the total available subcooling and so,

AT[ = ATcond + ATint + ATcap + ATcoat = (Tsat - Tw) (257)
Therefore, the heat transfer rate through a drop of radius r is obtained as

(Tsat - Tw)(l - (rmin/r))

1 + 7(1—c0S Gavg) + 5
2712 hing (1—C08 Gayg) ' 4mr2k(1—c08 ayg) ' 7r2keout (1—C0S? Baye)

The heat transfer rate through a drop of radius r equals the product of the rate of
mass condensate at the free surface and latent heat of vaporization, given by

qa = (pyhiy)(dV /dt) (2.59)
dv  dV dr 2 3 dr
e y ve) 2.
= X =" (2 — 3 cos Oayg + cOS” Oyg) ” (2.60)
2 3 dr
gda = (7r°pihy) X (2 =3 cos Oy + €OS” Oyyg) X @ (2.61)

From the above set of equations, one can show that the rate of growth of
individual drops follows the equation

dr _ (HTw =TV (1_1~.;n>
().,

dr prhy L) + "(1*0‘1)(5 Oave) +z 45

Rint coar (1408 Oayg) (2.62)

(1 — cos Gaye)
X
(2 =3 cos Oayg + O8> Ouyy)

Equation (2.62) is valid for horizontal and inclined surfaces without wettability
gradient as well as the ith drop (with average contact angle of 6,,,) underneath a
horizontal substrate with wettability gradient.
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Fig. 2.18 Observing drop coalescence during a dropwise condensation experiment (Leach et al.
2006). (a) Drops prior to coalescence; the drop coalescence is marked with x. The arrow identifies
a drop-free region where drops will be observed later. (b) The same region during coalescence.
(¢) The next images, where drops coalesce are marked with x. (d) The same region during
coalescence and (e) after coalescence. (f) The same region seconds later, after newly nucleated
drops become visible following coalescence. Some of these drops appear in the region marked in
(a), which was drop-free prior to the coalescence events

2.4.5 Growth by Coalescence

In dropwise condensation, two or more drops on or underneath a cold substrate
grow large enough to touch one another, coalesce, and form a single larger drop,
Fig. 2.18. Leach et al. (2006) studied dropwise condensation of water vapor coming
from a hot water reservoir onto a naturally cooled hydrophobic polymer film and a
silanized glass slide. The authors observed that the coalesced drop is at the center of
mass of the original drops. The smallest detectable droplets were seen to grow and
eventually fall-off, after repeated cycles of nucleation to coalescence. The spatio-
temporal coalescence scales were also reported. Images acquired before and after
coalescence events confirmed that drop coalescence reexposed the substrate area
for nucleation of new liquid drops.

Many researchers (Vemuri and Kim 2006; Leipertz 2010; Dietz et al. 2010;
Miljkovic et al. 2012) have experimentally recorded the smallest detectable
droplets that grow and eventually fall-off after repeated cycles of coalescence.
The growth rate of drops depends on their respective size: small drops grow by
direct condensation as well as occasional coalescence but large drops grow mainly
by coalescence. The growth rate of small drops is related to heat transfer. Smaller
drops offer less thermal resistance, thus permitting rapid condensation. Larger
drops offer a higher thermal resistance and grow primarily by coalescence.
Hence, coalescence plays a primary role in determining the drop size distribution
on the macroscale while direct condensation is of secondary importance.
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Coalescence also plays a direct role in the frequency of attainment of drop
criticality, either for sliding motion or fall-off. Subsequently, nucleation occurs
over the reexposed area of the substrate. Nucleation, slide-off or fall-off and
droplets coalescence are the fundamental processes that enhance heat transfer
coefficient at later stages of growth in dropwise condensation. Since the associated
heat transfer rates are high, one can imagine coalescence dynamics as one of the
important factors contributing to the enhanced heat transfer during dropwise
condensation.

Coalescence-induced instability in the pendant mode is an effective means of
passively enhancing heat transfer coefficient during dropwise condensation.
Inclined substrates have natural advantage in terms of sweeping of drops from the
substrate, thereby, exposing fresh sites for nucleation. As compared to coalescence
of sessile droplets, flow instabilities are induced faster in pendant drops, enhancing
the associated heat transport characteristics.

Although coalescence of pendant drops underneath an inclined hydrophobic
surface is an efficient process in dropwise condensation, discussion on the subject
is scarce in the literature. Much of the research available is on the formation of a
liquid bridge and the relaxation time coalescence in sessile drops.

Eggers et al. (1999) focused on early-time behavior of the radius of the small
bridge between two drops. When two liquid droplets touch each other, a liquid
bridge is formed between them. A negative curvature or negative pressure is created
at the point of joining. This bridge quickly expands under the influence of interfa-
cial stresses and the resultant fluid motion pulls the two drops together, forming a
large drop with a smaller surface area. This motion is viscously dominated in the
initial stages. Based on the above concept the authors proposed a scaling law for a
variation of the liquid bridge radius with time.

For two drops merging together, Andrieu et al. (2002) experimentally recorded
and theoretically described the kinetics of coalescence of two water drops on a
plane solid surface. Immediately after coalescence, an ellipsoidal shape results,
eventually relaxing into a hemispherical shape, in a few milliseconds. The charac-
teristic relaxation time is proportional to the drop radius R at final equilibrium. This
relaxation time is nearly 107 times larger than the bulk capillary relaxation time
t, = Ru/o, where ¢ is the vapor-liquid surface tension and p is the liquid shear
viscosity.

Duchemin et al. (2003) studied coalescence of two liquid drops driven by surface
tension. The fluid was considered to be ideal and velocity of approach, zero. Using
the boundary integral method, the walls of the thin retracting sheet of air between
the drops were seen to reconnect in finite time to form a toroidal enclosure. After
initial reconnection, retraction starts again, leading to a rapid sequence of
enclosures. Averaging over the discrete events, the minimum radius of the liquid
bridge connecting the two drops were scaled as 7y, proportional to (£)°~.

Using high speed imaging, Wu et al. (2004) studied early-time evolution of the
liquid bridge that is formed upon the initial contact of two liquid drops in air.
Experimental results confirmed the scaling law that was proposed by Eggers
et al. (1999). Further, their experimental study demonstrated that the liquid bridge
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radius (7,) follows the scaling law ry, o (9% in the inertial region. The pre-factor of
the scaling law, ro/(H%2, is shown to be proportional to R 4 where R is the inverse
of the drop curvature at the point of contact. The dimensionless pre-factor is
measured to be in the range of 1.03—1.29, which is lower than 1.62, a pre-factor
predicted by the numerical simulation of Duchemin et al. (2003) for inviscid drop
coalescence.

Narhe et al. (2004) investigated the dynamics of coalescence of two sessile water
drops and compared them with the spreading dynamics of a single drop in the
partially wetting regime. The composite drop formed due to coalescence relaxed
exponentially towards equilibrium with a typical relaxation time that decreases
with contact angle. The relaxation dynamics is larger by 5-6 orders of magnitude
than the bulk hydrodynamics which is of the order of a few milliseconds, due to the
high dissipation in the contact line vicinity. Narhe et al. (2005) studied the dynam-
ics of drop coalescence in the sessile mode of dropwise condensation of water vapor
onto a naturally cooled hydrophobic polymer film and silanized glass slide. The
authors reported that coalescence is affected by surface orientation and composi-
tion, vapor and surface temperatures, humidity, and vapor flow rate.

Aarts et al. (2005) studied droplet coalescence in a molecular system with
variable viscosity and a colloid—polymer mixture with an ultralow surface tension.
When either the viscosity is large or the surface tension is small enough, the liquid
bridge opening initially proceeds with capillary velocity. Inertial effects are domi-
nant at a Reynolds number of about 1.5 4 0.5 and the neck then grows as the square
root of time. In a second study, decreasing the surface tension by a factor of 10°
opened the way to a more complete understanding of the hydrodynamics involved.

Thoroddsen et al. (2005) studied pendant as well sessile drop coalescence. The
authors used an ultra-high speed video camera to study coalescence, over a range of
drop sizes and liquid viscosities. For low viscosity, the outward motion of the liquid
contact region is successfully described by a dynamic capillary-inertial model
based on the local vertical spacing between two drop surfaces. This model can
also be applied to drops of unequal radii. Increasing viscosity slows down coales-
cence. For the largest viscosity, the neck region initially grows in size at a constant
velocity. The authors compared their results with the previously predicted power
law, finding slight but significant deviation from the predicted exponents.

Ristenpart et al. (2006) investigated experimentally and theoretically the coales-
cence dynamics of two spreading drops on a highly wettable substrate. They found
that the width of the growing meniscus bridge between the two droplets exhibits
power-law behavior, growing at early times as (£)*>. Moreover, the growth rate is
highly sensitive to both the radii and heights of the drops at contact, scaling
as h*/R,. This size dependence differs significantly from the behavior of freely
suspended drops, in which the coalescence growth rate depends only weakly on the
drop size.

Kapur and Gaskell (2007) experimentally investigated coalescence of a pair of
drops on a surface with high quality images from flow visualization revealing the
morphology of the process. The drops merge and evolve to a final state with a
footprint that is peanut-like in shape, with bulges along the longer sides resulting
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from the effects of inertia during spreading. The associated dynamics involve a
subtle interplay between (a) the motion of the wetting process due to relaxation of
the contact angle and (b) a rapid rise in free surface height above the point where
coalescence begins due to negative pressure generated by curvature. During the
early stages of motion, a traveling wave propagates from the point of initial contact
up the side of each drop as liquid is drawn into the neck region, and only when it
reaches the apex of each do their heights start decrease. A further feature of the
rapid rise in height of the neck region is that the free surface overshoots signifi-
cantly from its final equilibrium position; it reaches a height greater than that of the
starting drops, producing a self-excited oscillation that persists long after the system
reaches its final morphological state in relation to its footprint.

Thoroddsen et al. (2007) studied drop coalescence of two different miscible
liquids and found that the coalescence speed is governed by the liquid having
weaker surface tension. Marangoni waves propagate along the drop with stronger
surface tension. Surface profiles and propagation speeds of these waves were
reported from experiments with a pendant water drop coalescing with a flat ethanol
surface or with a sessile drop of ethanol. In the former, capillary-Marangoni waves
along the water drop showed self-similar character in terms of arc length along the
original surface.

Liao et al. (2008) performed an experimental investigation on coalescence of
two equal-sized water drops on inclined surfaces. The effects of inclination angle
and the drop size were studied with respect to the liquid bridge, fore/back contact
angle and, and the evolving three-phase contact line.

Sellier and Trelluyer (2009) proposed a power law growth of the bridge between
the drops describe the coalescence of sessile drops. The exponent of the power law
depends on the driving mechanism for the spreading of each drop. The authors
validated the experiment against numerical simulation.

Boreyko and Chen (2009) linked the coalescence with heat transfer rate in
dropwise condensation. The authors experimentally showed the drop shifting on a
substrate and releasing interfacial energy during coalescence. Energy released is
higher for higher contact angle and is responsible for the drop movement and
enhancement of heat transfer during coalescence.

Wang et al. (2010) conducted an experiment to study the behavior of liquid drop
coalescence on a surface with gradient in surface energy. The microscopic contour
of the gradient energy surface was fabricated on the base of a silicon chip by
diffusion controlled silanization of alkyltrichlorosilanes and characterized by an
atomic force microscope. The effect on the three-phase contact line and contact
angle was obtained. The process of drop coalescence was seen to accelerate the
drop speed on the gradient surface.

Sellier et al. (2011) studied coalescence of sessile drops of distinct liquids,
arising from Marangoni stresses due to surface tension gradient. The analysis
revealed two dimensionless numbers that govern flow characteristics. One is related
to the strength of surface tension gradient and the other to the diffusion timescale.
Numerical results confirmed the occurrence of the self-propulsion behavior.
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after coalescence

two drops before coalescence

Fig. 2.19 Schematic showing coalescence of two drops and criteria of coalescence

Paulsen et al. (2011) used an electrical method and high-speed imaging to
investigate drop coalescence down to 10 ns after the drops touch. Viscosity was
varied over two decades. At a sufficiently low approach velocity where deformation
is not present, the drops coalesced with an unexpectedly late crossover time
between a regime dominated by viscous and one by inertial effects.

Much of the research on the topic covers the formation of a liquid bridge and the
relaxation time of sessile drops during coalescence. Coalescence of pendant drops
and its role of coalescence in heat transfer enhancement are not readily available.

2.4.5.1 Modeling Growth by Coalescence

A simple model of drop coalescence is adopted in the present work on the basis of
experimental observations reported in the literature. Consider two drops of radius r;
and r; at nucleation sites, i and j, on the substrate, Fig. 2.19.

The distance between the two nucleation sites, i and j, is calculated as

lj = \/ (i —x) + i —y) + (2 — )’ (2.63)
The coalescence criterion can be stated as
i —[ri+1] <107° (2.64)

If the coalescence criterion is met, a drop of equivalent volume on the mass
averaged center of the original coalescing droplets is introduced. The time for
coalescence is taken to be much smaller than the other timescales of the condensa-
tion process. Hence, as soon as the two droplets contact each other (or three
droplets, or, very rarely, four contact each other simultaneously), they are
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substituted with an equivalent single drop with equal total volume, located at the
weighted center of mass of the individual coalescing drops. Shows two drops i and
Jj in a coalescence process forming drop c¢, as shown in Fig. 2.19. The volume,
position, and radius of drop ¢ are

Ve= (Vi +V)) (2.65)
xe = (Vixi +Vixi)/(Ve) (2.66)
ye = Vi + Viyi) (2.67)
Ve
. . 1/3
ro = 3(Vi+Vy) (2.68)

7(2 — 3 cos Oyyg + OS> Oyye)
The base radius of the drop formed after coalescence is
(rc)b =T, sin oavg (269)

Equations (2.63-2.69) are valid for horizontal and inclined surfaces with and
without wettability gradient. More than two drops (i, j, and k) are coalesced as

lj = \/(x,- —)" 4 0= 9)’ + (@ —z)° (2.70)
lix = \/(Xi — )+ i =)’ + (5 — ) 2.71)
lix = \/(xf —x) 4+ O0p =)+ (5 — )’ (2.72)

The coalescence criterion can be stated as
Li—[ri+r] <107% e —[ri+n] <107% L —[r+nr] <107° (2.73)

The volume, position, and radius of drop (drop c¢) formed by coalescing more
than two drop is determined as,

V.= (V,' + Vj + Vk) 2.74)

Vixj + Vixi
x, = Vi + Vixi) 2.75)
’ Vi+V;
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Fig. 2.20 Image of drops siding in dropwise condensation on copper substrate at different
inclination with the horizontal (Citakoglu and Rose 1968b)

S = W (2.76)

v = (Vi + V)xx + Vixe) 2.77)
Vi+Vi+ Vi

5o = (i ;r :/—j)%k j“/’kkyci) (2.78)

o 3(Vi 4V, + V) o 279

7(2 — 3 cos Oyyg + OS> Oyy)

The main assumption in the approach adopted for coalescence is that its time-
scale (in milliseconds) is small in comparison with the cycle time of dropwise
condensation (usually in excess of a second). The coalesced drops relax over a
longer time period but this process can be neglected because, most often, it would
become gravitationally unstable, leading to fall off or slide off from the substrate.
Hence, the assumption of instantaneous coalescence is expected to be reasonable in
dropwsie condensation.

2.4.6 Drop Instability

When a certain size is reached, several authors (Citakoglu and Rose 1968a, b;
Meakin 1992; Leipertz and Froba 2006, 2008) have shown that the gravitational
force on the droplet exceeds the adhesive force between the liquid and condensing
substrate, and the droplet begins to move, Fig. 2.20.

Drop motion plays an important role in the enhancement of heat transfer. The
sliding drop wipes other droplets off, resulting in ‘reexposed’ surface area.
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New drops are formed again in the reexposed area of the substrate. The diffusional
resistance of the liquid contained in these drops forms the primary thermal resis-
tance of the energy released from the free surface to the condensing wall. Enhance-
ment of heat transfer necessitates that these drops be swept away from the substrate
as soon as possible so as to reduce the most prominent thermal resistance in the
passages of heat, from the vapor to the substrate. Sliding may be achieved either by
(a) inclining the substrate, or alternatively, (b) by creating as additional force
imbalance at the three-phase contact line.

