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Simulation of Drop-Size Distribution During Dropwise and Jumping
Drop Condensation on a Vertical Surface: Implications for Heat

Transfer Modeling
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ABSTRACT: Accurate models for condensation heat transfer
are necessary to improve condenser design. Drop-size
distribution is an important aspect of heat transfer modeling
that is difficult to measure for small drop sizes. The present
work uses a numerical simulation of condensation which
incorporates the possibility of coalescence and coalescence-
induced jumping over a range of drop sizes. Results of the
simulation are compared with previous theoretical models and
the impact of the assumptions used in those models is explored.
In particular, previous drop-size distribution models may
predict heat transfer rates less accurately for high contact
angles and for coalescence-induced jumping since coalescence
occurs over a range of drop sizes and does not always result in
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departure. The influence of various input parameters (nucleation site distribution approach, nucleation site density, contact
angle, maximum drop size, heat transfer modeling to individual drops, and minimum jumping size) on the drop-size distribution
and overall heat transfer rate is explored. Assignment of the nucleation site spatial distribution and heat transfer model affect
both the drop-size distribution and predicted overall heat transfer rate. Results from the simulation suggest that, when the
contact angle is large (as on superhydrophobic surfaces) and no coalescence-induced jumping occurs, the heat transfer may not
be as sensitive to the maximum drop-size as previously supposed. Furthermore, this work suggests that when coalescence-
induced jumping occurs, reducing the maximum drop size may not always increase heat transfer since drops similar in size to

those removed by coalescence-induced jumping can contribute significantly to the overall heat transfer rate.

B INTRODUCTION

Condensation has application in a range of industries including
water desalination and harvesting,l_‘ energy conversion,*™°
electronics cooling,7 and environmental control.® Since it was
discovered that heat transfer rates for dropwise condensation
could be several times higher than film-wise condensation in
the 1930s, much work has been done to model the heat
transfer rate during dropwise condensation.”””'® The
modeling approach typically consists of expressions for the
heat transfer rate to an individual drop (g4) multiplied by the
drop-size distribution (N). This product is then integrated over
the range of drop sizes, as found on the condensing surface, to
obtain the total heat transfer rate.'’”"’

a'= [ NG, & "

The individual drop heat transfer rate and the drop-size
distribution are of equal importance in determining the overall
heat flux to the surface, q”, during condensation. Therefore,
developing an accurate expression for the drop-size distribu-
tion is an integral part of modeling the overall heat transfer rate
during dropwise and jumping drop condensation and is the
focus of this work.
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One of the earliest and most adopted approaches to
modeling the condensation heat transfer rate came from Le
Fevre and Rose in 1966.""'" This work included both a
semiempirically derived expression for the drop-size distribu-
tion as well as a model for heat transfer to an individual drop.
The drop-size distribution was of the form
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where 7 is the average maximum radius of the drops, or the
average size to which drops grow before gravity-induced
shedding. N is the drop-size distribution in drops/m?*/m and
described in further detail in the Methods section of this text.
Other theoretical models agree well with the Le Fevre and
Rose model."”~*" The power law expression in Le Fevre and
Rose’s model has been experimentally validated for distribu-
tions in the range r > 5 X 107> m, but drop-size distributions
for smaller drop sizes have not been reported due to the
difficulty of imaging these drops.lo’w'zz’23 Further, in reports
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that do include drop size measurements in the range 5 X 107
m<r <5 X107 m, the distribution function resolution is
coarse.

In 1975 Tanaka observed, by means of population balance
theory, that drop growth during condensation could be
separated into two regimes: growth dominated by direct
condensation and §rowth dominated by coalescence with
neighboring drops.”' He observed that the distribution
function for larger drops follows a power law relationship, as
predicted by Le Fevre and Rose,'""” but that the distribution
function for smaller drops would be significantly different. In
2011, building on the work of Tanaka and others,”*™*® Kim
and Kim'* used population balance modeling to develop a
distribution function and heat transfer model for drops with
contact angles greater than 90°. They showed that the
distribution function was dependent on both the solid—liquid
contact angle of the condensing drops and the nucleation site
density on the surface. Miljkovic et al."* extended the work of
Kim and Kim'” to model drops on superhydrophobic surfaces.
Superhydrophobic surfaces combine surface roughness with
hydrophobic chemistry to achieve high solid—liquid contact
angles (>145°) and high drop mobility (sliding angles
<10°).2728

Condensing drops on superhydrophobic surfaces have been
shown to adopt various wetting states, depending on the
surface subcooling and properties (particularly the relationship
between the nucleation site density and surface feature
density).””*° Superhydrophobic surfaces can be designed
such that surface adhesion forces are low enough that the
energy released upon coalescence of condensing drops can
propel the drops away from the surface."™*' ™" When the
surface is oriented vertically, coalescence-induced jumping can
lead to permanent departure of the drops from the surface.
The heat transfer model proposed by Miljkovic et al.'?
accounted for additional thermal resistance due to surface
roughness, various possible wetting states of condensing drops,
and the possibility for coalescence-induced jumping thereby
providing a framework for modeling condensation heat transfer
on superhydrophobic surfaces.

Previous models offer valuable insight regarding the
distribution in the direct-condensation-dominated growth
regime,' ' **"** 72 but the lack of existing experimental
drop-size distribution measurements for smaller drops has
precluded validation. Since smaller drops account for the
majority of the heat transfer that occurs during condensation, it
is essential to obtain accurate distribution functions in this
range. Solution of the differential equation resulting from
population balance modeling requires the assumption of an
instantaneous, rather than gradual transition between direct-
condensation-dominated growth and coalescence-dominated
growth. Though small droplet growth may be dominated by
direct condensation, coalescence can occur over a range of
drop sizes and therefore can influence the distribution at
smaller sizes than the instantaneous transition point used by
previous models. Another difficulty with population balance
modeling occurs when coalescence-induced jumping is present.
On realistic surfaces, jumping occurs for only a portion of the
coalescence events that occur. However, when Miljkovic et
al."> used population balance modeling to predict the
distribution function on surfaces with jumping, of necessity
they assumed all coalescence events result in jumping and that
all coalescence events occur at a single size. Models derived
using population balance theory are fundamentally limited by

their inability both to address coalescence in the direct-
condensation-dominated growth regime and to handle
coalescence-induced jumping over a range of sizes. Zhang et
al. proposed a theoretical model to account for coalescence
over a range of drop sizes, but they only considered the case
where jumping occurs, and they assumed that most
coalescence events result in departure (limiting the applic-
ability of the model to condensation on vertical surfaces with
high contact angles and low adhesion).”

In contrast to population balance modeling, other
researchers have used computational modeling to gain insight
into condensation behavior on superhydrophobic surfaces and
to validate previously proposed theoretical models. Gose et
al.*® and Tanasawa and Tachibana®® were among the first to
attempt to use computer models but, due to limitations in
computing power, only investigated low distribution densities.
Glicksman and Hunt®’ obtained distribution functions with a
simulation that showed good agreement with the Le Fevre and
Rose'' distribution function at larger drop sizes and diverged
at smaller sizes, based on the nucleation site density. However,
their simulation was limited to drops with a contact angle of
90° and did not incorporate gravity-induced sweeping of
drops. Mei et al. used a computer simulation to obtain the
drop distribution also for a contact angle of 90°, but their
results were intended for larger drop sizes where the
distribution function was already well established.’® Barati et
al. used a numerical simulation of dropwise condensation to
investigate condensation as a function of time for drops with a
contact angle of 88°, though they did not report steady state
drop distribution data.”” Meng et al. demonstrated how a
computer simulation could incorporate the possibility of
coalescence-induced jumping but did not use their model to
obtain an expression for the drop-size distribution and focused
on predicting heat transfer for drops with a single contact angle
(140°) and maximum drop size (30 um).** Birbarah et al. used
numerical simulations to predict drop-size distributions,
though their analysis focused on the case when coalescence-
induced jumping occurs.”’ Others have used numerical
simulations to gain insight into various aspects of condensation
and vapor deposition behavior but have not focused on the
steady state distribution function and predicted overall heat
transfer rate.”*”

In summary, previous dropwise condensation modeling
approaches have offered valuable insight regarding drop
growth and condensation heat transfer rates. However, these
previous approaches have been limited by their assumptions or
application. Population balance modeling involves limiting
assumptions regarding small drop coalescence. Previous
computer simulations have included a limited scope of physical
conditions and, with few exceptions, these simulations were
not applied to predict steady-state drop-size distributions.

