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Modeling and Simulation of Dropwise 
Condensation: A Review

1  Introduction
Condensation of vapor plays a crucial role in a 
wide range of large-scale energy systems. In par-
ticular, steam power plants and HVAC systems, 
which, respectively, account for 78% of global 
electric power generation1, 2 and 10–20% of total 
energy consumption in developed countries3, rely 
on the process of vapor condensation. Besides 
steam power plants and HVAC systems, efficiency 
of several industrial applications such as water 
desalination4–7, water collection8–10 and thermal 
management11–13 depend on vapor condensation. 
Therefore, any improvement in the efficiency of 
vapor condensation process can lead to signifi-
cant energy savings.

Condensation can be categorized as either 
filmwise condensation (FWC) or dropwise con-
densation (DWC). Figure 1 shows the schematic 
and Fig.  2 shows the images illustrating FWC 
and DWC. In FWC, the condensate forms a liq-
uid film on the surface. This liquid film provides 
additional thermal resistance to heat transfer 
between the surface and the vapor. On the other 
hand, in DWC, vapor forms distinct liquid drops 
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Abstract | In this review, we present significant developments that have 
been made in the mathematical modeling and simulations of dropwise 
condensation. In dropwise condensation, vapor condenses in the form 
of distinct drops. Modeling of DWC involves modeling heat transfer 
through a single drop and applying it to a population of drops. In the first 
part, we discuss heat transfer through a single droplet and compare the 
approximate analytical solution with the results of numerical simulations. 
We also address the shortcomings of the analytical model. In the second 
part, we present methods utilized to find the drop size distribution which 
are coupled with a model for heat transfer through the single droplet to 
obtain overall dropwise condensation heat transfer rate. In particular, we 
discuss the population balance method and the Monte Carlo method to 
predict drop size distribution and heat transfer rate. We support our dis-
cussion with the results from the literature.
Keywords:  Droplet growth, Population balance method, Monte Carlo simulations
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with dimensions ranging from (∼ 10− 200 nm) 
on the nucleation sites14, 15. These liquid drops 
grow, coalesce with neighboring drops and roll 
off the surface due to gravity (known as droplet 
shedding) as shown in Fig 1b. The rolling drop-
lets remove other droplets in their path and clear 
the surface for re-nucleation. As the drops have 
a higher surface area than the liquid film, these 
continuous cycles of drop nucleation, growth, 
coalescence, and departure from the surface 
result in order of magnitude higher heat trans-
fer coefficients in DWC compared to FWC16–18. 
However, ideal DWC occurs only at low values of 
temperature difference ∆T  (termed as the degree 
of subcooling) between a surface and saturated 
vapor. As the degree of subcooling is progres-
sively increased, condensation first transitions to 
mixed mode consisting of partial DWC and par-
tial FWC. At sufficiently high values of degree of 
subcooling, condensation becomes completely 
filmwise18–20. Typically, removal of drops in DWC 
occurs due to gravity. However, condensate drop 
can also be removed using a surface with wetta-
bility gradient21–24. Figure  3 shows the DWC on 
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a surface with wettability gradient. On surfaces 
with wettability gradient, the drops condense and 
migrate towards the more wetting region.

Dropwise condensation has been a focus of 
several extensive reviews, including those by 
Rose18, Enright et  al.26, Cho et  al.27, and Wen 
et  al.14. Rose18 presented a review of measure-
ments of heat transfer, the transition from DWC 
to FWC, and the effects of condensing surface 
material. The review article of Enright et al.26 dis-
cussed developments of fabrication methods to 
create micro- and nanoscale structures to make 
surfaces superhydrophobic. Cho et al.27 presented 
a review on nanoengineered and mixed-wetta-
bility surface for liquid–vapor phase change heat 
transfer. Recently, in a related review article, Wen 
et  al.14 discussed functionalized nanowired sur-
faces for phase change heat transfer and their fab-
rication techniques. Here, we present a systematic 
review of modeling and simulation methods 
employed to study dropwise condensation.