The later strategy is most suitable for induced motion on horizontal surfaces.
Contemporary manufacturing/coating techniques can provide such a wettability
gradient by physicochemical action, leading to additional surface forces required
for inducing droplet motion.

2.4.6.1 Drop Sliding on an Inclined Substrate

Literature on drop sliding on or underneath a textured inclined surface is limited.
Most of the existing work (Brown et al. 1980; Dussan 1985; Briscoe and Galvin
1991b; Elsherbini and Jacobi 2006) have considered the critical state of static
sessile drop on an inclined surface and focused on the apparent contact angle
hysteresis, drop shape, and drop retention with tiltable surfaces for various
combinations of hydrophobic surfaces and liquids.

Though a large volume of work exists on predicting the drop shape under static
condition, only a few researchers have reported the sliding behavior of the drop on
an inclined surface as well as horizontal wettability gradient substrate.

Kim et al. (2002) reported that a liquid drop which partially wets a solid surface
will slide down the plane when it is tilted beyond a critical inclination. Experiments
for measuring the steady sliding velocity of different liquid drops were performed
on an inclined surface leading to a scaling law to relate velocity with wetting
characteristics.

Grand et al. (2005) reported experiments on the shape and motion of millimeter-
sized drops sliding down a plane in a situation of partial wetting. An unexpected
shape change was seen when the velocity of drop is increased. In theoretical
analysis, the viscous force was scaled as xUV'”? and the drop sliding velocity was
found to be a linear function of the Bond number. Rio et al. (2005) examined the
microscopic force balance close to a moving contact line to investigate boundary
conditions around viscous drops sliding down an inclined plane.

Gao and McCarthy (2006) postulated two mechanisms for a drop moving down
the plane. Drops move by sliding, when the particles near the solid—liquid interface
exchange their position with those at the gas—liquid interface, while the bulk of the
fluid remains unaffected. On the other hand, there could be rolling motion where the
entire fluid mass undergoes a circulatory movement. Sakai et al. (2006) used particle
image velocimetry (PIV) to observe the internal fluidity of water droplets during
slide on various chemically textured surfaces. On normal hydrophobic surface with
contact angle of around 100°, both slipping and rolling controlled velocity during
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Sliding direction

Fig. 2.21 Photographs of the sliding of a 45 mg water droplet on the sample coated with FAS
tilted at 35°. Each sliding distance at (a), (b), (c), and (d) was 0.000, 0.010, 0.015, and 0.030 m.
The droplet length at corresponding distance is 5.28 mm, 5.34 mm, 5.58 mm and 5.78 mm,
respectively (Suzuki et al. 2006)

slide. On the superhydrophobic surface, however, with a contact angle of 150°, the
droplet fell at high velocity by slipping. Yoshida et al. (2006) did not consider the
viscous force in their study of the sliding behavior of water drops on a flat polymer
surface. The authors reported that sliding motion changed from constant velocity to
one of constant acceleration with an increase in the contact angle. Suzuki
et al. (2006) reported a photograph of a sliding 45 mg water droplet on the surface
coated with fluoroalkylsilane and tilted at 35°, Fig. 2.21. The authors reported that
apparent length of water droplets increases when the sliding velocity increases.

Sakai and Hashimoto (2007) experimentally determined the velocity vector
distribution inside a sliding sessile drop using PIV. The authors reported that the
velocity gradient near the liquid—solid interface is higher than locations elsewhere
inside a drop.

Hao et al. (2010) investigated the internal flow pattern in a water droplet sliding
on the superhydrophobic surface by employing PIV and PTV. Both rolling and
slipping motion were seen inside the drop during sliding, though rolling occurred
only at the edge of the water droplet.

2.4.6.2 Drop Sliding Over Horizontal Surface
with Wettability Gradient

The possibility of drop movement resulting from a wettability gradient was noted
by Greenspan (1978) and experimentally demonstrated by Chaudhury and
Whitesides (1992). Daniel et al. (2001) performed the experiment of condensation
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Fig. 2.22 (a) Direction of the retention force shown on the footprint and, (b) free body diagram of
drop underneath a horizontal substrate and an inclined substrate

on a wettability gradient substrate. The authors observed more rapid motion
(1.5 m/s) when condensation occurred over a horizontal wettability gradient sur-
face. Drops moved hundreds to thousands of times faster than the speeds of typical
Marangoni flows. Moumen et al. (2006) measured the velocity of a drop along a
wettability gradient surface. At steady state, the driving force for drop movement
comes from the gradient of free energy of adhesion of the drop with the substrate,
and balanced by viscous drag generated within the liquid drop.

2.4.6.3 Modeling Drop Instability

During condensation, drops grow first by direct deposition of vapor and then by
coalescence. Continuously, the weight of the drop increases and can be a
destabilizing influence. Force imbalance at the three-phase contact line leads to
instability. For definiteness, a free body diagram of a pendant drop underneath a flat
horizontal substrate and an inclined substrate with corresponding forces acting at
the three-phase contact line, Fig. 2.22, is considered. For determining the onset of



58 2 Modeling Dropwise Condensation

instability, pressure, surface tension, and gravity are taken as dominant forces. The
size of drop at slide-off and fall-off are estimated in the following sections.

Liquid pressure within the drop will be in excess of the surrounding vapor
pressure. The pressure difference is larger in the smaller drop. As the drop size
increases, pressure difference decreases. It is a minimum at the onset of instability,
for which the drop diameter has increased to its largest possible size. When the drop
is about to slide, pressure acts normal to the surface and does not contribute to the
force calculation.

For fall-off, the excess pressure has a component in the vertical direction. Since
it is small for the large drops, excess pressure has been neglected in the fall-off
instability calculation. Accordingly, the critical drop diameter is expected to be
slightly overpredicted.

2.4.6.4 Horizontal Substrate

A pendant drop underneath a horizontal substrate is a part of a sphere of radius r
with a contact angle & = 6,,,. For a horizontal hydrophobic substrate, surface
tension and gravity are in competition, Fig. 2.22a. As droplets grow in size, body
forces (gravity) eventually surpass the limiting surface force (surface tension) at the
three-phase contact line. As discussed above, the contribution of excess pressure in
the determination of the critical drop diameter is negligible.

The component of surface tension force normal to the substrate is

Fy = 27146 sin Oy = 2776 8in” Oy (2.80)
The weight of the drop is
Foi =g(p1 —py) (a1 /3) (2 — 3 €OS Ouyg + COS’ Oy (2.81)

Equating (2.80) and (2.81), the maximum radius (the size of droplet fall-off) is

obtained as
o 6 sin’ Oave o (2.82)
Fmax = (2 = 3 ¢S Oayg + 08> Oave) ) \(P1 — pv)8 '

Uniform distribution of the contact angle at the three-phase contact line makes
the net retention force (F,) underneath a horizontal plane zero. The arguments
leading to (2.82) do not include adhesion of the liquid with the substrate at the
base, since higher order effects on the meso-scale and micro-scales are neglected.
Various authors (Amirfazli 2007; Miljkovic et al; 2012; Rykaczewski 2012)
showed that such effects are not important on engineering scale calculations.
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2.4.6.5 Inclined Substrate

Inclining the substrate causes an imbalance in the forces and results in drop
deformation, to achieve necessary static balance. A deformed drop underneath an
inclined substrate at incipient sliding is shown in Fig. 2.22b. The leading side
contact angle is equal to the advancing angle and trailing side contact angle is the
receding angle of the liquid substrate combination. The figure highlights the
relevant forces at contact line which is taken to be circular. The force balance on
a drop underneath an inclined substrate at incipient sliding is also shown. The
component of body force (gravity) parallel to the substrate tries to slide the drop and
surface tension provides the retention force for stability. Similarly, body force
component normal to the substrate leads to fall-off while the normal component
of surface tension provides stability to hold the drop. Hence, the critical size at
which slide/fall-off commences depends not only on the thermophysical properties
of the liquid but also on physicochemical properties of the substrate.

Under dynamic conditions, the applicability of static force balance is questionable
due to the presence of capillary waves, distortion in local equilibrium droplet shapes,
droplet pinning, variation in dynamic contact angle due to inertia effects, sudden
acceleration, and three-dimensional flow structures inside the droplets. Therefore,
there is considerable debate in the literature on the applicability of static conditions
on the real-time condensation process (Fang et al. 2008; Annapragada et al. 2012).
The bulk composite effect of these real-time dynamic situations and local contact line
perturbations is manifested in the form of hysteresis of advancing and receding
angles. The static force balance conditions should be representative of the dynamic
situation, since absolute contact angles and hysteresis are accounted for. Expressions
for the maximum base radius of a drop that will first slide (7¢) or fall-off (r.x)
underneath an inclined substrate are derived in the following discussion.

1. Estimation of critical radius of slide-off underneath an inclined substrate

The critical radius of the droplet at slide-off underneath an inclined substrate is
obtained by force balance parallel to the substrate. Accordingly, the retention force
arising from contact angle hysteresis, namely, the difference in the advancing angle
and receding angle, is equal to the component of weight parallel to the substrate. The
component of retention force acting on the drop in the direction of substrate inclina-
tion is found by integrating the differential force over the base of the drop as follows:

Fy = Zera cos 6 cos £d& (2.83)
0
The normal component of surface tension at the base of the drop is

F.,. =2 era cos @ sin £d¢& (2.84)
0
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Due to symmetry at the base, F,, = 0; the resulting retention force (F,) due to
surface tension acts in the direction of substrate inclination (Fy)).

The contact angle hysteresis, namely, the variation in the advancing to receding
contact angle, is taken to vary linearly along the contact line with respect to
azimuthal angle. The base of the droplet is taken to be circular as discussed earlier.
The variation of contact angle, with respect to azimuthal angle along the drop
contact line is formulated as

€08 Ocq — €OS Bqqy
Vs

cos @ = cos B,qy + & (2.85)

Substituting the (2.85) into (2.83) and integrating, one obtains
F; = —(4/7)6ry(cos Oreq — €08 Oyqy) (2.86)

The (—) sign indicates the direction of force is opposite to the direction of
inclination. The drop volume (V'), area of liquid—vapor interface Ay, and area of
solid—liquid interface Ay of deformed drop underneath an inclined substrate are
calculated using the spherical cap approximation. Accordingly, the volume of the
deformed drop is

B JTI’g (2 —3 cos Oayg + cos’ Oave)

V = 2.87
35in’ Oyyg 87
The force component due to gravity that is parallel to the substrate is
3 3
712 (2 — 3 oS Byyg + €S Oyye) .
Fg =—2 £ & — sin a 2.88
2l 35 Oung (p1—py)8 (2.88)
Here, r, is the base radius of drop and is related to the drop radius as
Ty = 7 SN Gqye (2.89)

A balance of forces acting direction parallel to substrate inclination yields
Fg + Fy =0 (2.90)

Hence, the critical radius of the droplet at slide-off on the inclined substrate is
calculated as

1.25 sin O,y ( 0 Ot o
Ferit = cos — €08 Opgy) | —m———————
et (2 =3 cos Guy + cos® ) red I\ (p; — py)g sin @

2.91)

For ry, > re, the drop becomes unstable and slides over the surface.
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2. Estimation of critical radius of fall-off underneath an inclined substrate

Surface tension perpendicular to the inclined substrate is calculated as
Fn=2 J r,o sin 6dé (2.92)
0

The variation of contact angle, with respect to azimuthal angle (£) along the
contact line is formulated as

in Oreg — sin Oug,
Sin 0 = sin Oy + (Sm red — 50 Tud )g’ (2.93)
T

Substituting (2.93) into (2.92) and integrating, the surface tension component
perpendicular to the substrate is obtained as

Fy = mory(sin Oygy + sin Opeq) (2.94)
The gravity force component perpendicular to the substrate is

713 (2 — 3 €08 Oyyg + €OS> Oayg)
Fy =

— cos 2.95
TS Ong (p1 —py)g cos a (2.95)

The maximum radius (r,,x) of the drop that will initiate fall-off is obtained by
balancing the forces perpendicular to substrate, namely

Fol +Fy=0 (2.96)

Hence, the critical radius of fall-off (r,,x) is given as

3(sin Guyg)(Sin Oreq + sin Gaay) c
Fmax = (297)
(2 — 3 ¢S Gayg + OS> Gyyy) (g cos 6)(p; — py)

For ry > rmax. the drop becomes unstable and falls-off.

2.4.6.6 Horizontal Substrate Having Unidirectional
Wettability Gradient

A horizontal substrate with wettability gradient is shown in Fig. 2.23a. The contact
angle at the lower wettability side is 8, while that at the higher wettability side is
6,. The contact angle varies linearly in one direction from x = 0 to X. Here, X is the
substrate length in x direction, Fig. 2.23b.
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Fig. 2.23 Condensation over a substrate with wettability gradient. (a) The footprint of the ith drop
is assumed to be circular. (b) Side view of each drop is determined by the two circle approxima-
tion. (c) Direction of forces acting over the three phase contact line—the substrate—vapor-liquid
boundary

Consider the footprint of the ith drop of radius r at nucleation site (x;, y;)
underneath a substrate having unidirectional wettability gradient. The side view
of ith drop is shown in Fig. 2.23b. For intermediate calculations, the drop shape is
taken to be a spherical cap in the sense that drop volume V;, area of liquid—vapor
interface (Ay);, and area of solid-liquid interface (Ay); are calculated using the
average contact angle

(gavg)i = [(emaX)i + (emin)i} (2.98)

N —

Here, the contact angle of the drops depends on their position on the substrate.
Consequently, force imbalance is generated primarily because of variation of
contact angle from (p,ax); t0 (@min); at the three-phase contact, arising from the
substrate wettability gradient, Fig. 2.23b. Drop motion can be expected even before
the shapes are greatly altered by gravity or flow-related pressure nonuniformity.
Gravity and pressure will not have component parallel to the horizontal substrate.
The unbalanced surface tension will then mobilize the drop along the substrate.

The footprint of the spherical cap shape corresponding to the ith drop and as a
circle is shown in Fig. 2.23c. It can be seen that the net force at the three-phase
contact line of a deformed drop acts in the x direction towards the higher wettability
side. It can be calculated as follows.

The base radius of the ith drop is

(rv); = (r); sin (Bavg); (2.99)
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Fig. 2.24 (a) variation of contact angle with respect to the azimuthal angle at base of the drop is
assumed to be a circle. (b) Free body diagram of ith drop underneath wettability gradient
horizontal substrate

Quantities X, and X, for the ith drop are
(*max); = Xi — (); and (Xmin); = X; + (1p); (2.100)

Angles (0ax); and (Op,in); are calculated as

(Omax); = 01 + (62 ;( 0‘) (Xmax); (2.101)

(Omin); = 01 + ('92 % ‘9‘) (omin); (2.102)

The net force acting at the footprint of ith the drop (Fig. 2.24a) towards higher
wettability side is

(F.), =20 [ cos (6,), cos (£)v) (02, (2.103)
0

The value of cos (6,); is linearly interpolated as

cos (6y), = cos (Bin); + <COS (B ); = 05 (Bin); > (),

2.104
(xmin)i - (xmax)i ( )

Substituting (2.104) into (2.103) and integrating, the retention force parallel to
substrate is obtained as

(Fr)[ = (4/”)6(’”1))[[(:05 (gmin)i — COs (gmax),‘] (2.105)
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The retention force parallel to the substrate towards the higher wettability side is
balanced by wall shear between the drop and the substrate. This balance requires
that the drop will slide at a constant speed. The estimation of terminal velocity of a
drop is discussed in Sect. 2.4.7. Hence, on the wettability gradient substrate every
drop becomes unstable. The sliding of the drop wipes off other drops that lie in its
path, and its mass and volume change during the motion. If the weight of the drop is
higher than the net retention force evaluated at the three-phase contact line normal
to the surface, the drop will fall-off. The critical radius of the drop at fall-off is
estimated as follows.