The present work reports a computational approach to
obtain the steady state drop-size distribution and associated
time-averaged heat transfer rates for dropwise condensation
over a range of contact angles from 90 to 180°. Condensation
is simulated in a Lagrangian approach, similar in form to
previous computational approaches, allowing for coalescence at
naturally occurring drop sizes.””**™*” Unlike previous
computational simulations, the present work considers how
the departure of drops both by jumping and gravity-induced
sweeping influences the steady state drop-size distribution and
associated time-averaged heat transfer rates. The present work
spans also a larger range of physical conditions than previous
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studies. The present work only considers flat or nanostructured
surfaces without a microscale feature size. The impact of
various input parameters (i.e, maximum drop size, contact
angle, nucleation site selection method, and coalescence-
induced jumping) on the distribution function and overall heat
transfer rates is explored. Understanding the relative impact of
these parameters on overall heat transfer rates is essential for
the design of improved condensing surfaces. The main
contributions of this work are 2-fold. First, a computational
condensation simulation is used to explore how various
assumptions and physical conditions influence the drop-size
distribution and predicted heat transfer rate. Second, results
suggest that when the contact angle is large and coalescence-
induced jumping occurs previous models fail to accurately
predict the relationship between maximum drop size and heat
transfer rate, a relationship which is crucial to understand for
designing improved condensing surfaces.

B RESULTS AND DISCUSSION

Results are presented as follows. First, a description of a
computer simulation for dropwise and jumping drop
condensation is described in the sections titled Simulation
Overview, Initial Nucleation, Individual Drop Growth, Drop
Coalescence, Drop Sweeping, and Distribution of New Drops.
These sections describe the methods and physics behind each
aspect of the simulation approach. Second, the drop-size
distributions obtained from the simulation are compared with
other theoretical models as a form of validation (Model
Validation and Comparison section) and to demonstrate the
influence of previous assumptions. Third, the effects of
assumptions regarding condensation behavior (i.e., individual
drop heat transfer model, nucleation scheme), and different
physical conditions (ie., contact angle, maximum drop size,
initial nucleation density, and minimum jumping size) are
explored, providing insight regarding the influence of these
input parameters and model accuracy. Understanding the
influence of contact angle, maximum drop size, initial
nucleation density, and minimum jumping size on overall
heat transfer rates is important for improved surface design.
Finally, the predicted influence of contact angle and maximum
drop size on heat transfer rate is compared with that predicted
using population balance modeling, indicating that population
balance modeling may deviate from real behavior more
significantly when the contact angle is large and coalescence-
induced jumping occurs.

Simulation Overview. A computer simulation of dropwise
condensation on a vertical, smooth hydrophobic, or nano-
structured superhydrophobic surface is used to obtain insight
regarding drop-size distributions and aggregate condensation
heat transfer. The simulation is Lagrangian in nature, where
individual drops are randomly distributed and their growth and
interaction are governed according to physically based
equations found in the condensation literature. The size and
arrangement of the drops through time is used to obtain drop-
size distributions and an overall heat transfer rate in a
stochastic approach. At the beginning of the simulation, which
is performed in MATLAB, drops are distributed on a surface at
randomly selected nucleation sites, allowed to grow, coalesce,
and depart either by sweeping or coalescence-induced jumping
following the decision tree shown in Figure 1. At each time
step, new drops are distributed. The simulation continues until
a quasi-steady state condition is reached, as described in the
Methods. Expressions for time-averaged drop-size distribution
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Figure 1. Overview of the steps in simulation of dropwise
condensation on a vertical surface.
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and overall heat transfer rates are obtained from the results of
the simulation by counting the number of drops of a given size
and tracking the heat transferred to individual drops
throughout the simulation. The simulation assumes a constant
contact angle during drop growth, negligible thermal resistance
at the drop/surface interface, instantaneous sweeping and
coalescence, that drops have a spherical-cap-shape, and that
drops are in a suspended or partially wetting, mobile (subject
to sweeping) state. The simulation considers condensation in a
pure vapor environment in the absence of noncondensable
gases. The following sections provide additional details about
the modeling approach for each physical process, with more
detailed descriptions and equations found in the Methods
section.

Initial Nucleation. Prior to the start of the simulation,
nucleation sites are randomly distributed across the surface
with a user-specified nucleation site density (N,). Though
drops do not all spontaneously nucleate at the same instant,
the approximation of simultaneous nucleation is used in the
simulations to initialize the process. The simultaneous
nucleation approximation at the onset of condensation is not
expected to influence the steady state drop-size distribution
since sweeping events repeatedly occur during steady state
condensation, removing all drops on a portion of the surface,
such that the influence of the initial distribution of drops
becomes negligible over time. In fact, Leach et al."* found that
the drop size distribution at long times was insensitive to initial
conditions. Furthermore, other research works with similar
computational approaches’”***” have used the same assump-
tion (see Introduction regarding computational approaches). A
drop with radius r, is placed at each site. Unless otherwise

noted, fry;, is equivalent to the smallest thermodynamically
viable drop, iermo-
2T,0
Tthermo = m
' 3)

where T, o, hfg, p, and AT are the saturation temperature,
surface tension, latent heat of vaporization, fluid density, and
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difference between the saturation and substrate surface
temperatures.”® For select cases described later in the text,
Tmin €an be larger than ryeqm,

Individual Drop Growth. At each time step of the
simulation, drops grow according to a specified model for the
heat transfer rate to a single drop, q4. The influence of using
different models on the heat transfer rate is compared in the
section Influence of Heat Transfer Model. First, a thermal
resistance model (implemented by Kim and Kim'* and
Miljkovic et al."?) is used. For a flat or nanostructured surface
where the microscale feature height may be approximated as
zero and droplet jumping does not occur, the Kim and Kim'”
and Miljkovic et al."> expressions for heat transfer to a single
drop are identical. Second, Chavan et al.*? solved for the heat
transfer rate to drops growing by condensation with a constant
contact angle in a two-dimensional numerical simulation and
found significant differences from the thermal resistance
approach, which requires the assumption that the drop surface
temperature be isothermal. They reported a piece-wise
expression for the Nusselt number as a function of the Biot
number and advancing contact angle for drops between 100
nm and 2 mm, which will be referred to as the “Chavan
model”. Adhikari et al. recently proposed a finite element
model covering a different range of Biot numbers than that
covered by the Chavan model.”” They provided tabulated data
for the heat transfer rate to a single droplet as a function of
Biot number and advancing contact angle. To avoid the
computationally expensive task of repeatedly referring to the
tabulated data to calculate the heat transfer rate, a polynomial
fit to the log of the heat transfer rate as a function of radius for
a given contact angle was used in the simulation and will be
referred to as the “Adhikari model”. The difference between
the tabulated data and the polynomial was always less than 2%.
Predictions of the individual drop heat transfer rate, q4, derived
from these models are shown in Figure 2 as a function of
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Figure 2. Comparison of models for the heat transfer rate to a single
condensing drop, gg4, which are used in the simulation. The slight
discontinuity observed in the Chavan model is a result of the piece-
wise function provided for the Nusselt number in their work.

droplet radius. The Adhikari and Chavan models yield similar
predictions of g4 except at small drop sizes. The heat transfer
rate for the thermal resistance model approaches zero at the
nucleation drop size and provides a lower prediction of the
heat transfer rate at larger drop sizes relative to the
computational models by Chavan and Adhikari.

For each heat transfer model, the amount of energy
transferred to each drop over a given time step is computed

12861

by multiplying the heat transfer rate to a single drop at the size
corresponding to the previous time step with the time step, ot.
This transferred energy results in droplet growth and the new
drop volume is computed as

q,(r)ot

old
Phy

(4)

where p and hy, are the fluid density and latent heat of
vaporization. Assuming a drop with a spherical cap, the
corresponding drop radius can then be calculated as

1/3
3V /

new

| 2(2 = 3 cos O + cos® 0)

rnew

(s)

where 6 is the solid—liquid contact angle. The spherical cap
assumption is a good approximation for drops smaller than the
capillary length, which prevails for the drops considered in the
present work (and all condensing drops that are not in a highly
pinned state prior to flooding).

Drop Coalescence. As drops grow from r., they will
eventually become large enough to touch other drops, as
further described in the Methods section. When this occurs,
they either are replaced by a new drop located at the center of
mass of the parent drops with the same total volume,
representing coalescence, or are removed from the surface,
representing coalescence-induced jumping resulting in depar-
ture from the surface. Three options for addressing a
coalescence event can be selected in the simulation and are
included to investigate the effects of coalescence-induced
jumping. The three options that result from coalescence
include drops that will (1) always depart, (2) never depart, or
(3) depart if at least two of the drops involved in the
coalescence event are larger than a minimum threshold
(specified by an input parameter to the simulation, r;). Use
of a minimum radius to determine whether coalescence results
in jumping has physical rationale as researchers have observed
that coalescence-induced jumping only occurs for drops larger
than a minimum radius, and this radius is highly dependent on
the surface structure.””***'~>* For specially designed surfaces,
drops as small as 500 nm have been shown to jump upon
coalescence,””***! but for more common superhydrophobic
surfaces, such as copper oxide, the minimum radius for
jumping is typically on the order 10 ym. Recent research has
shown that, in addition to minimum drop size, surface feature
length scale, drop wetting state, relative size mismatch, and
number of drops involved in a coalescence event all may
influence whether or not a coalescence event will result in
coalescence-induced jumping.””***'~>* Though not consid-
ered here, these additional conditions could be incorporated
into an energetic-based model for jumping.