The classification of various modeling and 
simulation techniques for DWC is shown in Fig 4. 
Modeling of DWC involves modeling heat trans-
fer through a single drop and applying it to a 
population of drops. We begin by reviewing the 
mathematical models and simulation studies of 
heat transfer through a single condensing droplet. 
We then present the growth dynamics of multiple 
droplets during condensation. In particular, we 
present a mathematical approach to couple heat 
transfer through a single droplet and the drop 
size distribution. Thereafter, we discuss different 
strategies for obtaining the drop size distribution 
using population balance method and Monte 
Carlo simulations. We note that unless specified 
otherwise the results reported in this review arti-
cle is for water as working fluid.

(a) (b)

Figure 1:  Schematic illustrating different modes of condensation. a Filmwise condensation, b dropwise 
condensation.

Figure 2:  Images showing a filmwise condensa-
tion and b dropwise condensation on a cylindri-
cal pipe. Reprinted from Vemuri et al.25 Copyright 
2005, with permission from Elsevier.
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2 � Modeling of Dropwise Condensation
Due to inherent unsteady behavior of dropwise 
condensation, investigators have used a statisti-
cal approach to model the dropwise condensa-
tion heat transfer18, 28, 29. The statistical approach 
is based on the experimental observation that 
although individual drop growth is unsteady, 
the overall drop size distribution remains con-
stant with time. Figure  5 shows a typical drop 

size distribution in DWC consisting of small 
drops and large drops. Small drops are those that 
grow mainly by direct condensation of vapor, 
whereas large drops grow mainly by coalescence 
with other drops. In the statistical approach, 
heat transfer through a drop of given radius is 
multiplied with its respective population den-
sity and then integrated over the entire drop size 

Figure  3:  Dropwise condensation on a disk-shaped horizontal surface with wettability gradient21. The 
wettability of the surface increases from center to periphery which causes spontaneous motion of the con-
densed water drops. Reprinted from Daniel et al.21 Copyright 2001, with permission from AAAS.

Figure 4:  Classification of various modeling and simulation methods for dropwise condensation.
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distribution to obtain the overall condensation 
heat transfer rate Q′′ as

Here, n(r) and N(r), respectively, are num-
ber of small and large drops per unit area per 
unit radius around r. The radius re , as shown in 
the Fig.  5, denotes drop radius at the boundary 
between small and large drops and qd denotes 
heat transfer through a drop of radius r. In Eq. (1) 
rmin is the minimum viable drop radius given by30

Drops smaller than size rmin are not stable due 
to high pressure. For example, pressure inside 
the drop of radius 10 nm is 102 atm higher than 
pressure inside the drop of size 1µm . There-
fore, small drops ( < rmin ) either disintegrate or 
fuse to form a larger drop. In Eq.  (2) ∆T  is the 
degree of subcooling, that is the temperature dif-
ference between vapor and condensation surface, 
γ is the surface tension of the liquid, ρ is the den-
sity of liquid, Tsat is the saturation temperature 
and hfg is the latent heat of condensation. First, 
we will describe the methods for obtaining heat 
transfer through a single droplet which will be 
followed by methods used for obtaining drop size 
distribution.

(1)

Q′′
=

∫ re

rmin

qd(r) n(r) dr +

∫ rmax

re

qd(r)N (r) dr.

(2)rmin =
2Tsatγ

hfgρ∆T
.

2.1 � Methods for Obtaining Heat Transfer 
Through A Single Droplet

The first step in modeling DWC is to estimate 
heat transfer through a single drop. The heat 
transfer through a single droplet is either found 
through (i) an approximate analytical model or 
(ii) by numerical simulations.

2.1.1  �Mathematical Model
The analytical model for rate of heat transfer 
through a drop of given radius r was first pre-
sented by LeFevre and Rose31. Figure  6 shows 
the temperature drop due to various resistances 
to heat transfer in dropwise condensation. In 
their model, LeFevre and Rose considered liq-
uid–vapor interfacial resistance, conduction 
resistance due to drop itself, resistance of coating 
layer and resistance due to curvature of the liq-
uid–vapor interface. They assumed that within 
the drop, convection is negligible and conduc-
tion is the dominant heat transfer mechanism. 
However, the model considered all the drops to 
be hemisphere with a contact angle of 90◦ . Kim 
and Kim29 improved the model of LeFevre and 
Rose to include the heat transfer through drops 
of all contact angle. In particular, Kim and Kim 
modeled the temperature drop due to conduc-
tion resistance. To model the conduction heat 
transfer within the drop, Kim and Kim consid-
ered the drop to be made up of a large number 
of isotherms each separated by an infinitesimal 
distance.