The surface tension component normal to substrate is calculated as

(Fa); = 2Ja sin (6,),(rv); d& (2.106)
0

The variation of the contact angle, with respect to azimuthal angle along the
contact line is linearly interpolated as

SN (Omax); — sin (Qmin),) (),

(Xmin); — (Xmax);

sin (6x); = sin (Omin); + ( (2.107)

Substituting (2.106) into (2.107) and integrating, the surface tension component
perpendicular to the substrate is

(Fn); = 7o(1p), 810 (Omin); + Sin (Omax);] (2.108)
The gravity force component perpendicular to the substrate is

n(rﬁ)i[Z — 3 c0s (Bavg); + cos’ (Oavg),]

- 2.109
3 sin3 (eavg) (pl pv)g ( )

(ng)i =

i

If the weight of the drop is higher than the net retention force evaluated at the
three-phase contact line in a direction normal to the surface, the drop will fall-off.
The corresponding critical radius is given by

(rmax); = \/ s e (2.110)

(P1 = py)8[2 = 3 €08 (Oavg); + O8* (Ouave) |

2.4.7 Modeling Terminal Velocity

In dropwise condensation, droplets undergo instability and start sliding over
the substrate that is either inclined or is horizontal with a wettability gradient.
The speed increases with time till the unbalanced force is matched by wall shear,
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Fig. 2.25 Representation of various forces on sliding drop underneath substrate with terminal
velocity (a) inclined substrate and (b) horizontal substrate with wettability gradient. The average
skin friction coefficient (s;) is determined at the scale of the individual drop by a CFD model
described by the authors in their earlier study

resulting in a constant terminal velocity. In the present model it is assumed that
drops attain terminal velocity immediately after instability.

2.4.7.1 Inclined Substrate

For an inclined substrate, the drop achieves terminal velocity when the component
of weight parallel to the surface, retention force of the deformed drop at the three-
phase contact line owing to surface tension, and wall friction are in balance,
Fig. 2.25. Hence

Fy+Fy +F,=0 @.111)

where, Fy is the component of weight parallel to the inclined substrate, Fy is
retention force opposing drop motion and F is wall shear associated with the
relative velocity between the fluid and the substrate. The viscous force acting
between the wall and fluid is obtained as follows

1

Fy =
2

CiAgp,U? (2.112)

The terminal velocity of the drop over an inclined surface that makes an angle 6
with the horizontal can now be calculated as

(2.113)
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2.4.7.2 Horizontal Substrate with a Wettability Gradient
For an inclined substrate, when the component of surface tension parallel to it

balances wall shear stress, the drop will slide with constant speed. The hydrody-
namic force that resists motion of the ith drop is

1
(thd),- =Ct <2PU,-2> (Asl)l‘ (2.114)

The skin coefficient of friction Cy is obtained from the correlation derived from
the CFD model described in Chap. 3. Equating the expressions of forces given by
(2.105 and 2.114)

(Fy); + (Fiya); = 0 (2.115)

The terminal velocity is obtained as

1/1.03
0.022(F,), (0ee) ]
Ui= 003,097 (;L03) (2.116)

Velocity thus obtained is a function of the drop size and its position for a
wettability gradient surface.

2.4.8 Wall Heat Transfer

Heat transfer during dropwise condensation can be calculated from the rate of
condensation at the free surface of the drop at each nucleation site of the substrate.
The gaps between drops are assumed to be inactive for heat transfer. The heat
transfer rate ¢ is a function of the nucleation site density and the rate of growth of
drop radius at each nucleation site. The latter is estimated by using a quasi-one-
dimensional approximation for thermal resistances, including the interfacial and
capillary resistance at the vapor-liquid boundary and conduction resistance through
drop, as discussed in Sect. 2.4.4.1 and given by (2.62). The rate of condensation of
vapor at each nucleation site can now be determined as follows.

Estimate the number of available nucleation sites (V). The mass of condensate
accumulated at the ith nucleation site over a time interval Az is

(Am), = pg (2 = 3 €08 Oayg + €0S” Ouy) (e — Tota); (2.117)

With N, the number of active nucleation sites, the total quantity of condensate at a
given time step (At) is obtained as
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i=N

Am =" (Am), (2.118)

i=1

Therefore, the average rate of condensation underneath a substrate is given by

=K =K
(M) 4y = % (Z: (Am)j> where, 1= (Z (At)j> (2.119)
= J

Here, ¢ is the time period of condensation and K = (#/At) is the number of time
steps. The heat transfer rate is simply the latent heat released during the condensa-
tion divided by the time elapsed. The sensible cooling of the liquid is neglected. The
average heat transfer coefficient over an area (A) of the substrate during dropwise
condensation is then determined from the formula

mavghlv

h=-——e
A(Tsat - Tw)

(2.120)

2.4.9 Area of Coverage

At each time step, the number of available nucleation sites and size of the drop at
these locations is obtained from simulation. The area of substrate covered by the
condensate is determined as follows:

N is the available nucleation sites at a given time ¢. The area of coverage at the ith
nucleation site is calculated as

(Asl),' = ”r,‘z(l - COSZ gavg) (2.121)

With N and A, the number of active nucleation sites and the total substrate area,
the area covered by drops at a given time is obtained as

i=N

1
A=~ (Z (Asl),) (2.122)

Here, A.q is the fraction of area of substrate covered by drops at a given time
instant. With K, the number of time instants within a cycle of time period ¢, the
average percentage of area covered for a cycle is as

11 &
1 (Z ZAcd> x 100 (2.123)
j=1



68 2 Modeling Dropwise Condensation
2.4.10 Available Liquid-Vapor Interface Area

Condensation takes place only over the liquid—vapor interface of the drop. The
area of liquid—vapor interface at the ith nucleation site drop at a given time is
calculated as

(Aw); = 2717 (1 — cOS Bayg) (2.124)
With N, the number of active nucleation sites, the fraction of liquid—vapor

interface area available for condensation on a substrate of area A at a given time
instant is

1 i=N
Aalv = IX (Z (Alv),'> (2125)

=1

2.5 Numerical Algorithm for Dropwise Condensation

The modeling of dropwise condensation considers the details of each subprocess of
the condensation cycle and interrelates them in such way as to form a full cycle. The
important steps in the numerical algorithm can now be stated as follows:

1. Initialize all the variables such as thermophysical properties, physicochemical
properties of the substrate, type of substrate (with or without wettability
gradient), orientation of substrate, nucleation site density, time-step, and total
time of simulation.

2. Distribute the nucleation sites on the substrate using a random number genera-
tor and place the drop of minimum radius at all the nucleation sites.

3. Solve (2.62) by a fourth order Runge-Kutta method over a time step and find
the new radius.

4. Calculate the distance between nucleation sites.

5. Check for the coalescence.

6. Identify the nucleation sites covered by the resulting coalesced drops and keep
them deactivated till the drop covers them.

7. Simultaneously, search for newly exposed sites created due to drop coalescence
and provide a minimum radius drop on such newly exposed sites.

8. For all drops, check for the critical radius of slide-off and the sliding velocity.

9. Reactivate the exposed sites created due to drop slide-off and provide a
minimum radius drop on newly exposed sites.

10. Check for drop fall-off.

11. Reactivate the exposed sites created due to drop fall-off and provide a mini-
mum radius drop on the newly exposed sites.

12. Repeat (3)—(9) till a dynamic steady-state is reached.
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Fig. 2.26 Flow diagram of the dropwise condensation model

A computer program in C++ is written to carry out simulation as per the
proposed algorithm. It is run on a high performance computing machine.
The flow chart of the mathematical model of dropwise condensation underneath
the inclined substrates is depicted in Fig. 2.26, while the subroutines are detailed in
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Fig. 2.27 Various subroutines of the dropwise condensation model

Fig. 2.27. Whenever a drop is removed or shifted from its location due to sliding
and coalescence all the hidden nucleation sites underneath the drop become active
and are immediately supplied with thermodynamically stable droplets of the mini-
mum radius. It is to be noted that the simulation needs to track multiple generations
of the droplets—nucleating, growing by direct condensation, by coalescence and
some slide/falling-off—when the virgin surface thus exposed is re-nucleated. The
computations are hence, quite intensive.
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While the mathematical model developed is quite general, simulations have

been carried out under the following assumptions:

1.

10.

Nucleation sites are randomly distributed on the surface. Unless stated other-

wise, all computations have been performed with an initial nucleation site

density of 10® cm 2.

. Thermodynamically constrained smallest radius is taken as the minimum

radius in the simulation. Initially, the substrate is dry and all the nucleation
sites are instantaneously occupied by the droplet of minimum radius.

. Heat transfer resistance arises due to the liquid—vapor interface, curvature, and

conduction, driven by imposed subcooling of the substrate. Convective trans-
port of heat is neglected for static drops but is included for a drop in motion.
Constriction resistance is neglected.

. The accommodation coefficient is taken to be 0.035 for water, 0.45 for mer-

cury, and 0.21 for sodium and potassium (Carey 2008).

. Droplet coalescence is assumed to be instantaneous and resulting droplet

attains instantaneous mechanical stability; interface oscillations are neglected.
Also, change in the shape of the drop due to acceleration is neglected.

. An equivalent spherical-cap approximation has been incorporated to model the

droplet shapes. For drops on inclined surfaces, the two-circle approximation is
used (Elsherbine and Jacobi 2004a, b).

. Though contact angles are obtained (from theory or experiments) under static

conditions, these values have been used under dynamic conditions as well.

. Partial fall-off of the drops is neglected in the sense that instability results in the

complete volume of the drop being removed.

. The entire substrate is assumed to be at a constant temperature; drop motion

leads to changes in the wall heat flux; local wall temperature fluctuations
observed by Bansal et al. (2009) have been neglected.

Thermophysical properties of the vapor and liquid phases are taken to be
independent of the temperature; the vapor is saturated; all the properties are
evaluated at the average of the substrate and saturation temperatures.

2.6 Substrate Leaching

A

consequence of the time-dependent processes in dropwise condensation

associated with the movement of the drop, first by coalescence and then by sliding
motion, is to reduce sustainability on or underneath an inclined chemically textured
substrate. Hence, the life of a condensing surface depends on the wall shear
interaction of sliding droplets with the drop promoter layer. The phenomenon of
removal of the promoter layer over the substrate is called surface leaching. It arises
primarily from viscous forces at the contact surface and chemical reactions between
the condensing liquid and the promoter. Heat transfer rates and temperature
fluctuations affect these interactions. Accordingly, the long-term sustainability of
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the process is greatly reduced. Hence, coalescence and sliding of drop in dropwise
condensation are significant for improving heat transfer coefficient but reduce the
substrate life. Even if there is no chemical reaction between the promoter and
condensing liquid, the wall shear stress becomes the primary quantity that controls
leaching. A prediction of shear stress requires a complete knowledge of the flow
field inside the droplets during coalescence and sliding. Given a shear stress
distribution for an individual drop, the net effect due to a drop ensemble can be
determined from the time-averaged drop size distribution.

Literature on surface leaching due to drop motion is limited. Therefore, a
detailed simulation of flow and heat transfer in a liquid drop sliding underneath a
hydrophobic surface and determination of local distribution wall shear stress and
wall heat transfer of individual drop form one of the motivations of the present
study.

2.7 Closure

A comprehensive mathematical model of dropwise condensation underneath an
inclined substrate with and without wettability gradient is presented. The dropwise
condensation process is hierarchical because it starts from the atomic scale and
progresses on to the engineering scale. The mathematical models of various
subprocesses in dropwise condensation have been reported and these are interre-
lated according to the experimental observations. The overall flow chart of simula-
tion is shown in Fig. 2.26 while Fig. 2.27 shows various subroutines. A C++
program is written to carry out model simulations.



Chapter 3
Dropwise Condensation: Simulation Results

Keywords Numerical simulation « Condensation patterns ¢ Area coverage * Area-
averaged heat transfer coefficient » Surface inclination ¢ Drop size at criticality
¢ Cycle time

3.1 Dropwise Condensation of Water Vapor

After validation, simulations have been performed for water vapor condensation
underneath a horizontal and an inclined textured substrate. A horizontal surface
having unidirectional wettability gradient has also been considered. Here, the
effect of thermophysical properties, physicochemical properties of the substrate,
promoter layer thickness, nucleation site density, saturation temperature, degree of
subcooling, effect of wettability gradient and angle of inclination are parametrically
explored. Unless otherwise stated, we have used nucleation site density of 10° cm 2
in the simulations reported here.

3.1.1 Effect of Substrate Hydrophobicity

The effect of the hydrophobicity of the substrate towards the condensing liquid is
examined in Figs. 3.1, 3.2, and 3.3. Here, drop distribution at selected time instants is
pictorially depicted from initial nucleation to the first instance of drop fall-off. Water
vapor condenses at 303 K underneath the surface and the degree of subcooling is
5 K. The substrate is horizontal and various contact angles are considered.

A time sequence of condensation patterns for a contact angle of 90° is shown in
Fig. 3.1. Drop diameter at criticality is 4.63 mm and fall-off first occurs at 50.15 min
after commencement of condensation. The corresponding spatiotemporal drop
distribution for a contact angle of 120° is shown in Fig. 3.2. Drop diameter at
criticality is 3.088 mm and fall-off first occurs at 21.55 min after commencement of

S. Khandekar and K. Muralidhar, Dropwise Condensation on Inclined 73
Textured Surfaces, SpringerBriefs in Applied Sciences and Technology 11,
DOI 10.1007/978-1-4614-8447-9_3, © Springer Science+Business Media New York 2014
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| fn=0.912 x 10 mm |

30 mm

t= 0min

Fig. 3.1 Drop distribution from the start to the first fall-off during dropwise condensation of water
vapor at 303 K with subcooling of AT = 5 K underneath a horizontal substrate of contact angle 90°

condensation. The spatiotemporal drop distribution for a contact angle of 140° is
shown in Fig. 3.3. Drop diameter at criticality is 2.14 mm and fall-off first occurs at
7.25 min after commencement of condensation.

A reduction in wettability increases the contact angle and leads to a smaller base
circle of the drop and, therefore, smaller surface forces retaining the drop against
gravity. Thus, two effects are clearly visible. (1) The droplet volume at the time of
fall-off is smaller, Figs. 3.1, 3.2, and 3.3. (2) With increasing contact angle, the
drops achieve fall-off criticality earlier in the cycle.

The area of coverage by drops for various contact angles is shown in Fig. 3.4a.
The hydrophobicity of substrates decreases the area of coverage. Therefore, highly



3.1 Dropwise Condensation of Water Vapor 75

i = 0.912 x 10 mm

Fig. 3.2 Drop distribution from the start to the first fall-off during dropwise condensation of water
vapor at 303 K with subcooling of AT = 5 K underneath a horizontal substrate of contact angle 120°

hydrophobic substrates (higher contact angle) have higher available nucleation sites
density at any given time of condensation, Fig. 3.4b. The size and population of
maximum diameter drops have a significant impact on dropwise condensation, due
to the limitations imposed by the diffusional resistance of the liquid. The effect of
substrate hydrophobicity on the surface-averaged heat transfer rate during dropwise
condensation is shown in Fig. 3.4c. The apparent contact angles clearly show an
effect on heat transfer. It is clear that the size of the drop at fall-off as well as the
time required for fall-off decrease as the hydrophobicity of the substrate increases.
All other conditions remaining unchanged, the fall-off time for a pendant drop is
seen to be a linear function of the contact angle, as shown in Fig. 3.4d.
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o = 0.912 x 10° mm

30 mm

t=0min ' t=0.25 =05 t=0.75

6.75 t=7.00 t=7.25 t=7.50 min

Fig. 3.3 Drop distribution from the start to the first fall-off during dropwise condensation of water
vapor at 303 K with subcooling of AT = 5 K underneath a horizontal substrate of contact angle 140°

For a given initial nucleation site density on a substrate, heat transfer can be
increased by having a contact angle higher than 90°, i.e., making the substrate
hydrophobic. Accordingly, substrates having higher hydrophobicity result in the
condensate having drop size distributions towards the smaller diameter (Figs. 3.1,
3.2, and 3.3), and vice-versa. It results in lowering the overall diffusional resistance
to heast transfer which is offered by the condensing drops. In addition, increased
hydrophobicity generates a large number of nucleation sites, at any given time.

The nucleation sites available for nucleation are shown in Fig. 3.4b. Initially, it the
number of nucleation sites decrease according to a power law but after reaching a
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Fig. 3.4 (a) Area of coverage as a function of time, (b) available nucleation sites over the
substrate of size 30 mm x 30 mm with respect to time for various contact angles at 303 K and
degree of subcooling = 5 K, (c¢) fluctuations in heat transfer rate on a substrate with respect to time
and (d) fall-off time of a drop as function of the contact angle

dynamic steady-state it varies quasi periodically due to coalescence and fall-off of
droplets. The frequency of drop fall-off, size of the minimum drop and size of the
maximum drops which gets formed, for substrates having various degree of surface
hydrophobicity, during condensation of water vapor on it are summarized in Table 3.1.