Drop Sweeping. On a vertically oriented surface, when a
drop grows to a sufficiently large size (r,,,,), the force of gravity
will overcome the adhesive force and the drops will roll down
the oriented surface, sweeping and removing all the drops in its
path, as described in the Methods section. The maximum drop
Size, fyap 18 specified for each simulation run. An expression to
determine r,,,, derived from a force balance between gravity
and the adhesive force, has been used by other researchers to
determine the maximum drop size.'”'> However, these
expressions include both the advancing and receding contact
angles, necessitating a specification of two variables rather than
one. Additionally, it has recently been shown that the adhesive
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force can change depending on the degree of subcooling of the
surface; this dependence has not yet been fully explored.**>*>°
Therefore, in this work, r,, remains as a specified input
parameter so that the resulting distribution functions are
independent of subcooling and surface properties other than
the contact angle and r,,

Distribution of New Drops. At each time step, new drops
are distributed either randomly or based on preferential
nucleation sites coincident with the original nucleation
locations. When drops are distributed randomly, the number
of new drops is determined so the original nucleation site
density, N,, is maintained on the portion of the surface not
covered by drops, as follows:

n

Mpew = (l\Ts - X)(A - Ab) (6)
where A is the total area of the domain, #n is the number of
drops on the surface, and n,,,, is the number of new drops
added in that time step. Ay is the sum of the base area of all
drops on the surface, A, = >, 7#(r; cos 0)% “Assuming that
the initial nucleation density is constant implies that the
presence of condensing drops does not change the surface
temperature sufficiently to change the nucleation site density,
which would depend on the substrate material, substrate
geometry, and heat transfer rate. When new drops are
distributed based on “preferential nucleation site” locations,
the original nucleation sites from the first time step become the
starting point of all future drops. When original nucleation sites
are exposed, new drops begin to grow at these same locations.
Preferential nucleation sites can exist on real surfaces
(including smooth hydrophobic surfaces) due to surface
irregl;érsigies, nonhomogeneity in native surface chemistry,
etc.””””" Furthermore, evidence suggests that drops may
leave behind a small amount of liquid from which subsequent
drops may grow.’*”®> However, it is also possible for new
nucleation sites to appear, particularly if all of the preferential
sites are covered by drops. It is expected that realistic
nucleation behavior is best described by a combination of
these two approaches.

Input Parameters and Operating Conditions. The
following sections compare the drop-size distribution obtained
using the simulation with prior modeling approaches and
explores the influence of the implemented heat transfer model
(thermal resistance, Chavan, or Adhikari), nucleation scheme
(random or preferential), maximum drop size (ry,,), contact
angle (6), initial nucleation site density (N,), and jumping on
the time-averaged distribution function, N, and spatially and
time-averaged heat transfer rate, q”. These parameters (heat
transfer model, nucleation scheme, maximum drop size,
contact angle, initial nucleation density, and presence of
jumping) are specified as input conditions for the simulation.
In practice, maximum drop size, contact angle, initial
nucleation density, and minimum jumping size depend on
the condensing substrate physiochemical properties, surface
texturing, and surface subcooling, and could be measured for a
given surface and set of operating conditions.””*”** All results
presented are based on a saturation temperature, Ty, = 22 °C
and AT = T, — T, = 1 °C. Unless otherwise indicated, the
simulations were run with an initial nucleation density N, = 1
x 10 drops/mz, utilization of the Adhikari heat transfer
model, no coalescence-induced jumping, and a random
nucleation scheme. Since a nanostructured surface is assumed,
a constant contact angle is used, as described in the Methods

section, along with further description of the simulation details,
such as time grid independence and domain size. The
maximum drop size (radius) ranged from 2 X 107° to 2 X
107* m and the contact angle varied from 90 to 165°. For
dropwise condensation on smooth, hydrophobic, vertically
oriented surfaces, the maximum drop size is often considered
to be on the order of the capillary length (2.7 mm for water),
though considerably smaller maximum drop sizes (<0.1 mm)
can be achieved on superhydrophobic surfaces with low
contact angle hysteresis or in the presence of vapor shear,
centrifugal forces, or wettability graclients.m’17 However, for a
nucleation density of 1 X 10" drops/m? the drop size range,
which is limited by the simulation domain size, was selected to
allow for computationally reasonable simulations. Significantly
larger drop (and domain) sizes could be explored at lower
nucleation densities for similar computational cost.

Model Validation and Comparison. The drop-size
distributions obtained from the simulation are compared
with those predicted by previous investigators in order to
validate the approach. Assumptions used by previous
investigators are enforced in the simulation so that a
comparison can be made. First the drop-size distributions for
surfaces without coalescence-induced jumping are compared,
and then drop-size distributions for surfaces with coalescence-
induced jumping are compared. The reason for the differences
caused by the enforcement and removal of the simplifying
assumptions are discussed.

The models proposed by Kim and Kim'” and Miljkovic et
al."”’ both divide the distribution function into two drop
growth regimes: (1) growth mainly by direct condensation and
(2) growth primarily by coalescence. In these models, the
region where drop growth is dominated by coalescence is
modeled using the power law relation proposed by Le Fevre
and Rose'"'” in eq 2. Both works use population balance
modeling to approximate the distribution function in the
direct-condensation-dominated growth regime and solve the
resulting differential equation with two boundary conditions at
the transition between the two regimes (i.e., at the equilibrium
radius, r.). The first boundary condition stipulates that the
distribution functions for the two regimes have the same value
at r.. The second boundary condition stipulates that the
derivative of the natural log of the distribution functions also
be equal

d InN(r) = —§

In =
"= L) 3 )

d(Inr)

where n(r) and N(r) are the distribution functions in the
direct-condensation- and coalescence-dominated growth re-
gimes, respectively. In the case where the surface texture height
can be considered negligible and no jumping occurs, the only
difference in the distribution functions proposed by Kim and
Kim'> and Miljkovic et al."” is the value of the equilibrium
radius. Kim and Kim'” calculate r, as half of the average
distance between drops, assuming the drops are arranged in a
square lattice, or r, = 1/ (2\/ﬁS ). Miljkovic et al."” use half of
the average distance between drops if the drops are distributed
following a Poisson distribution, or r, = 1/(4,/N,). A Poisson
distribution has been shown to accurately reflect the
distribution of drops during condensation on surfaces of
nominally uniform wettability””***® and is the primary
difference between the two previous works by Kim and Kim
and Miljkovic et al. in the absence of a microstructure and
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Figure 3. Probability coalescence will occur at a certain size. In the cases shown, nucleation sites are distributed following a Poisson distribution,
the Adhikari individual drop heat transfer model is used, € = 165°, and (a) coalescence does not result in departure or (b) coalescence always

results in departure. The most common size for drop coalescence to occur is r = 1/(4,/N, ), but coalescence occurs over a wide range of drop sizes.

When drops remain on the surface following coalescence they continue to coalesce until ... However, when coalescence results in departure,
drops do not grow large enough to reach r,,, and the coalescence-size distribution drops off sharply.
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Figure 4. (a) Comparison of the distribution functions obtained from simulation (red) with those proposed by Kim and Kim,"* Miljkovic et al,,'®
and Le Fevre and Rose.'""” The light shading represents the uncertainty associated with creation of the distribution, as described in the Methods
section entitled, Obtaining the Drop-Size Distribution. When coalescence is not suppressed the distribution (red) converges with the Le Fevre and
Rose distribution at a size larger than that proposed by Miljkovic et al. and smaller than that proposed by Kim and Kim. When coalescence is

suppressed until r =1/ (4\/ﬁs ) the simulated distribution (blue) matches the distribution proposed by Miljkovic et al. at r = r,, but the slope of the
distribution function is discontinuous. (b) Drop-size distribution functions for which all coalescing drops either jump (red) or for which
coalescence is suppressed and all drops depart at r = 1/ (4\/ﬁS ) (blue). The noncoalescing case agrees well with the distribution proposed by
Miljkovic et al. for suspended drops with r,,, =1/ (4\/ﬁS ) (dashed blue). The difference between the simulated distributions demonstrates the
influence of assuming coalescence occurs at a single drop size. The Le Fevre and Rose distribution for r,, = 1/ (4\/ﬁS ) is also shown (dashed
black). All other distributions shown in (a) and (b) correspond to the case where & = 165°, . = 2 X 107 m, and N, = 1 X 10"! drops/m?.

Sim: normal coalescence

coalescence-induced jumping. The separation of the distribu-
tion function into two separate regimes facilitates the use of
population balance modeling and allows solution of the
accompanying differential equation. However, in reality the
onset of coalescence is not expected to occur at a single size;
drops grow by direct condensation throughout their lifetime,
and coalescence does not suddenly occur at a single size. If one
were to plot a histogram of drop sizes at coalescence on a
surface with nucleation sites following a Poisson distribution,

coalescence would most frequently occur at r = 1/(4,/N, ), but
coalescence would occur over a range of drop sizes, as

12863

observed during condensation and illustrated in Figure 3.
Figure 3 was generated by counting the size of all drops
involved in coalescence during simulation of two scenarios:
first, where coalescence does not result in departure, and
second, where coalescence always results in departure.