Figure  5:  Schematic showing a typical drop 
size distribution in dropwise condensation. Con-
densed droplets are categorized as (i) small 
drops n(r) that grow primarily by direct conden-
sation and (ii) large drops N(r) that grow by coa-
lescence with other drops Reprinted from Singh 
et al.24 Copyright 2018.

Figure  6:  Schematic showing temperature 
drop due to various resistances to heat transfer 
through a drop in a condensation environment. 
The temperature drop ∆Tc is due to curvature 
resistance, ∆Ti represents temperature drop due 
to liquid–vapor interfacial resistance, ∆Tdrop 
denotes temperature drop due to drop itself and 
∆Tcoat is temperature drop due to coating layer.
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The temperature drop due to conduction is 
obtained by integrating temperature drop across 
all the isotherms. For a drop of radius, r and con-
tact angle, θ on a plain surface with coating layer 
of thickness, δ the temperature drop due to resist-
ance to conduction of heat by the drop itself is 
given by

where qd is the rate of heat transfer and Kc is 
the thermal conductivity of the water. The tem-
perature drop due to interfacial resistance, ∆Ti is 
expressed as

where hi is the heat transfer coefficient. The 
temperature drop due to coating layer, ∆Tcoat 
and curvature of the drop, ∆Tc are, respectively, 
expressed as

where Kcoat represents the thermal conductiv-
ity of the coating layer. Adding temperature drop 
due to all the resistances and rearranging gives 
the heat transfer rate through a single drop of 
radius r as

Equation  (7) shows that the rate of heat trans-
fer through a drop of radius r depends on the 
solid–liquid contact angle. Figure 3 of reference29 
shows the effect of contact angle on heat transfer 
through a drop. For contact angles greater than 
90◦ , the rate of heat transfer through a single 
drop decreases with an increase in contact angle. 
However, the corresponding heat flux increases 
with an increase in contact angle. This differ-
ence in the variation of the rate of heat transfer 
and heat flux with an increase in contact angle is 
attributed to the increase in conduction resist-
ance of drops with an increase in contact angle. 
However, decreasing the base area of the drop 
with increasing contact angle results in higher 
heat flux.

(3)∆Tdrop =
qdθ

4πrKc sin θ
,

(4)∆Ti =
qd

hi2πr2(1− cos θ)
,

(5)∆Tcoat =
qdδ

Kcoatπr2 sin
2θ

,

(6)∆Tc =
rmin

r
∆T ,

(7)

qd =

∆Tπr2
(

1−
rmin

r

)

δ

Kcoat sin
2 θ

+
rθ

4Kc sin θ
+

1

2hi(1− cos θ)

.

2.1.2  �Numerical Simulations of  Heat Transfer 
Through a Single Drop

The approximate analytical model discussed in 
Sect.  2.1.1 is based on the assumption that the 
temperature of the liquid–vapor interface is con-
stant and is equal to the saturation temperature 
of vapor Ts . In addition to constant interface tem-
perature, the analytical model neglects the effect 
of convection and assumes the dominant mode 
of heat transfer through the droplet is conduc-
tion because of the sufficiently small size droplets. 
However, convection inside the droplet can occur 
due to buoyancy and Marangoni effects32. Maran-
goni effects is fluid flow due to gradient in sur-
face tension of the fluid caused by temperature 
gradient. Guadarrama-Cetina et  al.33 presented 
a scaling analysis to show that fluid flow due to 
buoyancy effects is negligible in dropwise con-
densation. However, the convection can be sig-
nificant due to the Marangoni effect under a wide 
range of conditions.