As given in Table 3.1, the substrate hydrophobicity decreases the critical size
(of fall-off), hence resulting in a higher population of small drops. Therefore, one
concludes that a substrate having a high hydrophobicity with the condensate fluid is
desirable in dropwise condensation. The frequency (namely, the number of drops)
as a function of the drop radius, 10 min after commencement of condensation for a
contact angle of 90°, saturation temperature = 303 K and subcooling = 5 K, is
shwon in Fig. 3.5a. At later times, drops of higher sizes are to be seen. For the
present simulation, the fall-off time of the first drop was approximately 50.2 min.
Very small droplets nucleate on the substrate at 50 min, immediately before the first
drop falls-off at 50.2 min, is shown in Fig. 3.5b.
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Table 3.1 Results summarizing parameters of dropwise condensation of water vapor at 303 K and
degree of subcooling = 5 K after reaching a quasi-steady state

Available
Contact . Initial nucleation sites  First Cycle Heat
angle Radius nucleation (30 mm x fall-off time transfer
©) Fmin (MM) 7. (Mmm)  sites (cmfz) 30 mm) (min) (s) (kW/mz)
10 1,122 50.2 360 270
-6 )
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Fig. 3.5 (a, b) Temporal variation in drop size distribution for condensing water vapor underneath
a horizontal substrate for contact angle 90°. For clarity, data for 1-10 min are separately plotted
from the data 30-50 min. The fall-off time for the first drop was equal to 50.2 min in this
simulation

3.1.2 Effect of Substrate Inclination

The distribution of drops arising from water vapor condensation at 303 K and degree
of subcooling = 5 K from initial nucleation to the first slide-off underneath substrates
of various orientation (30°, 60°, and 90°) is shwon in Figs. 3.6, 3.7, and 3.8.
The pictorial views of condensations have site density 10® cm 2, substrate size
30 mm x 30 mm for substrates of inclination 30° and 60° and 20 mm X 20 mm
for an inclination of 90°. For these simulations, the advancing and receding angles are
taken as 118.5° and 101.5° yielding an average contact angle of 110° and a contact
angle hysteresis of 17°.
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t= 0.25min ' =15  t=50 T t=100

t=20.55 t=206 t=21 t=22 min

Fig. 3.6 Drop distribution from the start to the first slide-off during dropwise condensation of
water vapor at 303 K with subcooling of AT = 5 K underneath an inclined substrate. The angle of
inclination is 30° and the size of the substrate is 30 mm x 30 mm

Condensation patterns on various inclinations show similarity. The point of
difference is the size of the drop at slide-off and the average cycle time for slide-
off from the substrate. These quantities decrease as the angle of inclination with
respect to the horizontal increases.

The variation of the critical size of the droplet with respect to substrate orienta-
tion is depicted in Fig. 3.9. The critical drop size decreases with substrate
hydrophobicity and inclination, causing a reduction in the cycle time and hence
results in more frequent instances of re-nucleation. The reduction in the cycle-
averaged drop size is an important factor in increasing heat transfer from strongly
hydrophobic surfaces.

For ease of calculation, the data of Fig. 3.9 is correlated for various surfaces as

Lot (21612 — 0.7699 Oy ) (A9) 04266 (3.1)

T'cap
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t=10.25 t=12.35 C t=125 t = 13.0 min

Fig. 3.7 Drop distribution from the start to the first slide-off during dropwise condensation of
water vapor at 303 K with subcooling of AT = 5 K underneath an inclined substrate. The angle of
inclination is 60° and the size of the substrate is 30 mm x 30 mm

The correlation coefficient of (3.1) is 99.8 % as shown in Fig. 3.9b. Equation
(3.1) simplifies dropwise condensation calculations within the hierarchical model
and considerably reduces the computational time.

The heat transfer coefficient of dropwise condensation for a given saturation
temperature and degree of subcooling is dependent on the contact angle, its
hysteresis and substrate orientation, which in turn affect the criticality of sliding.
The effect of critical radius on heat transfer at 303 K and degree of subcooling 5 K
is depicted in Fig. 3.10a. It is seen that heat transfer coefficient increases as drop
departure radius decreases, the correlation being

h=019rq, "2 (3.2)

Here, / is in unit of MW/m? K and r. is in mm.

The variation of heat transfer coefficient with respect to the angle of inclination
of the substrate is shown in Fig. 3.10b. Numerically obtained data of water
condensing underneath various inclined (0-90°) substrates is shown for an
average contact angle of 110°, contact angle hysteresis of 17° and degree of
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Fig. 3.8 Drop distribution from the start to the first slide-off during dropwise condensation of
water vapor at 303 K with subcooling of AT = 5 K underneath an inclined substrate. The angle of
inclination is 90° and the size of substrate is 20 mm x 20 mm
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Fig. 3.9 (a) Critical base radius of the drop at instability (re/rcap) for a pendant arrangement
plotted as a function of substrate orientation (a). Contact angle hysteresis is a parameter while the
average contact angle is 105°. (b) Parity plot between (a) and the correlation, 3.2, show an
excellent match
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Fig. 3.10 (a) Dependence of heat transfer on the departure drop radius. (b) Effect of substrate
inclination on heat transfer coefficient
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Fig. 3.11 Effect of substrate inclination: (a) temporal variation of area coverage of drops during
condensation of water in the pendant mode. (b) Drop size distribution just before fall-off (for
horizontal substrate) or slide-off (inclined substrate). For this simulation, 6,4, = 118.5° and
Orcqg = 101.5°. T, =303 K, AT =5K

subcooling = 5 K at various saturation temperatures. The result exhibits a 40-50 %
higher heat transfer coefficient for vertical substrate as compared to the horizontal
substrate.

The effect of substrate inclination on the temporal distribution of area coverage
of drops is presented in Fig. 3.11a. Inclination of the substrate facilitates easier
movement of drops by sliding, leading to a sweeping action. Therefore, the effec-
tive steady state coverage is smaller for inclined substrates, changing from 76.1 %
for a horizontal substrate, 71.2 % for 5° inclination and 67.4 % for the substrate with
10° inclination. At the instant of the first fall-off (for the horizontal substrate) and
the first slide-off (for the inclined substrate), Fig. 3.11b depicts the drop size
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Fig. 3.12 Variation in drop departure time (time required for first fall-off) on a horizontal
substrate with respect to the saturation temperature. Fluid employed is water, subcooling ATy
= 5 K, contact angle = 110°, nucleation site density = 10° cm™2. For a given nucleation site
density, the fall time has an uncertainty of +3 min, depending on the random assignment of initial
droplet centers on the substrate

distribution as a function of radius, for various inclination angles. The distribution
follows a power law with the negative slope increasing with angle, reflecting the
repeated appearance of small drops at fresh nucleation.

3.1.3 Effect of T, and Subcooling

For a given degree of subcooling (AT, = 5 K), the effect of saturation temperature
on drop departure time underneath a horizontal substrate is shown in Fig. 3.12.
Increasing the saturation temperature reduces the fall-off time and hence the size of
the largest drop, indicating an increase in the overall heat transfer coefficient. The
diffusional thermal resistance within the drop is a major limiting factor of conden-
sation heat transfer. Hence, increasing the saturation temperature increases the
thermal conductance of the water drop. A marginal increase in the overall resistance
is also noticed due to a reduction in the interfacial heat transfer coefficient; it
essentially proves to be inconsequential as the overall thermal resistance is
dominated by conduction resistance of the droplet.

The effect of saturation temperature and degree of subcooling on the heat transfer
coefficient of dropwise condensation underneath horizontal and vertical substrates,
is shown in Fig. 3.13. The data show a tendency of increasing heat transfer
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Fig. 3.13 Dependence of
heat transfer coefficient on
saturation temperature and
degree of subcooling.
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coefficient with increasing saturation temperature and degree of subcooling. This is
caused mainly by the decrease in the interfacial resistance at high saturation temper-

ature of water vapor.

Increasing the degree of subcooling increases the density of active nucleation
sites on the condensing substrate. On the basis of numerical data, heat transfer
coefficient (kW/m? K) is empirically correlated with the critical radius of drop
(mm), degree of subcooling and saturation temperature (both in units of °C) for
water vapor condensation underneath an inclined substrate with a nucleation site
density of 10° cm ™ as follows:
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h = (042 AT 4 6.4) Ty "7 reg 18 (3.3)

Here, the critical radius depends on contact angle, its hysteresis and angle of
inclination of substrate from horizontal. It is preferable to cast this correlation in
dimensionless form, applicable for all the inclinations, saturation temperature, and
degree of subcooling. The dimensionless heat transfer correlation for water vapor
condensation underneath an inclined substrate is obtained as

TN 7y N\ 118
Water(H,0) : Nu = (8.54 x 10% Ja 4 240) (Tt> < t) (3.4)

ref T'cap

Equation (3.4) has a correlation coefficient of 98.5 %. Standard reference values
are used are properties of water at the normal boiling point.

3.1.4 Effect of Nucleation Site Density

Increasing the density of nucleation sites leads to a large overall heat transfer in
dropwise condensation. This effect arises mainly from a reduction in the size of
the drop before coalescence. Early coalescence allows virgin spaces for new initial
drops, causing a high population of small drops.

One can conclude that a surface providing a higher nucleation sites is desirable
for dropwise condensation. The number of nucleation sites is chosen as a parameter
for condensation underneath a horizontal substrate, the working fluid being water.
The effect of initial nucleation site density on heat transfer is shown in Fig. 3.14 for
a contact angle of 110° and a saturation temperature of 303 K.

As the number of nucleation sites increases per unit area, many small drops
nucleate on exposure of the surface to vapor, i.e., the average drop size within a
cycle decreases. The conduction resistance is thus lowered, leading to an increase in
average heat transfer coefficient.

3.1.5 Effect of Promoter Layer Thickness

Dropwise condensation of water underneath metal surfaces is rarely observed in
natural conditions. It is generally promoted with a suitable coating. An understand-
ing of the role of coatings is critical not only because it determines the surface
wettability but it adds an extra thermal resistance. The nucleation density is also
dependent on the promoter layer. The mathematical model of the present work is
utilized for designing and quantifying the effect of the coating.
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The overall heat flux for coatings of varying thicknesses is presented in Fig. 3.15.
The computation was carried out when the layer with the thermal conductivity of
0.28 W/m K creates a 100° contact angle.

The overall heat flux is significantly influenced by the thickness. When the
10 pm thick promoter thickness is reduced to 100 nm without any change in the
contact angle and nucleation density, heat transfer improves by a factor of 1.75. If
the same hydrophobicity can be achieved without any promoter, the condensing
surface can produce 1.4 times the heat transfer of the 100 nm thick promoter and
2.45 times that of the 1 pm promoter, respectively. This result shows that a
redundantly thick coating results in a significant degradation of heat transfer.



3.1 Dropwise Condensation of Water Vapor 87
3.1.6 Effect of Wettability Gradient

The effectiveness of dropwise condensation is improved by moving the liquid drop
that grows on or underneath a solid substrate. The droplet moving over the surface
wipes other droplets off. Consequently, more unexposed area is available where
smaller droplets can form again. This process of wiping and formation of new small
droplets exhibits low heat transfer resistance and is the reason for a large heat
transfer coefficient.

Literature (Lee et al. 1998; Daniel et al. 2001; Liao et al. 2006; Zhu et al. 2009,
Pratap et al. 2008) suggests various ways of controlling the motion of droplets. A
simple approach for mobilization of drops is to incline the surface with respect to
horizontal, wherein the gravitational body force is responsible for the droplet
motion. Alternatively, one can introduce a variation of surface tension gradient
on the substrate. Surface tension can be varied as follows. (1) Applying a large
temperature gradient on the substrate, in which Marangoni effect leads to drop
motion and (2) movement of micro-droplets underneath a horizontal surface by a
variable-surface-energy coating, which creates a wettability gradient. To facilitate
drop motion by artificially forming a wettability or surface energy gradient on the
surface by suitable chemical treatment is a promising technique for drops motion as
compared to applying a temperature gradient on the substrate. It is quite possible on
copper and glass surfaces by depositing organic long chain monolayers
(Subramanian et al. 2005; Pratap et al. 2008).

Daniel et al. (2001) and Bonner-III (2010) reported from experiments that the
condensation on a wettability gradient surface is quite large as compared to a
horizontal substrate without wettability gradient.

Against this background, dropwise condensation of water underneath a horizon-
tal surface with unidirectional constant wettability gradient is numerical simulated
by the mathematical model. Features of the condensation cycle underneath a
horizontal substrate with a wettability gradient are shown in Fig. 3.16. These are
similar to those of an inclined surface. The points of difference for a graded surface
are: (1) drops shift towards the higher wettability side. Hence, drops of all the sizes
are in motion, (2) velocity of drops depends on their size and position on the
substrate, and (3) growth and sliding occur simultaneously.

The drop distribution, from initial nucleation to dynamic steady state, at selected
instants of time, underneath horizontal substrates with constant wettability gradient,
is shown in Figs. 3.17-3.19. The former shows the condensation pattern of water
vapor at a saturation temperature of 303 K and degree of subcooling =5 K
underside of substrate having contact angles of 100° and 90°. The latter shows
the condensation of water vapor at under similar conditions as in Fig. 3.17 but with
contact angles of 110° and 100°. In both the surfaces, the wettability gradient is
0.33°mm™". As drops grow, they become unstable and move towards the higher
wettability side of the substrate. Therefore, on an average larger drops are present at
the higher wettability side. The patterns of drops underneath a wettability gradient
follow approximately the same trend as those underneath an inclined substrate.
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Fig. 3.16 Cycle of dropwise condensation observed in water vapor condensation underneath a
horizontal substrate with unidirectional wettability gradient

The point of difference is that there is no critical size for drop instability. Every
drop becomes unstable due to surface tension difference at the three-phase contact
line. Gravity, viscosity, and surface tension forces are important to determine the
terminal velocity of the drop. Hence, the sliding velocity depends on the size and
position of the drop underneath the substrate. Fall-off is observed as a rule, on the
higher wettability side of the substrate. Small drops present at the lower wettability
side of the substrate are also highlighted in Figs. 3.17 and 3.18. On the higher
wettability side, the driving force of drop becomes small, the drop cannot move, and
it reaches criticality of fall-off (Fig. 3.17, 58 min). These results reveal that the
micro-drop size can be moved as the hydrophobicity of wettability gradient sub-
strate increases.

The comparison of dropwise condensation patterns of water vapor underneath
horizontal and inclined nongraded substrates with a horizontal graded substrate is
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lower wettability side
higher wettability side

Fig. 3.17 Distribution in drops in dropwise condensation of water vapor underneath a horizontal
substrate of wettability gradient = 0.33°/mm. Lower wettability side has a contact angle of 100°,
size of substrate is 30 mm x 30 mm, nucleation site density 10° ¢cm 2 at saturation temperature
303 K and degree of subcooling 5 K

shown in Fig. 3.20. Spatial distribution of drops at an instant just before the first
drop leaves the surface on a graded substrate, first slide-off from an inclined
substrate and the first fall-off from a horizontal substrate, respectively, are com-
pared in Fig. 3.20a.

As wettability gradient induces motion to the drops of every size, there exists an
exposed virgin area behind every droplet on the graded substrate, as shown in
Fig. 3.20a. Hence, the fraction of total area exposed for fresh condensation tends to
be greater for a graded surface when compared to the other two configurations. The
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Fig. 3.18 Distribution in drops in dropwise condensation of water vapor underneath a horizontal
substrate of wettability gradient = 0.33°/mm. Lower wettability side has a contact angle of 110°,
size of substrate is 30 mm x 30 mm, nucleation site density 10° cm 2 at saturation temperature
303 K and degree of subcooling 5 K

frequency of occurrence of a drop of a given radius, namely the histogram, on the
three substrates, at an instant just before slide-off or fall-off criticality is attained, is
shown in Fig. 3.20b. Drops slide-off for a graded surface as well as for the inclined.
Drops fall-off from a horizontal surface. From Fig. 3.20b, it is clear that a graded
substrate has a larger number of smaller sized drops as compared to the other two.
Largest drops are formed on a horizontal substrate before they fall-off. This
eventually leads to a slower condensation rate on the horizontal substrate; in this
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Fig. 3.20 Dropwise condensation of water vapor at 303 K with subcooling of AT = 5 K under-
neath surfaces of various textures. (a) Drop distribution underneath various substrates soon after
instability. (b) Number of drops as a function of drop radius, just before the largest drop leaves the
surface. (c¢) Effect of the choice of the substrate on percentage area of coverage. (d) Variation of
heat transfer coefficient with time over various substrates

regard the graded substrate shows a clear promise from a perspective of heat
transfer enhancement.