In order to compare the results from the current simulation
approach with the distribution functions proposed by Kim and
Kim'”> and Miljkovic et al,"’ one scenario considered
suppressed coalescence until r = r, since no coalescence
prior to r = r, is assumed in their models. In this comparison
case, the thermal resistance heat transfer model was used, 8 =
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165° with r,,,, = 2 X 107> m. The heat transfer model has a significant influence on the distribution functions at small radii. (b) Time-averaged rates
of heat transfer for the two models derived from numerical simulations. The influence of heat transfer model on the overall heat transfer rate

becomes less significant when the contact angle is large.

165°, fiae = 2 X 107> m, and N, = 1 X 10"". Unsurprisingly,
suppressing coalescence results in a function that has a
discontinuous first derivative at r = r,, as shown in blue in
Figure 4a. Note that in all plots of the drop-size distribution
obtained from simulation, light shading represents the
uncertainty associated with creation of the distribution, as
described in the Methods section entitled, Obtaining the Drop-
Size Distribution. At r > r,, the simulation distribution matches
the distribution predicted by Le Fevre and Rose'"' and
Miljkovic et al.'* When suppressing coalescence, the
distribution predicted by the simulation satisfies the first
boundary condition used to solve the population balance
modeling differential equation at r = 1/ (4\/ﬁS ), confirming
that is an appropriate boundary condition for randomly
distributed nucleation sites when coalescence is suppressed.
However, for r < r, the distribution is significantly lower than
that predicted by Miljkovic et al."> The Kim and Kim'” and
Miljkovic et al."* models do not have a discontinuous slope at r
> r, since the second boundary condition forces the slope at r
= r, to match that of the Le Fevre and Rose'" distribution. The
only difference between Kim and Kim'* and Miljkovic et al."
models in the absence of a microstructure is the assumption of
a random or square lattice distribution of nucleation sites.

A second simulation scenario was considered where
coalescence was not suppressed, but allowed to occur naturally
(red distribution in Figure 4a). For this scenario, the
distribution converges with the Le Fevre and Rose distribution
for coalescence-dominated growth, and both boundary
conditions are satisfied, as illustrated in Figure 4. The shape
of the distribution function when coalescence is not suppressed
is similar to those proposed by Kim and Kim'* and Miljkovic

et al."* However, rather than converging at r = 1/(4,/N,) or

r=1/ (2\/ﬁS ), for this scenario the radius of convergence is
observed to be somewhere in between, at approximately r = 1
X 107° m. The distribution function converges at a larger
radius since coalescence occurs for drops with r < 1/ (ét\/ﬁS ).
Coalescence of the drops causes the distribution function to
decrease, thereby converging with the power law function at a
larger radius. The similarity in shape between the distribution

from simulation and the previous models provides confidence
in the current approach. The difference in the radii of
convergence with the Le Fevre and Rose distribution function
arises from allowing coalescence to occur naturally, rather than
at a single radii as modeled in population balance theory.
Results from the simulation suggest that the distribution
function in the direct-condensation-dominated regime con-
verges with the power law function at a larger radius than

1/(4\/ﬁs), even though r = 1/(4\/ﬁs) is the most common
size for coalescence.

Miljkovic et al."* also modeled the distribution function for
drops that depart via coalescence-induced jumping and
assumed that drops would coalescence and depart when
r=r,= 1/(4\/ﬁs), as shown in Figure 4b. For comparison,
results from a third simulation scenario are shown where the
coalescence was suppressed and all drops were removed from
the simulation at r =1/ (4\/ﬁS ). Agreement between the
distribution proposed by Miljkovic et al."> and this simulated
distribution is good (less than 8% difference in predicted heat
transfer rate), providing confidence in the results from
simulation. The distribution function is also shown for a
fourth scenario where coalescence is allowed to occur naturally
and all drops depart upon coalescence. Drop coalescence
causes a decrease in the distribution function relative to the
case where coalescence is suppressed, and the distribution
curve drops off gradually, rather than terminating immediately.
Comparison of the two different distribution functions
highlights the influence of suppressing coalescence on the
distribution function. In all subsequent simulations described
in this work, coalescence is not suppressed and is allowed to
occur naturally. Since the drop-size distributions predicted by
the simulation and Miljkovic et al."*> agree when coalescence is
suppressed and differ when allowed to occur naturally, the
differences between results predicted by the simulation and
those predicted by Miljkovic et al.'” in Figure 4 can be
assumed to arise from the assumption of suppressed
coalescence employed by Miljkovic et al."?

The drop size distribution does not always monotonically
decrease, as predicted by Le Fevre and Rose.""'” The Kim and
Kim'> and Miljkovic et al."®> models as well as the current
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scheme when the contact angle is large.

simulation all predict the existence of a local minimum for
certain cases, as shown in Figure 4. Miljkovic et al. explain that
the local minimum exists since the droplet growth rate is
influenced by both the curvature resistance (which increases
with decreasing radius) and conduction thermal resistance
(which increases with increasing radius); the drop-size
distribution increases for drops larger than the local minimum
due to conservation of drops entering and leaving a drop
population.”* Additionally, a local minimum could also result
from the nonuniform distribution of coalescence sizes. For
example, consider a bin of condensing drops spanning the
range r = a to r = b, where r is the radius and a < b. Over time,
drops which enter this range as they grow due to direct
condensation will also leave the range by the same mechanism
if they do not coalesce. As drops within this size range coalesce,
they also leave the bin associated with this range. Drops will
also enter the range as the result of coalescence of drops which
are smaller than the range a to b. The net effect of drops
entering and exiting via coalescence can also cause the drop-
size distribution to increase or decrease with radius. If the size
distribution of coalescence events is constant (i.e., drops were
just as likely to coalesce at r = 5 X 10 m as at r = 1 X 107°
m), then the drop-size distribution would monotonically
decrease since coalescence results in two drops exiting a bin
size and only one drop entering a bin size. However, the
probability for coalescence at a particular size has a
nonconstant distribution, as illustrated in Figure 3. When the
drop-size distribution increases with increasing drop size, the
net flux of coalescing drops (number of drops that enter minus
the number exiting the range a to b) is positive, meaning that
more drops have entered than left. A local minimum will not
always exist in the drop-size distribution but will occur when
the net flux of coalescing drops is positive.

Influence of the Heat Transfer Model. Three different
models for heat transfer to an individual drop were used in the
simulation to explore how they influenced the drop-size
distribution and total heat transfer rate. The model selected for
heat transfer to each individual drop influences the resulting
distribution function. Drop-size distributions obtained using
the three heat transfer models are compared in Figure Sa
relative to the distribution predicted by Le Fevre and Rose.' "’
The shape of the distribution is similar for all three models,

though there are significant differences observed as the
distribution departs from the power law function. In the
thermal resistance model for r = ..., the heat transfer rate is
zero and drops will never grow. Therefore, r,,;, (smallest drop
in the simulation) is chosen to be larger than 7y, (smallest
thermodynamically viable drop). To demonstrate the influence
of increasing 1, the distribution function for two different
Tmin Values are shown: 7 i & #yemo (Fmin 18 1 X 107'3% larger
than fyemo) and Fimin = 1.157gemo The first 7, was selected
based on the numerical accuracy of the simulation. The second
min Was chosen at a point where the distribution function was
no longer changing significantly with ;. The distribution
produced with the second r,, is likely more accurate since it
agrees better with distributions produced using the Chavan
and Adhikari models which do not assume an isothermal
surface.

The Adhikari model was developed from simulations using
Biot numbers in the range 0.0001 < Bi < 1000, while the
Chavan model was developed from simulations covering a
larger range, 0.1 < Bi < 1 X 10°. In the range of Biot numbers
where the simulations overlap, the agreement between the
simulations is good (better than 20%); however, for smaller
drop sizes, the heat transfer rate (Figure 2) and distribution
functions (Figure Sa), diverge (up to a factor of S for the
individual drop heat transfer rate). The range of Biot numbers
in the present work is 0.0064 < Bi < 284. Therefore, it is
assumed the Adhikari model is more appropriate. The time-
averaged heat transfer rate for the Chavan and Adhikari models
is presented in Figure Sb. The Chavan model predicts a higher
heat transfer rate for smaller drops (see Figure 2) since drops
of this size are outside of the range of Biot numbers predicted
by their model and is reflected in the higher overall heat
transfer rate predicted by the simulation. The heat transfer
model makes a larger difference on the overall heat transfer
rate when the contact angle is low, but the difference is
considerably smaller for large contact angles.