Recently, significant improvements have 
been made to simulate the heat transfer through 
a single droplet, beginning with the work of 
Chavan et al.34. Chavan et al. developed a steady-
state two-dimensional axisymmetric simula-
tion method for an individual droplet growth 
on non-wetting surfaces (90◦ < θ < 170◦) . In 
their model, the simplifying assumption of con-
stant liquid–vapor interface temperature which 
was previously used in the analytical model is 
replaced by a convective boundary condition with 
constant heat transfer coefficient hi . These simu-
lations showed that the temperature variation 
and thus, heat flux variation are significant near 
the three-phase contact line. In addition, these 
quantities are dependent on the droplet size Rb 
which is expressed in terms of non-dimensional 
Biot number Bi = hiRb/kw , where kw is the ther-
mal conductivity of liquid. When the heat trans-
fer from the simulation is combined with drop 
size distribution, the analytical model, given 
by Eq.  (7), underpredicts the total heat transfer 
nearly 300% as shown in Fig.  7. This is because 
the analytical model fails to predict the local heat 
transfer at the three-phase contact line. Later, in 
a related publication, Phadnis and Rykaczewski35 
extended the model of Chavan et al.34 to account 
for the effect of Marangoni convection. Phadnis 
and Rykaczewski found a sixfold increase in the 
heat transfer compared to pure conduction case 
on the superhydrophobic surface for large drop-
lets (∼ 1mm) under extreme subcooling (50 K) 
as shown in Fig 8. However, the total heat trans-
fer obtained by combining individual drop heat 
transfer with drop size distribution gives 10% 
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or lower enhancement over a stationary drop. 
Therefore, Phadnis and Rykaczewski proposed 
the use of a classical mathematical model with 
the convective boundary condition at the liquid–
vapor interface as suggested by Chavan et al.

The analytical model and above numeri-
cal studies are based on the assumption of 
quasi-steady-state heat conduction through 
the droplet because the conduction time scale, 
τconduction = r2/α ≈ 7µs ( α is the thermal dif-
fusivity) is much smaller compared with the 
droplet growth time scale τgrowth ≈ 1 ms36. How-
ever, the droplet growth process is inherently 
transient and the steady state is never reached37. 
Moreover, the droplet grows from nucleation size 
(∼ 10− 200 nm) to hundreds of micrometer14. 
Therefore, the droplet growth process is dynamic 
and multiscale. Xu et al.37 presented a multiscale 
growth model that coupled the transient two-
phase heat transfer with two-phase fluid flow. 
The heat transfer between the two phases of the 
fluid is governed by the energy equation given by

where cp is the specific heat capacity, and k is the 
thermal conductivity. The flow velocity u is deter-
mined by solving the continuity equation

and Navier–Stokes equation

(8)ρcp
∂T

∂t
+ ρcp(u · ∇T ) = ∇ · (k∇T ),

(9)∇ × u = 0

where p is pressure and g is acceleration due to 
gravity. Figure  9 shows the schematic illustrat-
ing multiscale droplet growth model. As the drop 
grows due to vapor condensation, the liquid–
vapor interface expands and so does the three-
phase contact line, as shown in Fig. 9. To allow for 
the motion of three-phase contact line, Eqs.  (9) 
and  (10) are solved using Navier-slip boundary 
condition.

Figure  10 shows the comparison of predic-
tions of multiscale model, pure conduction 
model, and static convection model for droplet 
sizes from 50 nm to 500µm . Xu et al.37 described 
the droplet growth process in three stages based 
on droplet size R: (i) conduction dominated 
(< 5µm) , (ii) transient (∼ 5− 200µm),   where 
convection is attributed to coupled effect of 
Marangoni flow and interfacial mass flow, and 
(iii) convection dominated (> 200µm) , which 
is completely characterized by interfacial mass 
flow-induced convection. In addition, this model 
showed a fourfold increase in heat transfer of an 
individual droplet compared with the analytical 
model discussed in Sect. 2.1.1. However, they did 
not report details of the overall heat transfer from 
the surface.

2.2 � Methods for Obtaining Drop Size 
Distribution

After obtaining the rate of heat transfer through 
a drop of radius r from either of the above-men-
tioned approaches, the next step is to find the 

(10)ρ
∂u

∂t
+ ρ(u · ∇)u = −∇p+ µ∇2u + ρg.