The area of coverage created by the footprints of the drops on the substrate, as a
function of time, is presented in Fig. 3.20c. As soon as the virgin substrate is
exposed to vapor flux, direct condensation is initiated and the area coverage of
drops increases rapidly. Later, coalescence dominates direct condensation, eventu-
ally leading to droplet criticality. The cycle is then established and the area
coverage tends to stabilize. On a horizontal substrate, only a fall-off criticality is
possible while on a graded substrate, a slide-off criticality is usually achieved first.
During sliding motion, a droplet may fall-off in transit due to increase in its weight.
A quasi-steady-state is eventually reached, after which the area coverage oscillates
around an average value.



3.2 Closure 93

Results shown in Figs. 3.17, 3.18, 3.19, and 3.20 reveal that area coverage is
smaller for the graded surface, making the exposed area greater than the other two
surfaces considered. Further, drop instability in the form of a slide-off event is
relatively early on the graded surface. As a direct consequence, heat transfer
coefficient is expected to be higher for a surface with variable wettability. Heat
transfer rates computed on these surfaces were found to be 450 (horizontal),
520 (inclined), and 540 (graded horizontal) in units of kW/m?, with a subcooling
of 5 K and a condensation temperature of 303 K.

3.2 Closure

Water vapor condensation underneath horizontal, inclined, and wettability gradient
surfaces has been studied by numerical simulation. The effects of contact angle,
contact angle hysteresis, inclination of the substrate, thermophysical properties of
the working fluid, and saturation temperature of condensation are investigated. On
the basis of numerical data, heat transfer coefficients of water vapor condensation
are correlated. In order, the horizontal, inclined, and the graded surface experience
(a) larger to smaller drop sizes, (b) longer to shorter cycle times, and (c) lower to
higher heat transfer coefficients.



Chapter 4
Dropwise Condensation: Experiments

Keywords Textured surfaces « Condensation chamber ¢ Imaging * Liquid crystal
thermography  Validation of simulation with experiments

4.1 Introduction

It is possible to promote dropwise condensation satisfactorily under clean
laboratory conditions. Despite sustained research over the past two decades, the
prediction of the correct heat transfer rate during dropwise condensation over a
surface remains a challenge (Tanasawa 1991; Stephan 1992; Rose 2002), mainly
due to lack of knowledge of the local transport mechanisms of drop formation.

Experimental determination of the heat transfer coefficient during dropwise con-
densation is a difficult task because of the many intricacies involved in the process.
The driving temperature difference is small, essentially resulting in a high heat
transfer coefficient. Further, uncertainties associated with the microscale substructure
of contact line shapes and motions, dynamic temperature variations below the
condensing drops, effect of roughness and inhomogeneity of the substrate structure,
control of true boundary conditions, microscale instrumentation, and transport
dynamics of coalescence, merger, wipe-off, renucleation cycles, and the leaching
rates of the promoter layer add to the difficulty in conducting repeatable experiments.
Very high heat transfer rates (and therefore a very low temperature differential)
coupled with the above factors also hinder generation of repeatable experimental
data. Consequently, many conflicting experimental results have been published over
the years, some results showing considerable scatter, Fig. 4.1.

Improved experimental techniques have led to reproducible and reliable experi-
ment data to an extent; see, for instance, Le Fevre and Rose (1964, 1965) and
Citakoglu and Rose (1968a, b). Several authors (Tanasawa 1991; Stephan 1992)
reported that the heat transfer coefficient of dropwise condensation for steam at an
atmospheric pressure, under the normal gravitational acceleration and on a vertical
copper surface is about 230 & 30 kW/m? K in the heat flux range of 0.1-1 MW/m?,

S. Khandekar and K. Muralidhar, Dropwise Condensation on Inclined 95
Textured Surfaces, SpringerBriefs in Applied Sciences and Technology 11,
DOI 10.1007/978-1-4614-8447-9_4, © Springer Science+Business Media New York 2014



96 4 Dropwise Condensation: Experiments

Fig. 4.1 Experimental 1900 v 5 T T
results on dropwise
condensation (water,
~1 bar), as per Stephan 1500 .
1992. 1 Hampson and -~
Ozisik (1952), curve for two £
different promoters; 5
2 Wenzel (1957); 3 Welch < 1000} 1
and Westwater (1961); 2
4 Kast (1965); 5 Le Fevre w
and Rose (1965); 6 Tanner %
et al. (1968); 7 Griffith and 500 y
Lee (1967)
0 5 10 15 20
Degree of sub-cooling (K)
Fig. 4.2 Dropwise 1 T T T T T T ”
condensation of steam on a L O Le Fevre & Rose (1964, 1965) ﬁﬁ% f".
copper surface (vertical) at a Tanner et al. (1965) & ,,’3
atmospheric pressure 08~ E (C;ua;ogl?lgz;;)ose (1968) =) A T
. = i raham J
i(’";pared W;lﬂ;;he thle;’gg of % A Wilmshurst & Rose (1970) & &40
e Fevre and Rose ( ), = 0.6 —Le Fevre & Rose (1966) X -
adapted from Rose = ---Rose (1996) [Eq.(1)] f Batn
et al. (1999) = i 1
=}
2.0 N Dﬁ% & 1
3 o
< B A E o 1
0.2 -
0 1 ) ] L ] )
0 1 2 3 4

degree of sub-cooling (K)

provided there is no effect of noncondensing gases and steam is approximately
quiescent. Heat transfer coefficient of dropwise condensation of steam at atmospheric
pressure has been summarized by Rose et al. (1999), Fig. 4.2. Several representative
measurements shown in the figure are close to the theory Le Fevre and Rose (1966).
Data for other vapors and measurement under other thermal conditions are still scarce.

With the advent of newer coating/manufacturing and nanoscale fabrication
techniques, promoting long-term sustainability of dropwise condensation by chem-
ical coating holds considerable prospect for enhancing heat transfer. An example of
enhanced performance of compact steam condensers having chemically coated
flow passages of only a few millimeters width is demonstrated by Majumdar and
Mezic (1999). It is necessary to understand the effect of various parameters on heat
transfer during dropwise condensation as reviewed next.

Marto et al. (1986) tested several polymer gold and silver coatings for sustaining
dropwise condensation of steam and reported that the heat transfer coefficient
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in dropwise condensation is as high as six times when compared to the filmwise.
Zhao et al. (1996) reported heat transfer coefficient on Langmuir-Blodgett treated
surface to be than 30 times more than that of filmwise condensation on a bare
surface. Koch et al. (1998) showed the effect of hydrophobicity on heat transfer
coefficient on a chemically textured vertical substrate. Heat transfer coefficient was
found to decrease with an increase in wettability.

Ma and Wang (1999) proposed that the heat transfer coefficient increases with
the increase in the surface free energy difference between the condensate and the
condensing substrate. Hence, surface modifications for promoting dropwise con-
densation by silanation and ion implantation are of particular interest. These would
yield continuous dropwise condensation along with a high heat transfer coefficient.
Leipertz and Cho (2000) reported heat transfer rates on several metallic substrates
(copper, titanium, aluminum, high-grade steel, and hastelloy) treated by ion
implantation. Ions considered were nitrogen, oxygen, and carbon ions, with varying
ion density. Das et al. (2000) applied an organic self-assembled monolayer coating
to enhance the dropwise condensation, the corresponding increase in the heat
transfer coefficient being a factor of 4.

Vemuri et al. (2006) performed a condensing experiment over various coated
substrates and reported long-term sustainability and enhancement of heat transfer
coefficient. The authors coated a copper substrate with self-assembled mono-layers
(SAMs) of n-octadecyl mercaptan and stearic acid. An increase in heat transfer
coefficient by a factor of 3 was reported as compared to a bare copper substrate. Ma
et al. (2008) experimentally studied dropwise condensation on a vertical plate for a
variety of noncondensable gas (NCG) concentration, saturation pressure, and sur-
face subcooling. A fluorocarbon coating was applied to promote dropwise conden-
sation. Departure of drops was inferred as the dominant factor for the steam—air
condensation heat transfer enhancement.

Rausch et al. (2007; 2010a, b) observed that the heat transfer coefficient on an
ion-implantation surface is more than five times than that of filmwise condensation.
Ion implanted metallic substrates have stable condensation as well as high heat
transfer coefficient over a long time duration. Chen et al. (2009) experimentally
investigated the effects of various chemical coatings and their long-term durability
on the dropwise mode of condensation. A reduction in the heat transfer coefficient
was seen with the elapsed condensation time, suggesting possible leaching of the
chemical coating. Dietz et al. (2010) investigated droplet departure frequency using
electron microscopy to understand enhancement of dropwise condensation on
superhydrophobic surfaces. A reduction in drop departure size shifts the drop size
distribution to smaller radii, which may enhance the heat transfer rate.

Ma et al. (2012) investigated experimentally the heat transfer characteristics in
the presence of a noncondensable gas (NCG) on superhydrophobic and hydropho-
bic surfaces including the wetting mode evolution on the roughness induced
superhydrophobic surface. Superhydrophobic surfaces with high contact angle
(>150°) and low contact angle hysteresis (<5°) were seen to be an ideal condensing
surface to promote dropwise condensation of water and enhance heat transfer. With
increasing NCG concentration, the droplet undergoes transition from the Wenzel to
Cassie-Baxter mode.
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Miljkovic et al. (2012) studied the effect of droplet morphology on heat transfer
during dropwise condensation on superhydrophobic nanostructured surfaces. These
surfaces were designed to be Cassie stable and favored the formation of suspended
droplets on the top of the nanostructures as compared to the partially wetting
droplets which locally wetted the base. Cassie stable droplets were seen to have
minimal contact line pinning and promoted passive droplet shedding at sizes
smaller than the characteristic capillary length. However, the gas films underneath
such droplets significantly hindered the overall heat and mass transfer performance.

4.1.1 Thermophysical Properties of Condensate

Several sets of results are available for dropwise condensation of steam on copper at
atmospheric pressure conditions. Fewer results are available on the heat transfer
coefficient at pressures lower than one atmosphere (Tanner et al. 1968; Graham
1969; Wilmshurst and Rose 1970; Tsuruta 1993; Hatamiya and Tanaka 1986). They
show a tendency of decreasing heat transfer coefficient with decreasing pressure,
Fig. 4.3.

Condensation of other vapors in the form of drops has been reported by several
authors. Wilmshurst and Rose (1974) performed condensation experiments of
aniline and nitrobenzene on PTFE coated substrate. Stylianou and Rose (1983)
reported condensation of ethylene-glycol on a copper substrate. Utaka et al. (1987,
1994) performed a condensation experiment with propylene-glycol, ethylene-
glycol, and glycerol vapors on copper substrate using a monolayer type promoter
below atmospheric pressure. Quantitatively, the heat transfer characteristics for
organic vapors differ from those for steam due to wide variation of physical
properties. Owing to the lower liquid thermal conductivity of the organic fluids,
relatively low heat transfer coefficients are to be seen in comparison with steam. For
moderate subcooling, the heat transfer coefficient for dropwise condensation is
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significantly larger than for film condensation. It can also be seen that the surface
subcooling ranges of ideal dropwise condensation differ widely, depending on the
choice of the fluid. For a fluid of higher surface tension such as glycerol, dropwise
condensation is maintained for larger surface subcooling, compared to a lower
surface tension liquid such as propylene-glycol.

Dropwise condensations of low Prandtl number vapors are scarcely presented in
the literature. In many situations, a singular behavior is observed for low Prandtl
number systems, for example, liquid metals where Pr ~ 0.01. Moreover, conden-
sation of liquid metals also plays an important role in many engineering processes.
Only a few researchers have considered dropwise condensation of metal vapors.
Bakulin et al. (1967) reported the effect of a noncondensable phase on temperature
drop at the liquid—vapor interface during the dropwise condensation of sodium,
potassium, and lithium. Interfacial resistance to mass transfer at the liquid—vapor
interface was seen to play an important role in the condensation of metals vapors.
Rose (1972) modified the previously reported theory of dropwise condensation and
showed that the degree of subcooling affects heat transfer in mercury, though the
effect is less than in water. Necmi and Rose (1977) experimentally measured vapor-
to-condensing surface temperature difference and the corresponding heat flux for
various vapor pressures during dropwise condensation of mercury on a vertical
substrate. Niknejad and Rose (1984) compared the experimental data of mercury
with their own theory of dropwise condensation developed for water and found
significant differences. Literature on dropwise condensation of other metal-vapors
such as sodium, potassium, and bismuth is not available, though the liquid phases of
these substances have rather large surface tension.

Many researchers (Takeyama and Shimizu 1974; Tanasawa and Utaka 1983;
Tanasawa 1991; Rose 2002, 2004; Lan et al. 2009) reported increase in heat flux
along with an increase in the surface subcooling. At a higher subcooling, the rate of
drop nucleation may increase because the minimum radius of drop must be smaller.

4.1.2 Physicochemical Properties of Substrate

The substrate hydrophobicity, contact angle hysteresis, and state of drop (Cassie
versus Wenzel) on or underneath a substrate depend on its physicochemical
properties with respect to the condensing fluid. These parameters play an important
role in dropwise condensation. Many researchers (Lee et al. 1998; Lara and
Holtzapple 2011; Baojin et al. 2011) reported that high contact angle (>150°)
and low contact angle hysteresis (<5°) is an ideal combination for a condensing
surface. Neumann et al. (1978) reported that heat-transfer during dropwise conden-
sation of water vapor strongly depends on contact angle hysteresis. This is because
the surface conductance increases with decreasing contact angle hysteresis. Kim
and Kim (2011) reported a strong effect of contact angle on the heat transfer rate. A
large contact angle leads to the enhancement of heat transfer. Miljkovic et al. (2012)
reported that the heat transfer coefficient of dropwise condensation depends on the
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morphology of droplets on the substrate. The initial growth rates of partially
wetting droplets (Wenzel) were six times larger than the suspended droplets
(Cassie). Experimental results showed that partially wetting droplets (Wenzel)
had 4-6 times higher heat transfer rates than the suspended droplets (Cassie).

Although the heat transfer coefficient of dropwise condensation of vapors are
strong functions of physicochemical properties such as contact angle and contact
angle hysteresis, there is no correlation linking the heat transfer coefficient with
contact angle, contact angle hysteresis, and droplet morphology on the substrate.
Such a relationship has been examined in the present monograph.

4.1.3 Substrate Having a Wettability Gradient

In dropwise condensation, liquid droplets forming on a subcooled nonwetting
surface are removed from the surface by gravitational forces when the droplets
reach a critical mass. The dependence on gravity for liquid removal limits the
utilization of dropwise condensation in low gravity aerospace applications and
horizontal surfaces. Various authors (Zhao and Beysens 1995; Daniel et al. 2001;
Liao et al. 2006) have applied a novel passive technique based on surface energy
gradient in the condensing surface to remove droplets. Daniel et al. (2001) observed
the random movements of droplets to be biased towards the more wettable side
of the surface. Powered by the energies of coalescence and directed by the forces
of the chemical gradient, small drops (0.1-0.3 mm) display speeds that are faster
than those of typical Marangoni flows. Wettability gradient on a horizontal sub-
strate has implications for passively enhancing heat transfer in heat exchangers and
heat pipes. Bonner (2009) verified experimentally that a wettability gradient sub-
strate has high heat transfer compared to a horizontal substrate. Gu et al. (2005) and
Bonner-III (2010) enhanced heat transfer of a condensing system by creating
energy gradient on the condensing substrate.

4.1.4 Substrate Orientation

The study of orientation of the cold substrate is important in dropwise condensation
and enhancement of heat transfer. Many researchers (Citakoglu and Rose 1968b;
Izumi et al. 2004; Leipertz and Froba 2006) have reported high rate of water vapor
condensation on vertical substrates for a given degree of subcooling. Leipertz and
Froba (2008) reported the following correlation for the heat transfer coefficient in
dropwise condensation as a function of the inclination of the substrate:

he(a@) = ho(90°) - [sinal® 4.1
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Here, hc(a) is the heat transfer coefficient of dropwise condensation at angle a
and £ (90°) corresponds to that of a vertical substrate.