The difference in the distribution function and heat transfer
rate between the various models highlights the fact that the
accuracy of the distribution function is dependent on the
accuracy of the model for heat transfer to a single drop.
Recently Xu et al. proposed a detailed model which includes
two-dimensional conduction, convection in the drop, moving
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contact line, mass transfer into the droplet, and interface
expansion.®* These authors did not provide an expression for
the heat transfer rate to an individual drop, which precludes its
application in the present work, but did suggest that current
models which only consider conduction within the drop
severely underestimate the heat transfer rate in larger drops. If
the output of their model were to be combined with a more
detailed distribution function, presumably a more accurate
model for the overall heat transfer rate during condensation
could be obtained.

Influence of the Nucleation Scheme. On a real
condensing surface, nucleation sites typically occur at non-
homogeneous defects on a surface and may be modeled as
occurring randomly on a surface of uniform wettability.
However, a drop removed (by sweeping, jumping, or
coalescence) from the surface often leaves behind a portion
of condensed liquid which serves as a nucleation site for future
drops. Thus, in reality, the distribution of new nucleation sites
may be expected to behave somewhere between the random
and preferential approaches described above. The influence of
selecting randomly distributed or preferential nucleation sites
to distribute new drops on a condensing surface is explored in
this section. The difference in the distribution functions can be
seen in Figure 6a. The random and preferential nucleation site
approaches represent extremes which are expected to bracket
realistic condensation behavior. For low contact angles, the
distribution is consistently lower when the drops are
distributed at preferential nucleation sites, as opposed to
random sites. When the contact angle is low, drops have a large
base area; drops that coalesce and remain on the surface cover
the “preferential” nucleation sites, and the average drop density
is much lower than N, (average drop density of 3 X 10
drops/m* for the case shown in Figure 6a). When the
distribution is random, the number of new drops is governed
by the exposed area not covered by drops, and the average
drop density on the surface is much higher than in the
preferential case, though still lower than N (average drop
density of 9.5 X 10'® drops/m? for the case shown in Figure
6a). In contrast, when the contact angle is high, the
distribution for preferential nucleation sites is higher for
smaller drops but lower for larger drops. The base area is
smaller at higher contact angles, and when small drops
coalesce, the resulting composite drop shifts just enough that
the base no longer covers the “preferential” site, as described
by Rykaczewski et al.”® This results in an average drop density
slightly higher than N, (1.07 X 10" drops/m?), in contrast to
the random approach where the average drop density can
never exceed N,. The approach for distributing new nucleation
sites influences the drop-size distribution and average
nucleation density.

Though the distribution functions are instructive, the time
averaged heat transfer rate is the most relevant outcome when
considering the influence of the various approaches for
distributing drops. As shown in Figure 6b, the random
nucleation scheme consistently results in approximately 25%
higher rates of heat transfer, regardless of the contact angle or
maximum radius size. Notably, even in the case of large contact
angles where the distribution function for preferential
nucleation is much larger for smaller radii, the total heat
transfer rate is still lower since the heat transfer rate for smaller
drops is so much smaller. It is supposed that realistic
condensation behavior would fall somewhere between these
two new drop nucleation extremes, depending on the

properties of the condensing surface. Thus, the two approaches
may be used to bracket the expected condensation behavior.
Influence of the Nucleation Site Density. On any
condensing surface, nucleation site density is governed by the
physiochemical properties of the substrate, surface subcooling,
atmospheric pressure, and surface texturing.*”*”%* Since the
nucleation site density is difficult to predict as a function of
these properties/conditions, nucleation site density is a user-
defined input condition to the simulation. This section
discusses how changing the nucleation site density changes
the drop-size distribution. For drops in the direct-condensa-
tion-dominated growth regime, nucleation site density, N,
influences the distribution, as shown in Figure 7. The variation

10'8
E : N, =1x10'" drops/m?, 0 = 165°
1017;_ ] N, =1x10"" drops/m?, 0 = 165°
E E N = 1x10'° drops/m?, 6 = 90°
‘s el N_=1x10"! drops/m? 6= 90°
E10'F 3 s ’
& E 1 |- Le Fevre and Rose
g :/
T 50 _
=10 \
10]4 E_ -
10]3“‘ | sl Lol
107 10 107
7 (m)

Figure 7. Influence of initial nucleation site density on the
distribution function. The distributions shown were produced using
the Adhikari heat transfer model, the random nucleation scheme, and
Tmax = 2 X 107> m. Drop-size distribution for small drops is highly
dependent on the nucleation site density, as predicted by Kim and
Kim."* Though only distribution functions produced with the random
nucleation scheme are shown in the figure, the effect of nucleation site
density is the same for the preferential nucleation scheme.

with nucleation site density generally follows the trend
predicted by Kim and Kim,'” where the shape for different
nucleation densities is generally similar to deviation observed
where the distribution converges with the Le Fevre and Rose
correlation.'" As expected, the time-averaged heat transfer rate
is reduced when the nucleation site density is smaller since
there are fewer drops condensing. Reducing the nucleation site
density from 1 X 10"! drops/m? to 1 X 10'® drops/m? reduces
the overall heat transfer rate by approximately 60% for a 165°
contact angle and 40% for a 90° contact angle, assuming
conditions consistent with Figure 7 (Adhikari heat transfer
model, the random nucleation scheme, and r,,,, = 2 X 10™° m).
As predicted by previous investigators'>'***” and shown
with the present simulation, initial nucleation site density Nj
significantly influences the size at which drops begin to
coalesce and size at which the distribution function approaches
the empirical Le Fevre and Rose'"'"” correlation. Nucleation
site density can be difficult to measure and to predict, though it
is influenced by the physiochemical properties of the substrate,
surface subcooling, and atmospheric pressure, as well as surface
texturing.””*”*> While it would be desirable to be able to
predict the heat transfer rate as a function of surface
subcooling, the ability to predict N,(AT) is a prerequisite.
The influence of varying the contact angle on the
distribution function is also evident in Figure 7. For a contact
angle of 165° the distribution generally slightly overshoots the
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Figure 8. Distribution functions created using the Adhikari model with a contact angle of (a) 90° and (b) 165°. When the contact angle is large, the

distribution function is similar for large and small r,,.

power law correlation. When the contact angle is 90°, the
distribution generally undershoots the power law correlation.

Influence of Maximum Drop Size and Contact Angle.
The influence of maximum drop size and contact angle on the
drop-size distribution and overall heat transfer rate are
explored in this section. Maximum drop size and contact
angle are physical properties related to the condensing surface
and can easily be determined experimentally for a given
surface. Though the maximum drop size is related to the
contact angle hysteresis, they are varied independently here to
separate their influence, but it should be noted that surfaces
with small contact angles (relative to the range tested here)
and small maximum drop sizes are unrealistic. The influence of
frae ON the Le Fevre and Rose correlation' ' is generally to
shift the drop distribution to the left or the right. When the
contact angle is 90°, the simulation predicts that increasing r,,,
will shift the distribution function to the left, as shown in
Figure 8. However, when the contact angle is 165°, increasing
fmax does not shift the distribution function, and the
distribution with large r,,,, resembles that of small r, until
it diverges to the corresponding power law curve. The cause
for this can be understood by recognizing that as the contact
angle increases, the area of the base decreases. In the extreme
case where the contact angle approaches 180° and the base
area approaches zero, it is clear that the maximum size of the
drops would have much less influence on the distribution of
smaller drops, which would easily fit in the shadow of the
larger drops. In the case where drops have contact angles of
165°, the area of the base is still small, covering S and 10% of
the total area for r,,,, =2 X 107> and 2 X 10™* m, respectively.
Though the area of the substrate covered is twice as high for
Tmax = 2 X 107 m, the number of new drops only changes by
5% since the number of new drops is governed by eq 6.

The influence of r,,, on heat transfer rate can be seen in
Figure 9. When the contact angle is 90°, the heat transfer rate
generally follows the trend predicted by the Kim and Kim'
and Miljkovic et al."> models, with slight offsets for the
difference in heat transfer model and nucleation scheme.
However, when the contact angle is 165° the simulation
predicts that the heat transfer rate changes negligibly with r,,,,
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Figure 9. Time-averaged heat transfer rate predicted by the
simulation compared with previous models as a function of the
contact angle, 6. Results based on the Chavan heat transfer model are
shown in red, while the results based on the Adhikari model are
shown in blue. Filled markers indicate selection of the preferential
nucleation approach to distribute nucleation sites; empty markers
indicate the random nucleation approach. The simulation predicts
that the heat transfer rates remains constant with increasing maximum
drop size at high contact angles.

in contrast to the trend predicted by previous models. In the
simulation, the heat transfer rate changes little with 7., due to
the extremely small base area when the contact angle is high, as
discussed in the previous paragraph. The predicted heat
transfer rate is extremely sensitive (changing on the order of
50%) to the maximum drop size when the contact angle is low,
but relatively insensitive (changing less than the uncertainty)
when the contact angle is high. The simulation for @ = 165°
predicts a heat transfer rate on the order of two times higher
than the models when r,,, = 2 X 107" m. At high contact
angles it may be particularly hazardous to use previously
proposed distribution models.