Figure  7:  Comparison of the variation of total 
heat flux estimated using a mathematical model 
and numerical simulations with the contact 
angle of the surface. The analytical model under 
predicts the overall heat transfer nearly 300% 
compared to the numerical simulations. This is 
because the approximate analytical model fails to 
predict the local heat transfer at the three-phase 
contact line. Reprinted with permission from 
Chavan et al.34. Copyright 2016, American Chem-
ical Society.

Figure  8:  The ratio of heat transfer with Maran-
goni convection Qtotal and with pure conduction 
Qconduction for a surface with 150◦ contact angle for 
different droplet sizes. Reprinted from Phadnis 
and Rykaczewski35. Copyright 2017, with permis-
sion from Elsevier.
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corresponding drop population. In this section, 
we describe the different approaches employed to 
obtain the drop size distribution in DWC. Once 
the distribution of drop size is known, the total 
heat transfer can be obtained using Eq. (1).

2.2.1  �Population Balance Model
Various analytical approaches28, 31 have been used 
to find the drop population, however, the popu-
lation balance model proposed by Maa38 and 
later improved by Abu-Orabi39 is by far the most 
widely used and gives more accurate predictions 
than any other model. In the population balance 
model, drops are categorized into small drops 
and large drops based on growth mechanism. As 
mentioned in Sect.  2, small drops are those that 
grow mainly by direct condensation of vapor 
on drop surface. On the other hand, large drops 
grow mainly by coalescence with other drops. The 
drop size distribution of large drops is obtained 
using the empirical relation given by LeFevre and 
Rose31. To obtain the drop size distribution of 

small drops, the model uses the method of popu-
lation balance that is drop population in a given 
radius range is conserved. Consider an arbitrary 
droplet radius range, r1 − r2 . In the population 
balance approach, the number of drops that grow 
into r1 − to− r2 due to condensation is equal 
to the sum of drops that grow out of the radius 
range and those swept by large drops departing 
from condensation surface.

If n1 and n2 denote population density of 
drops of radius r1 and r2 , respectively, then the 
number of drops entering the radius range r1 − r2 
by growth in differential time increment dt can be 
expressed as An1G1dt , where G denotes the drop-
let growth rate and A is the area of condensing 
surface. Similarly, the number of drops leaving 
this radius range by growth is An2G2dt . When 
large drops move under the influence of external 
force, some of the drops in r1 − r2 radius range 
get swept along with them. The number of drops 
removed due to this sweeping effect is given by 
Sn1−2∆rdt , where S is the surface renewal rate 

Figure  9:  Schematic illustrating multiscale droplet growth model that coupled the transient two-phase 
heat transfer with two-phase fluid flow. Right side of the schematic shows the transient two-phase heat 
transfer which is solved using the energy equation. The droplet is placed on a surface having temperature 
Ts . The latent heat given up by vapor enters the drop through the liquid–vapor interface. The left side of 
the schematic shows the transient fluid flow within the drop. The flow velocity u is obtained by solving the 
Navier–Stokes equation using Navier-slip boundary condition to allow for the motion of three-phase con-
tact line. Reprinted with permission from Xu et al.37. Copyright 2018, American Chemical Society.
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due to sweeping effect, n1−2 is the mean popu-
lation density in the r1 − r2 radius range and 
∆r = r2r1 . For the population of the drops to be 
conserved in this radius range, we must have

Equation (11) can be further simplified to

As ∆r approaches zero, n1−2 becomes a point 
value and Eq. (12) can now be expressed as ,

where τ = A/S is the sweeping period. In Eq. (13), 
the droplet growth rate G is one of the unknown 
parameters. To obtain G, the heat transfer rate 
through a drop of radius r is equated to the con-
densation rate of vapor at the drop surface, even 
though the size of drop changes during heat trans-
fer due to simultaneous condensation of vapor. 
This acceptable because the time scale of conduc-
tion heat transfer is very small ( ∼ 1µs ) compared 
to the time scale of droplet growth ( ∼ 1 ms ) and 

(11)An1G1dt = An2G2dt + Sn1−2∆rdt.

(12)A(G1n1 − G2n2) = Sn1−2∆r.