In Fig. 4.4, the value of k was ~0.270 for the dashed line and ~0.176 for the solid
line. The angle of inclination is defined to be 0° for the horizontal surface with the
drops on the upper side of the substrate (sessile mode) and 90° for a vertical. From
90° onwards, drops form on the lower side of the substrate and the 180° horizontal
substrate refers to the pendant mode of dropwise condensation. The heat transfer
data for water vapor in dropwise condensation with respect to orientation (sessile
and pendant) are shown in Fig. 4.4. It is clear that the pendant mode over a
horizontal substrate yields a higher heat transfer coefficient as compared to the
sessile. Heat transfer coefficient is the highest for a vertical substrate and decreases
with increasing inclination. For an inclined substrate, the surface is swept clean of
drops and this renewal of the growth process is responsible for a higher heat transfer
coefficient. In contrast, drops over a horizontal surface become large and fall-off by
gravity in the pendant mode or spread over the substrate and cover it by a layer of
the condensate liquid, in case of sessile drops. In both the cases, the surface is not
regularly refreshed by fresh condensation, resulting in a lower heat transfer coeffi-
cient. Tanasawa et al. (1976) measured the dependence of heat transfer coefficient
on the departing drop diameter. Authors reported that the heat transfer coefficient is
proportional to the departing drop diameter to the power of about ~0.3. Lawal and
Brown (1982) and Briscoe and Galvin (1991b) reported that a pendant drop is less
stable as compared to a sessile drop on an inclined substrate, suggesting that heat
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transfer during dropwise condensation underneath an inclined substrate is margin-
ally better than its counterpart above the surface. Therefore, surface orientation is
an important parameter in the enhancement of heat transfer coefficient in dropwise
condensation. These issues are addressed in the present study.

4.2 Surface Preparation Techniques

In process equipment, dropwise condensation can be realized by suitably treating
the condensing surface. The treatment will ensure partial wetting of the surface by
the condensate liquid in the sense that the contact angle greater than 90° is
achievable. The wetting characteristics of condensate over the cold substrate can
be broadly controlled by two different means:

1. Modify the surface of the substrate, or
2. Alter the condensing vapor chemically; say by injecting a chemical which
promotes nonwetting behavior.

Other methods that rely on changing the pH value of the condensate can be used
so that dropwise condensation can be controlled by using an electrical potential
(electro-wetting), changing the condensing temperature, and other techniques.
Among these methods, substrate modification has emerged as the most popular
and effective strategy.

A good drop promoter technique should be long lasting, involving low surface
energy, low contact angle hysteresis, and low thermal resistance. The method
should be easy to apply, nontoxic, and must be compatible with the system in
which it is used, i.e., it should not impair the proper functioning of the other parts of
the system. Superhydrophobicity appears ideal to promote continued dropwise
condensation which results in rapid removal of condensate drops; however, such
promotion has not been reported on engineered surfaces. For any technique used for
promoting dropwise condensation, the longevity of the textured surface is critical.
With the advent of newer manufacturing, coating, and nanoscale fabrication
techniques, surface treatment of the substrate holds considerable prospect in
terms of providing the required long-term sustainability of dropwise condensation.

There have been two generic methods that can be used to modify the wettability
of the substrate. The first one is chemical grafting or adsorbing molecules with
wetting characteristics of their own (chemical texturing). The second is to texture
the surface by altering the surface topography/roughness by patterning, called
physical texturing. Roughening a surface will increase wettability, in general,
unless special patterns of the right scale are employed. In contrast, chemical
coatings have gained prominence because of the larger choices available and are
reviewed here.
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4.2.1 Chemical Texturing

Chemical texturing can be created by coatings, such as organic compounds, with
hydrophobic groups (Blackman et al. 1957; Watson et al. 1962; Ma and Wang
1999; Vemuri et al. 2006), inorganic compounds (Erb 1965; Erb and Thelen 1965,
1966; Zhao et al. 1996), polymers (Marto et al. 1986; Zhang et al. 1986; Mori
et al. 1991; Ma et al. 2002) or special surface alloys (Erb 1973; Zhao et al. 1991;
Koch et al. 1997; Ma et al. 2000a, b). Other coating materials include, for example,
Teflon (Stylianou and Rose 1980). These surfaces are created by preparing a weak
solution of Teflon (AF1600) in FC-75. The samples are dip-coated in this solution
with different pulling speeds to achieve the desired film thickness. After dip
coating, the samples are annealed in a furnace for ~10-30 min at temperatures
ranging from 100 to 300 °C (Ma and Wang 1999; Ma et al. 2000b).

Though simple in concept, such surfaces suffer from long time sustainability
issues that do not allow application to real-life, large-scale processes. Leaching by
the motion of drops over the surface can also result in degradation of the coating.
Amorphous hydrogenated carbon films (a-C:H) with diamond-like mechanical
properties have been modified by adding new elements to the film, e.g., silicon or
fluorine (Grischke, et al. 1994), reducing its surface energy. These coatings have
been studied for their heat transfer characteristics. Such coatings are mechanically
and chemically stable but introduce an additional thermal resistance. This drawback
can be overcome by other surface modifications which do not form an additional
layer. Ion-implantation is an example that has been tested successfully by Zhao
et al. (1990), Zhao et al. (1991), Leipertz and Cho (2000), and Zhao and
Burnside (1994).

In the present work, a hydrophobic surface is prepared by coating it with a self-
assembled monolayer (SAM). The condensing pattern obtained underneath this
chemically coated substrate is used for validation of simulation data. Among the
SAMs, Octa-decyl-tri-chloro-silane (OTS) was found to yield the best quality
surface for dropwise condensation because of the smallest contact angle hysteresis.

The preparation of the hydrophobic substrate by self-assembled monolayers uses
the chemical vapor deposition process, Fig. 4.5a. The samples were first cleaned by
sonicating them in ethanol, acetone, and toluene bath for 3—10 min respectively.
The substrate was dried with compressed nitrogen gas carefully while changing
from one solvent to another. Subsequently, the samples were cleaned by an oxygen
plasma torch followed by a dry CO, snow-jet (Cras et al. 1999). The samples were
kept in Piranha solution (50 % H,O, and 50 % H,SO, by volume) for 2—4 h.

Piranha solution is highly oxidizing and requires special care in handling.
Surface energy modification was accomplished by coating samples with self-
assembled monolayers (SAM). SAMs are formed spontaneously by chemisorption
and self-organization of functionalized and long-chain organic molecules on an
appropriate surface. Octadecyl-tri-chloro-silane (OTS), di-methyl-chloro-silane
(HMS), trichloro-silane (MTS), and propyl-tri-chloro-silane (HTS) were used as
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Fig. 4.5 (a) Schematic diagram explaining the chemical vapor deposition process. (b)
Representations of various self-assembled monolayer (silane) molecules. (¢) Image of pendant
drop of volume 5 pl, 10 pl, and 15 pl respectively on HMS textured substrate. (d)
Measurement data

SAMs, Fig. 4.5b. To deposit OTS on a surface, the cleaned substrates were kept in a
solution of 60 ml bi-cyclo-hexane, 35 drops carbon-tetrachloride, and 20 drops
OTS. During this time, the OTS molecules bond covalently on silicon dioxide
substrates. After a few minutes, the substrates were taken out of the silane solution
and rinsed with chloroform.
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Fig. 4.6 Typical methods to fabricate micro/nanoroughened surfaces (Bhushan and Jung 2011)

To coat the surface with di-methyl-chloro-silane (HMS), trichloro-silane (MTS),
and propyl-tri-chloro-silane (HTS), the cleaned samples were kept in a desiccator
together with a small quantity of the desired silane. Silane vaporizes in the closed
environment of the desiccator and gets deposited on the substrate. After 15-20 min
of evaporation, a silane monolayer gets bonded covalently with the oxide surface
(Genzer and Efimenko 2000). After taking out the samples from the desiccators,
they are rinsed by chloroform. Co-evaporation of various silanes can also be carried
out to achieve intermediate surface energy but at the cost of a higher contact angle
hysteresis. In Fig. 4.5¢, d, the image of a pendant drop for various chemically
textured substrates, along with the measurement data for apparent contact angle, is
shown. For a good hydrophobic coating, contact angle hysteresis should be as small
as possible.

4.2.2 Physical Texturing

Fabrication of hydrophobic surfaces by physical texturing is, in principle, quite
simple. It can be generated by creating a suitable roughness. A review of the subject
(Nakajima et al. 2001) reveals a wide range of methods for producing physical
texturing/topography roughness on common enginenring materials. Some common
methods available to create roughness distribution on a substrate are shown in
Fig. 4.6. The pros and cons of these available techniques are summarized in
Table 4.1.

Most researchers (Sommers and Jacobi 2006, 2008) reported hydrophobic and
superhydrophobic surfaces produced by etching and lithography. Some (Lau
et al. 2003; Chen et al. 2007; Hsieh et al. 2008; Boreyko and Chen 2009) reported
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Table 4.1 Pros and cons of various surface fabrication techniques

Techniques Pros Cons

Lithography Accuracy Large area, slow process, high cost
Etching Fast Contamination, less control
Deposition Flexibility, cheap High temperature, less control
Self-assembly Flexibility, cheap Require suitable precursor

continuous dropwise condensation on a superhydrophobic surface with short car-
bon nanotubes deposited on micromachined posts, a two-tier texture mimicking
lotus leaves. Surface preparation by physical texturing as reported in the literature is
reviewed below.

Jessensky et al. (2003) introduced a new technique for the fabrication of a
superhydrophobic surface by anodic oxidation of metals such as aluminum, tita-
nium, tungsten, and hafnium. These metals may all be anodically oxidized when put
into an electrolyte. Such surface treatments are common in the industry, as anodi-
zation of aluminum and titanium creates hard scratch-resistance and protects the
underlying surface from further oxidation. When refined to a specific processing
regime, anodization results in the formation of a highly ordered nanostructure.

Miwa et al. (2000) prepared various superhydrophobic films of different surface
roughness. The relationships between the sliding angle, the contact angle, and the
surface structures were investigated. Sliding angle of water droplet was seen to
decrease with increasing contact angle. Micro structures revealed that the surface
texture traps air and assists in the preparation of low-sliding-angle surfaces.

Sommers and Jacobi (2006), describe photolithographic techniques to obtain
micropatterns on aluminum surfaces with parallel grooves, 30 pm wide and tens of
microns in depth. Experimental data show that a droplet placed on the
microgrooved aluminum surface using a microsyringe exhibits an increased appar-
ent contact angle. For droplets condensed on these etched surfaces, more than a
50 % reduction in the volume needed for the onset of sliding is obtained.

Liu et al. (2006) prepared micro—nanoscale binary structured composite particles
of silica/fluoropolymer by using an emulsion-mediated sol-gel process. It is
composited on various substrates by using simple spray coating or spin coating
methods to create superhydrophobic surfaces. Results show that the static contact
angle of water on the substrate is larger than 150°.

Boreyko and Chen (2009) generated a superhydrophobic substrate, composed of
two-tier roughness with carbon nanotubes deposited on silicon micropillars and
coated with hexedecanethiol. Continuous dropwise condensation was spontane-
ously formed on a superhydrophobic surface without any external forces. Sponta-
neous drop removal resulting from the surface energy released upon drop
coalescence led to an out-of-plane jumping motion of the coalesced drops at a
speed as high as 1 m/s.

Dietz et al. (2010) reported a novel technology to achieve superhydrophobic
coating with microscopic roughness on a copper surface. A layer of verdigris was
grown on fresh pure copper surface by exposing copper to air and a mist of acetic
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Fig. 4.7 SEM images of a lotus leaf, Nelumbo nucifera. (a) The surface is covered with hierar-
chical roughness so that the micro bumps and the basal area are entirely decorated with
nanoprotrusions. (b) Randomly oriented nanocylinders that cover a micro bump, Cha et al. (2010)

acid solution. The coating was oxidized to CuO. A self-assembled monolayer
coating of n-octadecanethiol was obtained on the outermost surface. Results
showed that the static contact angle of a water drop was 153.1° £ 1.7°.

Cha et al. (2010) fabricated six different surfaces, one natural and five artificial.
As a natural hydrophobic surface, a lotus leaf, Nelumbo nucifera was used. A lotus
leaf collected from a local pond was cleaned with an air gun to remove dust
particles. The leaf surface was covered with hydrophobic epicuticular wax crystals,
and its water repellency was enhanced by the intrinsic surface structure. A scanning
electron microscope of a lotus leaf surface is shown in Fig. 4.7.

Artificial surfaces were prepared bare with silicon wafers, single-roughness
surfaces with micropillar arrays, single-roughness surfaces with nanoscale pillars,
hierarchical surfaces with micropillars decorated with nanoprotrusions only on their
tops (surfaces with partial dual roughness), and hierarchical surfaces with nanoscale
roughness on both micropillar tops and bases (surfaces entirely with dual rough-
ness). The process is schematically shown in Fig. 4.8. Contact angle of water drops
on these surfaces varied from 140° to 170°, depending on the micro pillar density.
On micro-/nanostructured surfaces, the condensate drops prefer the Cassie state
which is thermodynamically more stable than the Wenzel state.

McCarthy et al. (2010) reported fabrication and characterization of biomimetic
superhydrophobic surfaces synthesized using self-assembly and metallization of
the Tobacco Mosaic Virus (TMV) onto micro pillar arrays. Superhydrophobic
surfaces with static contact angles greater than 150°, and droplet hysteresis less
than 10°, were seen to resist wetting and exhibit self-cleaning properties.

Despite breakthrough in nanomachining, there is no literature that has reported
generation of a hydrophobic surface by conventional machining process. Bhutani
et al. (2013) used hand lapping process on aluminum and copper substrate to make
the surface hydrophobic. Lapping pastes of three different grades were used to
produce surface roughness of the order of 0.5, 1.5, and 3.5 pm (RMS). The highest
contact angle obtained was 95° on these substrates.
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Fig. 4.8 Fabrication process of dual-roughness surfaces. (a) Fabrication of the surface with dual
roughness with the direct incidence of CF, plasma. (b) Fabrication of the surface with partially
dual roughness via masking the basal area with a Cr/Au layer, Cha et al. (2010)

4.3 Experiments on Chemically Textured Surfaces

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. 4.9. The setup primarily consisted of the main cylindrical stainless
steel vacuum chamber (better than 1075 mbar abs.) of inner diameter 180 mm and
length 120 mm (Fig. 4.9a, b). It was closed from the two ends by specially designed
flanges. The lower flange was fitted with a 4/4 optical viewing window. Typical
photographs of condensing droplets are shown in Fig. 4.9c. In addition, the optical
window also had an annular space around, wherein the working fluid inventory
(distilled and deionized water) was stored. A circular, 1.5-mm thick mica strip
heater (OD = 70 mm, ID = 40 mm) was attached outside the annular space to give
the necessary heat input, as shown in the cut section of the experimental setup in
Fig. 4.9d. The upper end of the main vacuum chamber was closed with a polycar-
bonate square flange with an inbuilt cavity wherein cold water was circulated to
maintain constant temperature boundary conditions. The condenser capacity was at
least 20 times that of the maximum expected heat transfer rate. The chemically
coated glass substrate of 100 mm x 100 mm was integrated on the upper flange, as
shown in Fig. 4.9d. Connections for evacuation, pressure transducer, and tempera-
ture sensors were provided on the main condensing chamber wall. The temperature
of the condensing vapor was measured with one K-type thermocouple (Omega®,
0.5 mm diameter) of accuracy £ 0.2 °C after calibration. It was placed centrally in
the chamber at a distance of 25 mm from its side wall. The condensing chamber
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Fig. 4.9 Details of the experimental setup to study dropwise condensation under controlled
conditions underneath a substrate. (a) Photograph shows the details of the main condensing
chamber. (b) Exploded view of the condensing chamber. (¢) Typical images of the condensing
droplets at two different times, as captured from View-A. (d) Cross sectional view of condensing
chamber. (e) Schematic diagram explaining the CVD process (Sikarwar et al. 2011)

pressure was measured by an absolute pressure transducer (Honeywell, accuracy
0.1 % FS, NIST traceable calibration, range 0—1.2 bar). Online data acquisition was
carried out with 16-bit PCI-4351 card (National Instruments™). The entire assembly
could be tilted to any desired inclination between 0° and 50°. A color CCD video
Camera (Basler™ A202KC with 1,024 x 1,024 pixels at 100 fps) was used to
capture the images of the drops forming on the underside of the chemically textured
substrate (View A, Fig. 4.9b). Length scales were calibrated by imaging a grid with
known periodicity. Diffused white light source symmetrically placed around the
camera was directed on the substrate from the optical window on the bottom flange
so as to maintain a near parallel and symmetric beam on the droplets ensuring
proper contrast level for subsequent edge detection.