It should be noted that r,, is dependent on both the
advancing contact angle and contact angle hysteresis. In order
to simplify the parameter space and produce results
independent of surface type, they have been considered
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independently in the present work. However, a surface with 6
= 90° and ., = 2 X 10™° m is not physically realistic since
surfaces with 6 = 90° tend to have large contact angle
hysteresis and maximum drop sizes on the order of 1—2 mm.
Therefore, while it may appear as though a smaller contact
angle would produce higher rates of heat transfer, this is only
true as long as the maximum drop sizes were the same.
Generally surfaces with higher drop mobility and smaller
maximum drop sizes have larger contact angles.

The influence of contact angle on heat transfer rate is
indicated in Figure 10 (see also Figure S). When the contact
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Figure 10. Time-averaged heat transfer rate predicted by the
simulation compared with previous models as a function of the
maximum drop size on the surface, r,,.. Results based on the Chavan
heat transfer model are shown in red, while the results based on the
Adhikari model are shown in blue. Filled markers indicate selection of
the preferential nucleation approach to distribute nucleation sites;
empty markers indicate the random nucleation approach. The
simulation predicts that the heat transfer rates converge to a single
rate at large contact angles.

angle is 90°, the simulation predicts results similar to those of
Miljkovic et al,'” but as the contact angle increases the heat
transfer rate converges regardless of the maximum drop size or
heat transfer model. This has important implications for design
of superhydrophobic condensing surfaces. Conventional

wisdom supposed that the rate of condensation heat transfer
is inversely proportional to the diameter of the condensate
drops,'*”¥%3% yhich is true when the contact angle is low.
However, at high contact angles the area of the base is so small
that the presence of large drops does not significantly influence
the surface area available for condensation, and the heat
transfer rate is similar regardless of the maximum drop size,
assuming the drops are still in a mobile, suspended, or partially
wetting state.

Coalescence-Induced Jumping. The influence of droplet
departure via coalescence-induced jumping on the distribution
function and heat transfer rate is now considered. Since
superhydrophobic surfaces with low adhesion are necessary for
coalescence-induced jumping, all simulations which include
jumping have a specified contact angle of 165°. The
distribution functions for several simulations involving jumping
are shown in Figure 11a. For jumping to occur, at least two of
the drops involved in the coalescence event must be larger than
the minimum jumping radius, ;. As r; increases, the maximum
size of drops on the surface increases since fewer coalescence
events result in jumping and departure, and more drops are
allowed to grow larger prior to departure. For small drop radii
where drops experience direct-condensation-dominated
growth, larger r; shifts the distribution up slightly since fewer
drops are departing from the surface. At r; = 1 X 107 m the
distribution function becomes very similar to that for which no
jumping occurs.

The heat transfer rate increases with increasing r; until
convergence with the no jumping case, as shown in Figure 11b.
When 7 is sufficiently small, the simulation predicts higher
rates of heat transfer when using the preferential nucleation
scheme (as opposed to the random nucleation scheme) since
the distribution with preferential nucleation is higher for r < 8
X 1077 m (see Figure 6a and accompanying discussion). The
Miljkovic et al."> model for jumping is also shown in Figure
11b. In their model, all coalescence and departure occurs at
r=r,= 1/(4\/ﬁs) (which corresponds to r, = 8 X 107’ m
when N, = 1 X 10" drops/m?), which eliminates the heat
transfer that would be contributed by drops larger than this
size. The immediate termination of the distribution curve at
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Figure 11. (a) Distribution function when drops larger than r; depart via coalescence-induced jumping. (b) Heat transfer as a function of r;, When r;
is sufficiently small, the simulation predicts higher heat transfer rates with the preferential than random nucleation scheme since the distribution is
higher for drops in this size range (see Figure 6 and the accompanying discussion). In this example case, the simulation predicts the heat transfer
rate decreases with decreasing drop departure size, illustrating the need for drop-size distribution models which account for coalescence at various

sizes.
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r=1/ (4\/ﬁs ) explains the significantly lower predicted rate of

heat transfer.

Interestingly, in this example case (N, = 1 X 10'! drops/m?),
prohibiting jumping at smaller sizes (increasing ;) increases
the overall heat transfer rate since drops larger than 5 X 1077 m
comprise a significant portion of the total heat transfer rate
when they do not depart, as illustrated in Figure 12. In this

%1010

0 0.5 1 15
7 (m) %107

Figure 12. Product of the distribution function and heat transfer rate
to a single drop, the integral of which is the overall heat transfer rate,
q". The contribution of larger drops is significant and allowing them
to depart at smaller sizes decreases the overall heat transfer rate. The
contact angle in the case shown is 8 = 165°.

figure, the product of the N(r) and g4(r), the integral of which
is g, is shown as a function of r. When r; = 5 X 1077 m, the
rate of heat transfer for drops smaller than 2 X 107 m is much
higher than for r, = 1 X 107 m, but the total heat transfer rate
(for r; = 1 X 107° m) is still higher (than for r; = 5 X 107" m)
since drops larger than 2 X 10™° m contribute significantly to
the overall heat transfer rate. If drops are too small when they
depart, the heat transfer rate is diminished, since they could
have contributed significantly to the overall heat transfer rate
had they remained on the surface longer. As discussed above,
when the contact angle is high, the presence of larger drops
does not negatively influence the overall heat transfer rate due
to the small base area, as illustrated by Figure 9. However,
these results suggest that removing drops that are too small can
actually decrease the overall rate of heat of heat transfer,
indicating that minimizing drop departure size may not always
maximize heat transfer rate. This is contrary to that for surfaces
without coalescence-induced jumping.'’ It should be noted
that, for surfaces without coalescence-induced jumping, the
departure size is the maximum drop size, whereas in the case of
coalescence-induced jumping a departure range exists, from the
minimum (in this case, r;) to the maximum. In this case,
reducing r; reduces both the minimum and maximum size of
drops on the surface; however, the important parameter for
predicting overall heat transfer is neither the maximum nor
minimum departure size, but total drop-size distribution, which
results from the drop departure size range.

In the present work, coalescence resulting in drop departure
is determined based on a specified minimum jumping size;
however, the structure of the simulation allows for the use of
more sophisticated models for drop jumping. For example, a
model for jumping based on an energy balance between the
adhesive force of the drops and energy released upon
coalescence could be evaluated for each coalescence event,

enabling the inclusion of factors such as surface feature length
scale, drop wetting state, relative size mismatch, and number of
drops involved in a coalescence event, all of which have been
shown to influence drop departure.**”**#0335967% Inclusion
of additional drop departure criteria in the simulation may alter
the drop-departure-size distribution, drop-size distribution, and
overall heat transfer rate.

The results from the simulation suggest that removing large
drops (by changing the minimum drop departure size) may
not always lead to increased overall heat transfer rates since
large drops do not cover a significant portion of the surface
when the contact angle is large. In addition, drops similar in
size to those departing by coalescence-induced jumping can
still contribute significantly to the overall heat transfer rate.
The point that minimizing drop size does not always maximize
heat transfer appears to contradict the prevalent idea that heat
transfer rate is inversely proportional to the diameter of the
condensate drops; however, this has only been shown to be
true for lower contact angle surfaces without removal by
coalescence-induced jumping.'”*”***%° The results from the
present simulation show that the heat transfer rate is not
inversely proportional to drop size when coalescence-induced
jumping occurs, since smaller drops still contribute significantly
to heat transfer.

Besides the reasons discussed in the present work, others
have shown additional reasons that minimizing drop size does
not always increase heat transfer. Birbarah and Miljkovic
showed that minimizing drop departure size is not always
beneficial for heat transfer since smaller departed drops may
return to the surface due to the vapor flux.”” An individual
drop heat transfer model from Xu et al. suggests that larger
drops may have higher heat transfer rates than originally
anticipated when internal drop convection is considered, which
means that larger drops would be even larger contributors to
the overall heat transfer rate than predicted with the current
individual drop heat transfer models.”* Mendoza et al.
demonstrated that noncontinuum and interface curvature
becomes increasingly important with decreasing drop-size.
They suggest the achievable heat transfer rate reaches a peak
beyond which decreasing the mean drop size will decrease heat
transfer. The results from the present simulation, Birbarah and
Miljkovic, Xu et al., and Mendoza et al. suggest four completely
different reasons that minimizing drop size does not always
lead to increased heat transfer rates. An ideal size for drop
departure may exist which is significantly larger than the
minimum drop-departure size achievable, in contrast to that
which has been shown to be true for hydrophobic surfaces
without coalescence-induced jumping.