(13)
d

dr
(Gn)+

n

τ
= 0,

therefore conduction heat transfer through the 
drop of radius r can be treated as a quasi-steady 
process. That is, drop size can be assumed to be 
constant during the conduction heat transfer. 
Also, there is no direct heat transfer between vapor 
and condensation surface, and all the heat transfer 
occurs through the drops. Using the quasi-steady 
heat conduction approximation G is expressed as

Next, the expression for G is used in Eq.  (13) 
and integrated to get the drop size distribu-
tion of small drops. The constant of integra-
tion is obtained using the boundary conditions 
that at the drop radius at which drop growth by 
coalescence begins to dominate drop growth 
due to direct condensation n(re) = N (re) . Here 
N(r) denotes drop size distribution of large 
drops. The drops are classified as large drops if 
they grow mainly due to coalescence with other 
drops. The drop size distribution of large is given 
by the empirical relation of LeFevre and Rose31 
expressed as

(14)G =
qd

ρhfg2πr2(1− cos θ)
.

Figure 10:  Comparison of temperature distribution inside a droplet for sizes from 50 nm to 500µm . a Mul-
tiscale dynamic growth model, b pure conduction, and (c) static convection model. Reprinted with per-
mission from Xu et al.37. Copyright 2018, American Chemical Society.
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Here, rmax is the drop radius at which drops spon-
taneously depart from the condensation surface 
and is an unknown parameter.

While the radius of smallest drop ( rmin ) is 
obtained from thermodynamic limit (Eq.  (2)), 
the radius of largest drop depends on the force 
responsible for affecting droplet departure from 
condensation surface. Correct estimation of largest 
drop size is obtained by equating the force trying 
to remove the droplet from condensation surface 
with force resisting the droplet removal. Typically, 
the force resisting the droplet removal is hysteresis 
force. Whereas, there are different types of forces 
affecting spontaneous removal of drops including 
gravity and force due to wettability gradient.

Droplet removal due to gravity In majority 
of applications of dropwise condensation, con-
densed drops are removed due to gravity. The 
gravity is used for droplet removal by inclining 
the condensation surface. The hysteresis force 
that resists the drop removal is given by40

where subscripts r and a, respectively, denote 
receding and advancing contact angles. The grav-
itational force on the drop is given by

Equating the gravitational force with hysteresis 
force gives the drop departure radius as29

Substituting rmax in Eq.  (15) gives the drop 
departure radius which in turn gives the drop 
size distribution of large drops. Next, the bound-
ary radius re between large and small drops is 
obtained by assuming that nucleation sites have 
a uniform distribution over the surface and form 
a square array which gives re . Once re is known, 
then the integration constant obtained after the 
integration of Eq. (13) is found using the bound-
ary condition n(re) = N (re) and the drop distri-
bution of small drops is expressed as

where

(15)N (r) =
1

3πr2rmax

(

r

rmax

)−2/3

.

(16)Fhys = 2r sin θ σ ( cos θr − cos θa),

(17)Fg =
πr3ρg

3
(2− 3 cos θ + cos 3 θ).

(18)rmax =

(

6 sin θ σ ( cos θr − cos θa)

πρg(2− 3 cos θ + cos 3 θ)

)

.

(19)

n(r) =
1

3πre3rmax

(

rmax

re

)2/3
r

C

A2r + A3

A2re + A3
exp(B),

C = re − r , D = (r − rmin)/(re − rmin) , 
A1 = ∆T/2ρhfg , A2 = θ(1− cos θ)/4Kc and 
A3 = δ(1− cos θ)/(Kcoat sin

2θ)+ 1/hi . The 
unknown factor τ is obtained using the condition 
that28, 39

Kim and Kim29 validated their mathematical 
model with the experimental results of Vemuri 
and Kim41 and Vemuri et al.25 (see Fig. 6 of refer-
ence29). The mathematical model for DWC agrees 
well with experimental results for the degree 
of subcooling less than 3  K, at which point the 
mathematical model begins to deviate from the 
experimental data.