The substrate preparation involved coating the glass surface using chemical
vapor deposition 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~> mbar), plasma oxidizer (with RF generator of
6—-18 W power, frequency 8—12 MHz), and a desiccator. Inside the reactor, which
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was maintained at low vacuum pressure, the high frequency oscillating electromag-
netic field ionized the silane molecules forming plasma. This interacted with the
glass substrate by removing organic contamination from its surface. The high
energy plasma particles combined with the contaminants to form carbon dioxide
(CO,) or methane (CH4). The physicochemical characteristics of surfaces were
modified by adsorption or chemisorption as follows:

The silanation process is explained schematically in Fig. 4.9e. Octyl-decyl-
trichloro-silane (C,gH37C,3Si supplied by Sigma Aldrich®) was used as the coating
material on the glass substrate. Before keeping the substrate for 30 min inside the
CVD reactor, the substrate was cleaned by dipping it in a pirani solution (sulphuric
acid and hydrogen peroxide in the ratio 3:1 by volume) for 2 h, thereafter washing it
with distilled water and drying it in nitrogen. Nascent oxygen released when
sulphuric acid reacted with hydrogen peroxide cleaned the surface. The silane
molecules attached themselves to the plasma cleaned glass plate, which was kept
inside the CVD chamber, by a self-assembled monolayer process. After preparing
the surface, the static, advancing, and receding contact angles, respectively, of a
pendant water drop for horizontal and inclined substrates were measured by a
goniometer device that had a special attachment for inclining the substrate with
respect to horizontal.

4.3.1 Experimental Methodology

Dropwise condensation of distilled and deionized water, underneath a horizontal
substrate and an inclined substrate having various inclination (10°, 15°, and 30°),
was carried out underneath a glass substrate which was coated with Octyl-decyl-tri-
chloro-silane (CgH37C3Si). The chamber temperature was maintained at 27 °C in
all the experiments with cold substrate maintained at 22 °C. The static contact angle
of water drop placed on the chemically textured substrate was measured to be
96° £ 0.5° for droplet volume range of 50-100 pl. Dropwise condensation was
achieved at the desired saturation pressure by controlling the coolant temperature
and the heat throughput. Once quasi-steady state was reached, the correspondence
between the saturation pressure and the condensing vapor chamber temperature was
continuously monitored. The high quality 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, and coalescence events.
The primary steps in finding the area of coverage were: (a) Digital image acquisi-
tion, (b) Contrast thresholding and binning to reduce pixel noise, (c) Droplet
detection with geometry 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 was first tested against benchmark images.
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The experimental process was simulated by the mathematical model for both
horizontal and inclined arrangement of the substrate. After validation of the simu-
lation against experimental data, simulations were performed for the range of
parameters not covered in the experiments. Here, the effect of the static contact
angle, nucleation site density, thermophysical properties of the working fluid,
physicochemical properties of the liquid-substrate, and the angle of inclination of
the substrate are considered.

4.3.2 Experimental Validation of Computational Model

As noted, before proceeding with the simulations, benchmarking against experi-
mental data was performed. Experimental results of condensation patterns and the
corresponding predictions of numerical simulation for water vapor at a saturation
temperature of 27 °C and subcooling of 5 °C are compared both in qualitative and
quantitative terms underneath a horizontally oriented substarte and an inclined
substrate. Nucleation sites density is taken to be 10° cm ™2 in the simulation.

4.3.2.1 Horizontal Substrate

The major observable processes of dropwise condensation underneath a horizontal
substrate are schematically depicted in Fig. 4.10a. These are nucleation, growth,
coalescence, and fall-off of droplets; Fig. 4.10b visually and qualitatively highlights
these processes, as observed experimentally (View-A in Fig. 4.9b) and captured in
the computer simulation.

The statistical nature of the overall process, with multiple generations of droplets
in different stages of their respective growth phase and present simultaneously on
the substrate, is clearly visible. Contrary to the perfect circular footprints of the
droplet bases assumed in the simulation, local phenomena such as pinning of the
contact line, capillary waves, contact line inertia during droplet merging, and the
dynamics of the liquid—vapor interface cause deviations that are observable in the
experiments. Specifically, droplet pinning and the noncircular base of the footprint
can be clearly seen in the experimental images. Thus, the mathematical model can
be further refined to cover local disturbances. However, major phenomena related
to dropwise condensation underneath horizontal substrates are well-simulated by
the model. In Fig. 4.11 coalescence of three drops (marked a, b, and c), as observed
during the experiment and revealed in the simulation, are depicted. In the simula-
tion, the center of the new resulting drop (after coalescence, i.e., drop-d) is
determined by a mass weighted average of centroid of constituent droplets before
coalescence (i.e., droplets a, b, and c).

The assumption that the coalesced volume takes up the weighted center of mass
of the original droplets is vindicated by this representative comparison. The merger
results in the exposure of virgin areas around the drop where renucleation of the
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Fig. 4.10 (a) The cycle of major physical processes observed in the pendant mode of dropwise
condensation on a horizontal substrate. (b) Qualitative comparison of experimental images of
dropwise condensation on silanated glass substrate of area 25 mm X 25 mm (coated with octyl-
decyl-tri-chloro-silane, C;gH37C;3Si) with corresponding images generated by simulation. The
hazy patch seen in the fop-left section of the last experimental image is due to the fact that the
droplet has fallen on the viewing glass through which images are recorded

new generation droplets will commence. Droplet mergers bring about near instan-
taneous 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 larger
droplets, also reveals that the shapes of their bases are not exactly circular, with
local pinning phenomenon of the contact line occuring at certain locations (e.g., see
drop d in the experimental image). As the droplets merge, experimental images
show that it takes a certain finite time (of the order of 0.1-300 ms, depending on the
respective sizes of coalescing droplets) for the surface and body forces to
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a experiment

Fig. 4.11 Sequence of two images observed during experiment (a) and corresponding simulation
(b), showing coalescence of three droplets a, b, and c, resulting in the formation of composite drop d

redistribute the fluid in the coalesced drop and come to the state of minimum
possible energy; the new contact line shrinks and tends to be as circular as possible
in a finite relaxation time; local pinning can distort circularity.

In Fig. 4.12, the spatial drop size distributions underneath the horizontal sub-
strate, at 15 min and 30 min respectively, after the commencement of the conden-
sation process, is shown. No fall-off has yet taken place. The strong temporal
variation of size distribution of droplets is clearly visible. As can be seen, after
15 min interval, the distribution shows moderately sized droplets with the maxi-
mum diameter of about ~2.0 mm. As the time progresses, droplets merge exposing
virgin areas; an increase in number density of very small droplets (below ~0.5 mm)
is clearly visible at 30 min. In addition, the number density of larger droplets
(greater than ~2.0 mm) has increased substantially. The simulated histograms are
denser than the experimental counterpart due to the loss of information in experi-
mental data during image processing of droplets below about 0.1 mm. For the same
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Fig. 4.12 Visual and statistical comparison of experimental and simulated spatial drop distribu-
tion patterns and the corresponding histograms of droplet frequency at the dynamic steady state

reason, the experimental and simulation histograms of the 15 min data are more
dissimilar than at 30 min. Initially, as condensation commences, the number of
smaller sized droplets is quite large. At later times, droplets of higher diameter are
greater in number, and are captured well by the digital camera. In the latter part of
the process, the growth is chiefly dominated by coalescence and the number density
distribution shifts towards larger sized drops.

In Fig. 4.13a, the experimental and simulated droplet frequency plotted as a
function of the drop radius, 10 min after commencement of the condensation
process, are compared. 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~ to 1.0 mm. Although the order of magnitude
of ryn (at time ¢ = 0) is ~10~* mm, nearly all the original drops have since
grown to the order of 107> mm at 10 min, mostly by direct condensation.
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Fig. 4.13 (a) Drop size distribution from experiments and simulation at a time of 10 min after the
commencement of dropwise condensation. (b) Time-wise variation of the area coverage of
droplets over the substrate

Droplet coalescence has not yet started, as can be seen in Fig. 4.13b, where the
temporal change in area coverage of drops is presented. Initially, there is a rapid
increase in the coverage and later approaches a dynamic quasi-steady state. Two
distinct zones clearly seen in the experimental and simulation data are: (a) growth
due to direct condensation in the initial period and (b) 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 falls-off/slides-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 %) as compared to experimental data
(64.5 %).

The complete sequence of experimental and simulated drop distribution, from
the appearance of drops of minimum radius to the formation of drops of critical
radius, underneath a horizontal substrate of 30 mm X 30 mm area, are shown in
Fig. 4.14. The first image is at a time instant of 1 min and thereafter the images are
at approximately 10 min intervals. The last image is presented at 65 min for the
experiment and 52 min for the simulation, respectively. For this experiment, the
first fall-off occurred at 59.5 min while in the corresponding simulation, the first
instance of fall-off was observed at 51 min and 10 s. This discrepancy may arise due
to the following factors: (a) Noncondensable gases in the experimental chamber can
deteriorate the heat transfer coefficient and delay the drop growth rate. (b) Inexact
nucleation site density. (c) The local effects of pinning and contact line dynamics
can lead to higher frictional stresses that enhance surface forces and delay fall-off.
The comparisons clearly show that the simulator satisfactorily captures the major
processes of dropwise condensation, both from a qualitative and a quantitative
standpoint.
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a experiment

b simulation

Fig. 4.14 Comparison of experiments (a) and simulation (b) for the complete sequence of
dropwise condensation process, from the appearance of drops of minimum radius to the drops of
critical radius underneath a horizontal silanated glass substrate of 30 mm x 30 mm area

4.3.2.2 Inclined Substrate

Various attributes of dropwise condensation of water at saturation temperature of
27 °C (AT, = 5 °C) underneath an inclined substrate (15° from horizontal; 6,4,
= 111°, 0,.q = 81°), recorded in experiments and observed in numerical simula-
tion are shown in Figs. 4.15, 4.16, 4.17, and 4.18.

Major physical processes observed on an inclined substrate are similar to those
of the horizontal substrate (Fig. 4.10), except that the simple fall-off mechanism is
replaced by a more complex combination of slide-off and fall-off, as shown in
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Fig. 4.15 Cycle of individual processes in dropwise condensation of vapor over an inclined cold
substrate. (a) Cycle of individual subprocesses which constitute dropwise condensation. (b) Quali-
tative depiction of the footprints of the droplets during the cyclic growth process (for water,
subcooling AT, = 5 °C, average contact angle = 96°, nucleation site density = 10° cm™?)

Fig. 4.15. On an inclined substrate, a critically sized sliding droplet, while sweeping
other droplets on its path, may either (1) reach the end of the substrate without
falling off or, (2) may acquire enough mass to be pulled in the downward direction,
thus falling off from the substrate, before actually reaching the edge of the sub-
strate. The scenario realized will depend on the rate of growth of the drop, coales-
cence, and the length of the substrate itself. The other physical processes of
nucleation, direct condensation growth, coalescence, and merger dynamics are
quite similar to that of horizontal substrate. The fact that the gravity vector now
acts at an angle to the growing droplets leads to unsymmetrical drop deformation.
The contact angle hysteresis plays a role in the static force balance.

On the inclined surface, critical sized droplets first begin to slide, rather than fall-
off, as observed underneath a horizontal substrate. Criticality is achieved by direct
condensation or alternatively, by coalescence with the adjoining drops. Thus,
depending on the length of the substrate and timescales of direct growth and growth
due to coalescence, there are various possibilities observed during the experiment
underneath an inclined substrate. These include the following,
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experiment simulation

Fig. 4.16 Various stages of droplet condensation on the inclined substrate (15°) recorded during
experiments and simulation. The commencement of sliding and sweeping actions of the drop as it
gathers mass during transit and renucleation of the virgin exposed surface, when the sweeping
action is complete, are clearly seen

experiment simulation

slide-off . fall-off slide-off fall-off

Fig. 4.17 Temporal stages of droplet condensation on the inclined substrate (5°) recorded during
experiments and simulation. The sliding drop gathers mass during transit and reaches criticality of
fall-off

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

Slide-off criticality is achieved, and during the slide-off underneath the sub-
strate, fall-off critically is also achieved before the droplet traverses the complete
substrate length scale. Both these possibilities have been incorporated in the
simulation, as shown in Figs. 4.16 and 4.17.
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Fig. 4.18 Size distribution of drops condensing underneath an inclined (15°) silanated glass
substrate of size 25 mm x 25 mm as recorded in the simulation and in experiments (a) at
time = 2 min from the commencement of dropwise condensation, (b) at critical state of slide
off, and (c) just after a complete sweeping action is completed by a sliding drop

The complex sequence of slide-off, rapidly followed by sweeping, fall-off, and
renucleation, is depicted in Figs. 4.16 and 4.17. 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.

Te experimental images and histograms of droplet frequency along with the
corresponding simulation data for a hydrophobic surface of 15° inclination, are
depicted in Fig. 4.18. The critical stage of slide-off is also pictorially compared; a
discrepancy in the actual time of slide-off in experiments as opposed to simulation
is again observed. Soon after the slide-off, virgin areas are created, fresh nucleation
sites are exposed and renucleation commences, Fig. 4.18a, b.

The complete temporal sequence of events on the inclined substrate is shown in
Fig. 4.19. Unlike a horizontal substrate, the drop dynamics on an inclined substrate is
unique because the criticality of droplet motion and the series of events soon thereafter
(sweeping and/or fall-off) happen extremely quickly leading to a sudden reduction in
area coverage. Moreover, repeated removal of drops leads to the time averaged area of
coverage being smaller for the inclined substrate when compared to the horizontal.
At the instant of the first slide-off, the area coverage is 58.8 % in simulation and 49.5 %
from experiments. The discrepancy is again attributed to the loss of data pertaining to
small sized droplets during experimental observations. It is clear from Fig. 4.19 that
drop slide-off underneath the inclined substrate occurs earlier than the corresponding
time instant of fall-off underneath a horizontal substrate.



120 4 Dropwise Condensation: Experiments

simulation

t = 41.0 minutes

Fig. 4.19 Temporal stages of droplet condensation on an inclined substrate (15°) recorded during
experiments and simulation. The commencement of sliding and sweeping actions of the drop as it
gathers mass during transit and renucleation of the virgin exposed surface, when the sweeping
action is complete, are clearly seen

The variation of the average substrate heat flux for dropwise condensation of
water with respect to the degree of subcooling (T, — Tyw) at condensation
temperatures 30 °C and 50 °C respectively on a horizontal chemically textured
substrate is shown in Fig. 4.20a. The comparison of the present simulation with the
theory put forward by Le Fevre and Rose (1966) for dropwise condensation of
water on a monolayer promoter layer, as reported by Rose (2002) is also shown.
The model results are further validated against experiments for condensation of
mercury vapor on a vertical surface (Fig. 4.20b). The experimental data for the
surface-averaged wall heat flux as a function of the vapor to surface temperature
difference is adopted from the work of Necmi and Rose (1977). Good overall
agreement, for all levels of subcooling, is seen from Fig. 4.20. Hence, one may
conclude that the model is robust and applicable to liquids, having a wide range of
Prandtl numbers, condensing on substrates with various orientations and
conditions.
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Fig. 4.20 Comparison of average substrate heat flux obtained by simulation with experimental
data reported in the literature. (a) For water vapor condensation: Variation of heat flux, underneath
a horizontal substrate, at Ty, = 30 °C and T, = 50 °C respectively, with the degree of
subcooling. (b) For mercury vapor condensation: Average substrate heat flux plotted as a function
of degree of subcooling (AT) for dropwise condensation of mercury over a vertical plate at
saturation temperature of 139 °C and contact angle hysteresis (Af) = 22° and 25°

4.4 Liquid Crystal Thermography of Condensing Drops

Despite sustained research in the past two decades, the prediction of the correct heat
transfer rate during dropwise condensation over a surface remains a challenge
(Rose 2002; Bansal et al. 2009), mainly due to lack of complete knowledge of the
local transport mechanisms.