B CONCLUSION

A computer simulation of dropwise and jumping drop
condensation on vertical surfaces was described. Parameters
dependent on surface structure and chemistry, including
contact angle (6), maximum drop size (ry,,,), and minimum
jumping radius (r;), are specified to the simulation, so that each
parameter may be independently determined for a given
surface. The simulation was used to explore the influence of
the assumptions of coalescence and jumping at a single drop
size, which are used in population balance-based models. The
influence of various input parameters corresponding to model
assumptions (individual drop heat transfer model and
nucleation site distribution approach) and various physical
conditions (nucleation site density, maximum drop size,
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contact angle, and minimum jumping size) on the drop-size
distribution and overall heat transfer rate were also explored.
Though other computational models have previously been
employed, the contributions of this work offer (1) a
computational approach to explore the influence of assump-
tions in population balance modeling, (2) an exploration of
drop-size distributions over a wide range of physical
conditions, and (3) an understanding of the impact of various
input conditions on the overall heat transfer rate.

Results of the simulation are valid for smooth hydrophobic
or nanostructured superhydrophobic surfaces, where the
assumptions of constant contact angle growth and negligible
thermal resistance at the drop/surface interface are reasonable.
The simulation assumes a constant contact angle during drop
growth, though this assumption is not expected to significantly
influence the results since the simulation is only valid on
smooth hydrophobic or nanostructured surfaces. Instantaneous
sweeping and coalescence are assumed, as discussed in the text.
The simulation also assumes drops are in a suspended or
partially wetting, mobile (subject to sweeping) state with
spherical-cap shaped drops. Furthermore, the simulation
results are limited by the accuracy of the individual drop
growth models used, each of which also contains certain
assumptions, including growth in the absence of non-
condensable gases.

Results of the simulation suggest that population balance
methods account for general trends in the drop-size
distribution (overall shape and influence of nucleation density)
but include certain assumptions (coalescence and departure at
a single drop size) that limit their accuracy. In particular,
results of the current simulation suggest that setting the
transition from direct-condensation-dominated growth to
coalescence-dominated growth at r, = 1/ (4\/ﬁS ) may over-

estimate the drop-size distribution. With the lack of available
experimental data for distributions in this size range, the
present work represents the first attempt to evaluate the
accuracy of the population balance modeling approach using a
numerical simulation.

Both the individual drop heat transfer model and the
approach for distributing nucleation sites used in the
simulation influences both the distribution and the overall
heat transfer rate. The influence of the heat transfer model is
particularly significant at low contact angles. For the parameter
range explored in the present simulation, the random
nucleation scheme resulted in heat transfer rates on the
order of 25% larger than those predicted with the preferential
nucleation scheme. Realistic nucleation behavior is likely a
combination of the two nucleation approaches, and thus the
two approaches may be used together to bracket realistic
behavior. The individual drop heat transfer model and
nucleation site distribution approach affect the final results
and should be carefully considered in any condensation model.

A primary contribution of this work is a discussion of the
relationship between maximum drop size and heat transfer
rate. When the contact angle is large and no jumping occurs,
increasing the maximum drop size has a less significant
influence on the distribution and overall heat transfer rate since
the base area is small. Previous models deviate most from the
current results at large contact angles, suggesting that previous
models may be less accurate when the contact angle is large.
Furthermore, when coalescence-induced jumping occurs,
results of the simulation suggest that removing drops at

extremely small sizes via coalescence-induced jumping can lead
to lower heat transfer rates due to the fact that the heat transfer
rate to drops that are removed contributes significantly to the
overall heat transfer rate (drops larger than 0.5 ym contribute
25—40% of the total heat transfer for the case in Figure 11). In
the cases simulated, the model proposed by Miljkovic et al."®
under-predicts (on the order of a factor of 2 for the case in
Figure 11) the heat transfer rate for jumping drops since it
assumes all drops coalesce and depart at a single size.
Additionally, the recent work of Xu et al.’* suggests that
convection is a significant contributor to the heat transfer rate
for larger drops (becoming significant for drops between S and
200 um, depending on the rate of subcooling and contact
angle). Since the models included in this analysis consider only
conduction, the heat transfer rate for large drops where
convection becomes significant may be under predicted. When
convection is included in the model for heat transfer to an
individual drop, it may be even more advantageous for large
drops to remain on the surface. However, even when not
considering convection, the present work suggests that, when
the contact angle is large and coalescence-induced jumping
occurs, previous models fail to accurately predict the
relationship between maximum drop size and heat transfer
rate.

B METHODS

The present work offers insight into factors which are important when
modeling condensation heat transfer. The large parameter space
precludes formulation of a closed-form function for the drop-size
distribution. The following methods outline the approach to modeling
dropwise condensation in this work, and may be adapted with
improved approaches as they are developed. The MATLAB code used
to perform these simulations will be provided upon request.

Drop Coalescence. The size and location of each drop is used to
determine when drops on the surface touch in three-dimensional
space. When the shortest distance (d) between a primary drop (p)
and a neighboring drop (i) is less than zero, it is concluded that drops
are touching according to the following relation,

d= \/(xp - xi)z + (yp _%)2 + (rp _ '})2(Cose)2 -

(8)

and as illustrated in Figure 13, where «, y, and r are the x and y
locations and radii of each drop. It is possible for more than two drops

view normal to the surface

Figure 13. A schematic illustrating the criteria for coalescence. When
the distance d between the primary drop p and a neighboring drop
(labeled 1) is less than zero, drops will coalesce and the two
coalescing parent drops are replaced by a child drop at the center of
mass of the parents. The distance from the base to the center of each
drop, z, is r cos(0).
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Figure 14. (a) Visualization of the drops in the simulation immediately prior to a sweeping event. Red and blue circles represent the projected area
of all drops on the surface. As the large drop (shaded in light green) sweeps downward, it removes all the red drops with which it interacts in its
path. The darker green circle indicates the base of the large sweeping drop. The area covered by the base of the sweeping droplet as it sweeps is
demarcated with black dashed lines. (b) Visualization of the drops in the simulation immediately following a sweeping event. The portion of the
surface in contact with the base of the sweeping drop is outlined with a black dashed line.

to be overlapping at a given time. When checking for overlapping
drops, the simulation iterates through each drop (primary drop) and
determines which neighboring drops overlap with each primary drop.
All neighboring secondary drops are included in the coalescence event
and behave as specified by the selected approach for the resulting
drop (remain/depart). It is also possible for secondary drops to be
overlapping with other drops (tertiary drops). In this case, referred to
as chain coalescence, all of the tertiary drops are also included in the
coalescence event. Though it is possible for additional drops to be
touching the tertiary drops, they are not included in the coalescence
event since it is assumed that, when the time step is sufficiently small,
their inclusion would have negligible impact on the distribution
function and time-averaged heat transfer rate. It is also possible for a
coalescence event to result in the creation of a new drop that is large
enough to overlap with other drops, referred to as cascading
coalescence. However, this possibility is not addressed until the
next time step since waiting will not have a significant influence if the
time step is sufficiently small. It is possible for both cascading and
chain coalescence to occur within the same time step. However, as
long as the time step is sufficiently small, the effect of waiting until the
next time step to address the cascading part of the coalescence event
is again assumed to be negligible.

The assumption that coalescing drops will result in a drop at the
center of mass of the parent drops has been validated
experimentally,’”’® and this approach has been used by Mei et
al,*® Barati et al.*” and Khandekar and Muralidhar.*’ It includes the
assumption that the coalescing drops have a similar morphology and
adhesive force. For example, the center of mass assumption may not
be true if one drop were highly pinned or in a wetted (Wenzel) state
and the other drop in a nonwetting (Cassie) state.

In reality, drop coalescence spans a finite amount of time and,
following coalescence, the resulting drop continues to oscillate,
potentially interacting with surrounding drops and inducing addi-
tional mixing. Postcoalescence mixing delays recovery of the quasi-
steady internal temperature profile that is assumed in all of the
individual drop heat transfer models employed in this work. Adhikari
and Rattner predicted that the assumption of instantaneous
coalescence underpredicts total heat transfer by 15—20% in the
time immediately following a coalescence event.” Incorporation of a
correlation accounting for the instantaneous coalescence assumption
may improve the accuracy of the simulation work and is identified as
potential future work.

Drop Sweeping. When a drop grows to the user-specified
maximum radius, 7., gravity-induced sweeping is simulated by
removing all of the drops located below it. For simplicity, the initial
sweeping drop remains the same size throughout the sweeping event.

12871

However, in reality, as a drop travels downward from its center of
mass, the sweeping behavior would increase the initial drop size as it
coalesces with drops in its path. The influence of assuming a constant
drop size during sweeping is expected to be negligibly small when the
height of the domain is on the same order as the size of the sweeping
drop, as is the case in the present work. An example of a sweeping
event for drops with a contact angle of 165° is illustrated in Figure 14,
with the light green shading indicating the sweeping drop and the
darker green circle indicating the location of the base area in contact
with the condensing surface. Red and blue circles represent the
projected area of all drops on the surface. The red circles indicate
drops that interact and coalesce with a sweeping drop as it moves
along the surface. The contact path of the base area during the
sweeping motion is demarcated with black dashed lines; clearly, all
drops with bases overlapping the area traveled by the sweeping drop
will be swept away. Additionally, drops located outside of the path
may also interact with a sweeping drop, depending on size and
location, as governed by the following equation for the minimum
distance, d,, between the sweeping drop, s, and another drop, i.

d, = \/(acS - x,.)2 + (r, — ri)z(cosé))2 - (9)

When the minimum distance below the half-height of the sweeping
drop is negative, neighboring drops along the sweeping path will
interact with the initial sweeping drop as it falls and also be removed.
The only difference between eqs 8 and 9 is that the distance in the y
direction is omitted, since the sweeping drop moves in that direction.
In reality, the length of time required for a drop to sweep the surface
is likely longer than a single time step. However, the assumption of
instantaneous sweeping is not expected to significantly influence the
time-averaged results since the swept area is small relative to the total
domain area when averaged over the duration of the entire simulation.