Droplet removal due to wettability gradient 
Population balance model can also be adapted 
to model DWC with spontaneous drop removal 
due to wettability gradient, as shown by Singh 
et  al.24. The DWC on a surface with wettability 
gradient differs from that on DWC on a uniform 
wettability inclined surface. In DWC on a surface 
with uniform wettability, coalescence of drops 
does not change the drop departure radius. How-
ever, in the case of DWC on a surface with wet-
tability gradient, the coalescence of drops reduces 
drop size at which drops depart the surface. In 
the DWC on a surface with wettability gradient, 
the center of mass of the coalescing drops moves 
towards the high wetting region and the whole 
of the merged drop begins to move in the direc-
tion of the high wettability. The mathematical 
model of Singh et al. accounted for the effect of 
drop coalescence on drop departure radius. In the 
model, they calculated the drop departure size by 
balancing the hysteresis force by force due to wet-
tability gradient and force generated by energy 
released during drop coalescence. Accounting for 
the effect of drop coalescence, the drop departure 
radius on a horizontal surface with wettability 
gradient is given by24

here subscript o denotes the center of the base of 
the drop. In the above equation, the first term on 

(20)

B =
A2

τA1

[

re
2 − r

2

2
+ rminC − rmin

2 lnD

]

+
A3

τA1

[

C − rmin lnD

]

,

(21)
d(ln n(r))

d(ln r)
=

d(lnN (r))

d(ln r)
= −

8

3
.

(22)

πrb
2γ

d( cos θd)

dx

−

(

2γ rb( cos θro − cos θao)− Fa

)

= 0.
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left-hand side represents force due to wettability 
gradient, the second term represents hysteresis 
force, and the third term denotes force due to the 
energy released during coalescence of two drops 
and is given by

where Fr and η are, respectively, given by

In Eq.(25) ∆E42 and Evis
43–45 are the energy 

released and viscous energy dissipated during 
coalescence of two identical sized drops. These 
are given by

where, ∆Alv = 0.82 πr2(1− cos θd) and 
∆Asl = 0.41 πr2 sin 2θd , respectively, are the 
change in the surface area of liquid vapor and 
solid–liquid interfaces.

Solution of Eq. (22) gives the drop departure 
radius rmax on a surface with wettability gradient 
using which the drop size distribution of large 
drops can be calculated using Eq.  (15). Thereaf-
ter, similar to the approach used for inclined sur-
faces, the drop size distribution of small drops is 
obtained using Eqs. (19)–(21).

To model the surface with wettability gradient, 
the entire condensation surface is divided into m 
parts of equal width in the direction of wettabil-
ity gradient. The variation in the contact angle is 
assumed to be of the form cos θ = I + Sx , where 
x is the spatial coordinate along the wettability 
gradient from low wetting to high wetting end. 
Then, the condensation heat flux through each 
segment is calculated using Eq.  (1). After that, 
the heat transfer in each segment is numerically 
integrated to get the total dropwise condensation 
heat transfer. Singh et al.24 validated their model 
by comparing the predictions of DWC heat flux 
and steady-state normalized population distribu-
tion of their model with the experimental results 
of Daniel et  al.21 and Macner et  al.22, respec-
tively. Figures  11 and  12, respectively, shows the 
comparison of numerical predictions of the 
model with experimental results of Daniel et  al. 

(23)Fa = ηFr,

(24)

Fd =
0.8πrbγlv(2 (1− cos θd)− sin 2θd cos θd)

sin θd
,

(25)η =
∆E − Evis

∆E
.

(26)

Evis =144µ

√

r3γ

ρ

(θd + sin θd cos θd)
2

π(2− 3 cos θd + cos 3θd)
,

(27)∆E =γ∆Alv − (γ cos θd) ∆Asl,

and Macner et  al., respectively. The predictions 
of the mathematical model of Singh et  al. agree 
well with the experimental results of Daniel et al. 
but only for the degree of subcooling less than 
4  K. For the degree of subcooling greater than 
4 K, the predictions of the model have a consid-
erable deviation from the experimental results 
which the Singh et al. attributed to the beginning 
of transition regime. In transition regime, vapor 
condenses partially in filmwise form and partially 
in dropwise form.