Experimental determination of the heat transfer coefficient during dropwise
condensation is a demanding task because of the many intricacies involved in the
process. Mainly, the driving temperature difference is small, essentially resulting in
a high heat transfer coefficient. Further, uncertainties associated with the micro-
scale substructure of contact line shapes and motions, dynamic temperature
variations below the condensing drops, effect of roughness and inhomogeneity of
the substrate structure, control of true boundary conditions, microscale instrumen-
tation, and transport dynamics of coalescence, merger, wipe-off, renucleation
cycles, and the leaching rates of the promoter layer add to the difficulty in
conducting repeatable experiments. Very high heat transfer rates (and therefore a
very low temperature differential) coupled with the above factors also hinder
generation of repeatable experimental data. Consequently, many conflicting exper-
imental results have been published over the years (Rose 2002). Some of the results
in the literature show considerable scatter.

Although the inherent time dependence of heat transfer in dropwise conden-
sation has been acknowledged in the literature, spatiotemporal determination of
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temperature fluctuations is not straightforward. Conventional thermometry (e.g.,
with thermocouples) cannot provide spatial information of temperature distribu-
tion. Consequently, more accurate measurements are needed to show consis-
tency of heat transfer measurement in dropwise condensation. For this reason,
Bansal et al. (2009) used liquid crystal thermography (LCT) to obtain the
spatiotemporal thermal behavior of the condensing substrate. The technique
was used to determine the thermal behavior at the scale of a single condensate
drop. The data of Bansal et al. (2009) for measurement of heat transfer is
discussed below.

Details of the experimental setup to study dropwise condensation underneath a
substrate are shown in Fig. 4.21. The LCT sheet was calibrated and the calibra-
tion curve between hue and temperature is shown in Fig. 4.22. Experiments were
conducted in such a way that pendant drops form on the underside of the liquid
crystal sheet. The spatial distribution of temperature during dropwise condensa-
tion over a polyethylene substrate was measured using liquid crystal thermogra-
phy (View B in Fig. 4.21) simultaneously with actual visualization of the
condensation process using videography (View-A in Fig. 4.21). View A provides
the direct picture of the drop size distribution on the substrate, whereas View B is
the liquid crystal thermograph. The latter provides the hue distribution on the
selected portion of the substrate as contours. These contours can be transformed
into spatial temperature distribution from the hue-temperature calibration curve,
as shown in Fig. 4.23.

In Fig. 4.24a, the liquid crystal thermograph of a single drop of diameter
2.96 mm, condensing on the polyethylene substrate at a vapor saturation tempera-
ture 40.3 °C, is shown. In the LCT image, regions of high heat transfer rates appear
as locations of relatively high temperature; for example, the blue ring in Fig. 4.24a.
Lower temperature transits towards green and red. The hue distribution over the
base of the drop is shown in Fig. 4.24b.

The variation of heat throughput at the mid plane passing through the single
drop, as identified in Fig. 4.24a, is shown in Fig. 4.24c. Also shown in Fig. 4.24d
are examples of other isolated drops recorded during the experiments. In
Fig. 4.25a, b, a pair of adjacent drops, condensing at the vapor saturation
temperature of 40.3 °C and the associated hue distribution on the base area
(note the elliptic shape of the droplet base), The instantaneous heat transfer
rates on planes passing through these individual drops, are depicted in
Fig. 4.25¢, d. It is clear from the experimental images that smaller drops have a
lower thermal resistance per unit area than the larger drops. Therefore, the
temperature distribution is nonuniform on the condensing substrate and constric-
tion resistance may affect heat transfer data.

In the absence of noncondensable gases, one can conclude that the periphery of
the droplet base line provides the path of least resistance for heat transfer. Average
heat transfer rate increases with increase in subcooling and saturation pressures.
The principal finding of this study is that thermal imaging of dropwise condensation
patterns over a surface is adequate for obtaining the heat transfer coefficient. These
base images of the wall temperature distribution can be used to estimate local and
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Fig. 4.21 Details of the experimental setup to study dropwise condensation on the underside of a
substrate. (a) Photograph of the main condensing chamber; (b) exploded view of the chamber
showing all components. (¢) View-A (refer b) gives the actual photograph of condensing droplets;
View-B gives RGB image of the TLC. (d) Photograph of the set-up (Bansal et al. 2009)

average heat transfer coefficients by including the relevant thermal resistances
between the condensing vapor and the subcooled substrate.

Microscale measurement of small temperature differences continues to be a
challenge for accurate estimation of heat transfer during dropwise condensation.



a 250
225 - s -
200 et
LT
175 - fifth order
—~ polynomial fit
"; 150 (complete data set) —
E’ 125
g 100 second order
T polynomial fit
75 (39°C - 41°C)
g
25 / = Experimental data )»
0

38 39 40 4 42 43 44 45 46
Substrate temperature (°C)

b [— Region of interest
o)
o
@
E
m
0]
(14
39 0 Substrate temperature (°C) 45.0

Fig. 4.22 (a) Calibration curve of the liquid crystal sheet relating hue to substrate temperature. (b)
The picture shows the RGB images obtained during the calibration step. These are further
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Fig. 4.23 (a) Overall approach for the estimation of local heat transfer coefficient for dropwise
condensation occurring on the underside of a substrate. View-A provides the direct picture of the
drop, whereas View-B provides the liquid crystal thermograph. (b) Series of operations for data
reduction. The image of condensing droplets is obtained from Camera View-A, and the corresponding
TLC RGB image is simultaneously obtained from Camera View-B. The latter image provides spatial
hue distribution on the selected portion of the substrate, contours of which can be transformed into
spatial temperature distribution from calibration curve (Bansal et al. 2009)
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Fig. 4.24 (a, b) Figures show the TLC-RGB image of an isolated pendant droplet (D = 2.96 mm)
during dropwise condensation process, at vapor saturation temperature of 40.3 °C, and its
corresponding hue contour plot. Images are recorded after steady state has been attained. (c)
The heat transfer rate at a plane passing through the middle of the droplet is shown as a function of
position. (d) Examples of hue profiles of three other isolated droplets of smaller sizes (Bansal
et al. 2009)

Although liquid crystal thermography stretches the limit of spatial resolution to
microns, temperature differentials are quite small for correct and repeatable exper-
imental determination. Numerical techniques become essential at smaller
length scales.

4.5 Closure

Experiments on creating textured surfaces for dropwise condensation and the measure-
ment of heat transfer coefficient are reviewed. Details of the experimental set-up and
preparation of a chemically textured nonwetting surface for observation of dropwise
condensation of water vapor underneath a horizontal and an inclined substrate are
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Fig. 4.25 (a, b) Figures show the TLC-RGB image of two adjacent pendant droplets during
dropwise condensation and the corresponding hue contour plot at vapor saturation temperature of
40.3 °C. Images have been acquired at steady state. (c), (d) Heat transfer rate through plane #1
(Drop A) and plane #2 (Drop B) is presented as a function of position (Bansal et al. 2009)

reported. Chemical texturing of glass is achieved by silanation using octyl-decyl-tri-
chloro-silane (C;gH37C;3Si) in a chemical vapor deposition process. Experimental
results of condensation patterns and the corresponding predictions of numerical simula-
tion for water vapor are compared. The prediction of the model is in fair agreement with
the experimental data of condensation of water vapor. Average heat flux as a function of
degree of subcooling for water and mercury are compared. Although, there is some
discrepancy in the data obtained, major phenomena related to dropwise condensation
underneath horizontal substrates are well-simulated by the mathematical model.



Chapter 5
Concluding Remarks and Perspectives

Keywords Review of model developed « Comparison with experiments * Imaging
coalescence ¢ Conclusions * Scope for future work

5.1 Overview

Dropwise condensation is vapor-to-liquid phase-change in the form of discrete
drops on or underneath horizontal and inclined substrates. The process is hierarchi-
cal in the sense that it occurs over a wide range of length and timescales. A
mathematical model of dropwise condensation underneath textured surfaces, hori-
zontal (with or without wettability gradient) and inclined, is reported. The model
starts from the formation of drops at the atomic scale at randomized nucleation sites
and follows its growth by direct condensation and coalescence, till the drop is large
enough to fall-off or slide away. The atomic model shows that the largest stable
cluster size in the atomic scale matches the minimum drop radius estimated from
thermodynamic considerations. The minimum radius drop is insensitive to surface
texturing and does not provide controllability at large length and timescales. In the
model, nucleation sites are randomly distributed over the substrate. Growth rate at
each nucleation site is derived on the basis that vapor condenses on the free surface
of the drop and releases latent heat that is transferred through the liquid drop to the
cold substrate. A simple model of coalescence has been adopted in this work. The
stability criterion is developed as a force balance equation at the level of a drop.
Transport parameters of a sliding drop are determined using a CFD model and
presented in the form of correlations. Fluids considered are water and liquid metals
such as mercury and sodium, representing a wide range of Prandtl numbers.
Performing simulation of the complete cycle of dropwise condensation, the spatio-
temporal distribution of drops is obtained, from which local and area-averaged heat
transfer rates as a function of time are predicted.

An experimental study of water vapor condensation underneath a chemically
textured substrate is carried out for validation of the complete dropwise
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condensation model. Substrate preparation involves coating the glass surface using
chemical vapor deposition of silane molecules. The spatiotemporal drop distribution
recorded during the experiment and observed in simulation underneath an inclined
chemically textured substrate show fair to good agreement. Heat transfer rates are
also validated against experiment data of water vapor and mercury available in the
literature. Specific conclusions arrived at in the present study are listed below.

5.1.1 Drop Instability

The critical drop radius at which commencement of sliding takes place is a function
of the thermophysical properties of the fluid, inclination of the substrate, and
contact angle hysteresis. Fluids with higher surface tension show larger size at
instability. Reduction in contact angle hysteresis reduces the critical size for a given
angle of inclination.

5.1.2 Modeling Fluid Motion Inside a Moving Drop

During motion, a circulation pattern is setup within the drop. The center of the
circulation pattern moves towards the solid surface at higher Reynolds numbers.
Pressure and wall shear stress are nearly uniform at the base of the drop, except at
the periphery where large gradients prevail. Heat transfer in drops of high Prandtl
numbers is characterized by the appearance of thermal boundary layers. Tempera-
ture distribution across the drop shows large gradients near the walls while temper-
ature inversion is seen in the core. At lower Prandtl numbers, diffusive transport
governs heat transfer rates and a near-linear variation of temperature is obtained.

5.1.3 Drop Coalescence

Direct visualization shows that coalescence commences when two drops approach
each other at the three-phase contact line. A tiny liquid bridge is immediately
formed at the commencement of coalescence, which grows with time. Immediately
afterwards, the process is limited by viscous and inertia forces, as the drop eventu-
ally attains equilibrium. The relaxation time of the composite drop is of the order of
~10-160 ms, depending on the sizes involved. This is small in comparison to the
overall time period of the condensation cycle which could be several minutes long.
In experiments, local pinning of the three-phase contact line is observed during
coalescence while the droplet relaxes to equilibrium, in conjunction with very
high dissipation at the three-phase contact line. The center of mass of the coalesced
drop departs slightly from the weighted average center of the individual drops,
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the discrepancy being attributed to factors such as pinning. The footprint of the
coalesced droplet is elliptical which eventually relaxes to a circular shape. On
inclined surfaces, coalescence of drops can lead to a slide-off or fall-off.

5.1.4 Macroscopic Modeling

The overall condensation model includes the effect of contact angle, hysteresis,
inclination of the substrate, thermophysical properties of fluids, nucleation site
density, degree of subcooling, saturation temperature, promoter layer thickness,
and wettability gradient. Simulation for various fluids and substrate inclinations
shows the following trends.

1.

10.

Dropwise condensation is necessarily a quasi-cyclic process from which the
average drop size, distribution, and cycle time as well as overall heat transfer
coefficient and wall shear can be computed.

. Two distinct phases of droplet growth are observed: growth due to direct

condensation and growth primarily due to coalescence.

. Increase of static contact angle (decrease in wettability of the substrate) reduces

the droplet area coverage. Reduction of coverage is also observed by increasing
the substrate inclination.

. Decrease in wettability results in earlier fall-off (horizontal substrate) and

earlier slide-off (inclined substrate).

. The critical radius of droplet at which commencement of sliding takes place is a

function of the thermophysical properties of the fluid, inclination of the sub-
strate and contact angle hysteresis. Fluids with higher surface tension show
larger critical radius. Reduction in contact angle hysteresis reduces the critical
radius of the droplet at fall-off for a given angle of inclination.

. Inclining the substrate results in larger number of small drops and hence in

higher heat transfer coefficient.

. Heat transfer coefficient increases with an increase in the degree of subcooling,

saturation temperature, and is a strong function of the Prandtl number.

. Providing wettability gradient serves the purpose of passively destabilizing

drops in a manner similar to inclined surfaces in gravity fields. It results in a
larger number of small drops and hence will lead to a higher average heat
transfer coefficient.

. The condensation cycle times of liquid metal vapor are smaller compared to

water. The minimum drop radius is smaller, the maximum drop size is smaller,
and area coverage is smaller, all the factors resulting in a higher heat transfer
coefficient.

Nucleation sites density is an uncertain parameter that can be determined only
indirectly but has an effect on the heat transfer coefficient. A high nucleation
density leads to a high overall heat transfer coefficient.
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Fig. 5.1 Coalescence of two pendant droplets of water of diameters 0.85 and 1.5 mm underneath a
chemically textured copper substrate (a) footprint of the merging drops by confocal microscope,
and (b) snapshots recorded as a side view by high speed camera

5.1.5 Coalescence Dynamics

The coalescence model adopted in the present study approximates the nuances of
the overall merger process by requiring that it occur instantaneously, moving from
one equilibrium shape to the next. Preliminary experiments highlight the subtleties
of the process and reveal complex flow patterns including oscillations of the free
surface and large instantaneous wall shear stresses that can affect the life of the
promoter layer. To address this issue, coalescence of two pendant drops of unequal
volumes was carried out with a laser confocal microscope and a high-speed camera
operated at 200 frames per second. Here, water is the working medium with the
drops sitting under a chemically textured copper substrate. The drops were
introduced one at a time from the rear side of the substrate. The length and
timescales of coalescence were observed.

The image sequence recorded is summarized in Fig. 5.1. The first row of images
show the evolving footprint of the merging drops as recorded by a confocal
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microscope. The second set of images on a grayscale is a front view of these drops
as seen by a high-speed camera.

Drop coalescence commences when two droplets approach each other at the
three-phase contact line at negligible velocity. A tiny liquid bridge is immediately
formed, induced by the van der Waals forces. The coalescence process gets initiated
by the extra surface energy released in the process. The difference in internal
pressure between the two drops drives fluid motion. Immediately afterwards, the
coalescence process is limited by viscous and inertia forces. In water, free surface
oscillation can last ~20—40 ms, depending on the size of droplets, substrate orienta-
tion, and thermophysical properties. Long-term relaxation can occur over
40-100 ms. Rapid transients in the early stage of coalescence will induce large
shear stresses over the substrate. The accompanying enhancement in heat fluxes
may not compensate for the loss of life of the promoter layer.

When two or more drops coalesce underneath a horizontal substrate, the center
of mass of the resultant drop at equilibrium (when motion has stopped) is located
close to the weighted mass center of the individual drops. Differences may arise
from pinning over portions of the three-phase contact line, particularly on inclined
surfaces. Figure 5.1 shows that the footprint observed by the confocal microscope is
initially an ellipsoid that relaxes in time to form a circle. Similarly, the drop shape
evolves to become a part of a sphere, a trend often observed for lyophobic surfaces.

5.2 Future Work

Opting for dropwise condensation in advanced engineering systems involves not
only an understanding of the fundamental thermo-fluidic transport phenomena but
also the microscale issues associated with the substrate material. Hence, future
research should address the following concerns:

1. Overall, hydrophobicity is desirable for dropwise condensation. Chemical tex-
turing is limited by factors such as leaching. Creating physical textures by
patterning is a long-standing problem in surface engineering. The connection
of a surface pattern with contact angle and hysteresis is unresolved.

2. Experimental determination of wall shear stress and heat transfer coefficient is a
challenge. The statistical nature of droplet distribution in the ensemble further
contributes to the intricacy of analysis and interpretation.

3. The mathematical model presented captures the major constituents of dropwise
condensation process quite satisfactorily. There are local discrepancies, how-
ever. Looking at the experiments closely, one feels that the highly localized
three-phase contact line motion and the dynamics of coalescence need further
investigation.

4. Information gained on the behavior of small liquid drops will be useful in several
novel applications. These include microfluidic switches, bio-MEMS devices,
lab-on-chip, and electro-wetting.
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