Obtaining the Drop-Size Distribution. The purpose of the
simulation is to obtain the steady state distribution for the size of the
drops on a surface during condensation, N(r), or the number of drops
per unit area as a function of radius size. The time-averaged drop-size
distribution is calculated in following manner. A histogram of drop
sizes is generated from all of the drops in the simulation and averaged
over many specific instances in time so that a minimum of 1 X 107
drops is used to construct each histogram. The histogram bin width is
determined in a piece-wise manner. The bin width for smaller drops is
defined by the amount that a drop grows in a single time step. For
larger drops where the drop size changes by less than 1% in a single
time step, the bin width is specified as 25 logarithmically spaced bins.
The count is then normalized by the domain size, and the distribution
is obtained by dividing the histogram by the bin width, so that the
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distribution function has units of drops/mz/m, or drops/m3, as
described in the following equation.

255:1 Z:’:l [r - %Ar <rn <r+ %Ar]
A4ArS (10)

N(r) =

In this equation, S is the total number of time steps, s is the count
through the time step,  is the total number of drops in at a particular
time step, r is the radius, Ay is the total domain area, Ar is the bin
width, and the brackets denote the Iverson bracket, where the number
is 1 if the statement is true and O if the statement is false (similar to
the Kronecker delta function). The distribution function is always
shown with error bounds associated with bin width using light
shading, and is often approximately the size of the line (e.g., Figure S).

Overall Heat Transfer Rate. As the simulation progresses in
time, individual drops continue to grow in size. Coalescence and
sweeping events occur as outlined above with new drops distributed
at each time step. At each time step, the total instantaneous heat
transfer rate, g;.”, is the sum of the heat transfer from each individual

drop,
X 9q,i

A (11)

where n is the total number of drops in the simulation at each time
step. Averaging ¢, over the entire simulation results in an
expression for overall heat transfer rate equivalent to that expressed
in eq 1. Estimates of the overall heat transfer rate calculated by
multiplying the drop-size distribution from simulation by the
individual drop heat transfer rate (eq 1) agreed with that obtained
by time averaging eq 11 within the uncertainty associated with time
step size.

Steady State Condition. Each simulation is run at least until the
condensation has reached a quasi-steady state. As shown in Figure 15,
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Figure 15. Instantaneous heat transfer rate for a simulation with a
contact angle of 90° and rp, = 1 X 107" m. Large spikes occur
immediately following a sweeping event. The area shaded in gray
indicates the last complete sweeping cycle. The simulation is
considered to have reached steady state when the time-averaged
heat transfer rate (as shown on the right ordinate) changes by less
than 5% over the course of the last sweeping cycle (typically <1%).

the instantaneous heat transfer rate spikes following the departure of a
drop, where the last complete sweeping cycle is highlighted in gray.
Quasi-steady state is defined as the point where the time-averaged
heat transfer rate (averaged from the start of the simulation to time ¢t),
9"y changes <5% relative to the final time-averaged heat transfer
rate, m, during the last sweeping cycle, as described in eq 12 and

shown in Figure 1S.

T
percent change = 100 X 102t 2 0=k

4o (12)
For the case shown, the requirement of <5% change is met after the
first complete sweeping cycle, around 1 s. Typically, simulations are
run much longer than that required by <5% change over the course of
the last sweeping cycle resulting in many sweeping cycles and <1%
change in the time-averaged heat transfer rate. When 6 is low and R,
is large, the instantaneous heat transfer rate changes more
dramatically with each sweeping event. However, large R, requires
large domain sizes, and require long computational time; therefore,
large simulations were run for the minimum amount of time required
to meet the requirement for <5% change over the course of the last
sweeping cycle.

Time Grid Independence. Selection of the time step has
important implications for the accuracy of the simulation, where
smaller time steps produce more accurate results at the cost of
increased computation time. Time step size influences simulation
accuracy with the assumptions of linear individual drop growth rate
(see eq 4), instantaneous sweeping, coalescence, and jumping, as well
as the importance of the relative order of the events in Figure 1, which
are treated sequentially during the course of a single time step. In the
limit of an infinitely small time step, the influence of linear drop
growth rate, instantaneous coalescence and the sequence of drop
events during a single time step is negligible. Therefore, each
simulation was run at multiple time steps to establish time grid
independence. The distribution function N(r) is shown in Figure 16
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Figure 16. Distribution functions obtained from simulations run with
time steps of varying size. In large drop range, the distribution
functions converge, indicating that the simulation is time grid
independent for that size. Distribution functions diverge with
decreasing radii, where the distribution function is no longer time
grid independent.

for simulations run with decreasing time step. The distribution
functions converge at larger radii and diverge at smaller radii, as
shown for the selected time steps. The distribution is considered grid
independent until divergence in the distribution functions with
decreasing radius. In order to establish the time-averaged heat flux, 4",
at least three simulations of decreasing time step were run for each
condition tested, and the grid-convergence index was calculated
following the method described by Roache,’* using generalized
Richardson extrapolation, thus quantifying the uncertainty associated
with time step size. Uncertainty limits are reported with error bars for
each time-averaged heat flux, though in some cases the error bars are
too small to distinguish in the figures.

Domain Size Selection. The simulation consists of a square
domain with side length L. The number of drops in the simulation
and the corresponding computational time increases with the square
of the domain area. Therefore, it is desirable to limit the domain size
as much as possible without sacrificing accuracy. The domain size was
chosen so that 2r,, /L < 0.8, ensuring that the largest drop never

DOI: 10.1021/acs.langmuir.9b02232
Langmuir 2019, 35, 12858—-12875


http://dx.doi.org/10.1021/acs.langmuir.9b02232

Langmuir

covered the entire domain. Satisfying this criteria produced both
distribution functions and time-averaged heat transfer rates that were
largely independent of domain size (no discernible difference in
distribution function and difference in heat transfer rates smaller than
the time-grid convergence uncertainty), though smaller domain sizes
(relative to the maximum drop size) were not tested and may also
produce domain-size independent results.

Constant Contact Angle. Drop growth with constant contact
angle is assumed in the simulation. Althouggh it is well-known that the
contact angle changes as drops grow,'»*7*%°%3%7377 for 4 smooth
hydrophobic or nanostructured superhydrophobic surface the size
range where drops are growing with a nonconstant contact angle is
relatively small in comparison to the total drop-size range."***”* At
any given time, drops that would be growing with a nonconstant
contact angle account for a small fraction of the total area covered on
the surface and therefore contribute only a small amount toward the
total heat transfer. In order to ensure that using a constant contact
angle would not significantly influence the accuracy of the results,
simulations were conducted where the contact angle varied as
proposed by Miljkovic et al."* for a partially wetting drop on a surface
with features of length scale 100 nm, intrinsic contact angle 6, = 90°,
apparent contact angle when in the Cassie—Baxter state 6% = 165°,
and 7y, = 2 X 107° m. Selecting a small r,,,, results in a contact angle
change over a larger percentage of the range of drops on the surface,
making this test scenario an extreme example. The Chavan heat
transfer model is used since the Adhikari model requires a separate
curve fit for each contact angle. Nucleation sites were selected
randomly, drops did not experience jumping, and the initial
nucleation site density was N, = 1 X 10'' drops/m* The radius
where the contact angle becomes constant, r¢cy, is 3.86 X 107" m. In
this extreme case, varying the contact angle resulted in <2.6%
difference in the time-averaged heat transfer rate. Given that drops
smaller than rccy accounted for <1% of the surface area covered by
drops, this is not a surprising result, and strengthens the argument
that using a constant contact angle does not significantly influence the
accuracy of the results. Furthermore, by maintaining a constant
contact angle, the distribution functions obtained from the simulation
are applicable for all smooth hydrophobic and nanostructured surfaces
and are not tied to specific surface properties. Since r,,,, is specified in
the simulation, the receding and static contact angles are never
specified, and a single contact angle, § (which may be thought of as
the advancing contact angle) is used throughout the simulation.

Contact angle varies more appreciably on microstructured surfaces
where inclusion of a nonconstant contact angle may have a more
significant impact on the distribution function and heat transfer rate.
The impact of varying contact angle should be explored before using
the constant contact angle assumption with microstructured
surfaces.'>*>73
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