2.2.2  �Monte Carlo Simulations
The population balance model is based on the 
assumption that the drop size distribution is 
in a statistically steady state. This steady state is 
attained when the drops removed from the con-
densation surface due to gravity or wettability 

Figure  11:  Comparison of heat flux predicted 
by mathematical model of by Singh et al.  24 with 
experimental data of Chaudhury et al. 46. The cal-
culations are based on nucleation site density, 
Ns = 1× 1010 m−2 , Tsat = 373 K, δ = 100 nm.

Figure 12:  Comparison of population distribution 
predicted by mathematical model of Singh et al.24 
with experimental data of Macner et  al.22. These 
calculations are performed for nucleation site 
density, Ns = 1× 1010 m−2 , Tsat = 373 K, δ = 100 nm. 
Reprinted from Singh et al. 24 Copyright 2018.
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gradient are continuously replaced by the nuclea-
tion of new drops. However, dropwise conden-
sation phenomena are an inherently unsteady 
process. Therefore, it is essential to understand 
the actual drop size distribution with time and 
their effect on the heat transfer coefficient. Due 
to the resolution limits in experiments, it is dif-
ficult to obtain the drop size distribution of small 
droplets. Hence, numerical simulations are used 
to predict drop size distribution. Solving Navier–
Stokes equations for DWC are extremely chal-
lenging due to the difficulties associated with the 
tracking of interface position of the large number 
of condensing droplets. Moreover, such a simu-
lation approach is computationally expensive. 
Therefore, the Monte Carlo method is commonly 
employed to simulate dropwise condensation. 
We divide this section into two parts: (i) simula-
tions to study heat transfer and (ii) simulations to 
examine the pattern of droplets, known as Breath 
figures.

Heat transfer studies The first simulation model 
using Monte Carlo technique was proposed by 
Gose et  al.47. Their model accounts for drop-
let nucleation, growth, coalescence, removal of 
a droplet from the surface, and re-nucleation 
on the exposed area. In this model, droplets are 
nucleated randomly on the condensing surface. 
At each time step, droplets grow due to direct 
condensation at the liquid–vapor interface. The 
rate of droplet growth is calculated using a equa-
tion similar to Eq.  (14). When any two droplets 
touch or overlap, they coalesce to form a larger 
droplet. The resultant droplet is placed at the site 
of larger drop. When the droplet reaches a criti-
cal size, that is, when the gravity overcomes the 
surface tension force, the droplet is removed from 
the surface. The fresh condensation starts on the 
cleared area.

The results of Gose et  al.47 showed an order 
of magnitude lower heat transfer coefficient than 
the experimentally observed values because of 
lower initial nucleation site density (104 cm−2) . 
Later, Glicksman and Hunt48 performed simula-
tions by dividing the condensation cycle into four 
stages and taking the initial nucleation density 
of the order of 108 − 109 cm−2 . Due to large ini-
tial density, their results were in good agreement 
with the experimental results. However, because 
of larger time step, the predicted droplet posi-
tion and drop size distribution differed from the 
real behavior. Later, Burnside and Hadi49 pre-
sented simulations of droplet growth from drop 
nucleation (≈ 17 nm) to a drop of about  4µm 
which were difficult to observe through 

experiments. Figure  13 shows the evolution of 
drops in the central part of the condensing sur-
face (150µm× 150µm) for different instants of 
time. Their simulation results showed that Tana-
ka’s50 drop distribution theory which is given by 
N ∼ r−3 (where N is droplet density and r is drop 
size) is also valid for very small droplets.

The simulations were limited for hemispheri-
cal drops. Thereafter, Sikarwar et  al.51 extended 
the model to account for different contact angles 
of the surface. They observed that the saturation 
surface coverage decreases with the increase of 
contact angle. In addition, they performed sim-
ulation on inclined surfaces and reported that 
droplet fall-off time linearly decreases with the 
increase of contact angle.

Breath figure studies   The pattern formed by the 
condensed droplets on the surface is commonly 
known as breath figure (BF). Several studies 
have been performed to understand the drop-
let growth pattern and their scaling laws during 
breath figure formation, beginning with Beysens 
and Knobler52. Beysens and Knobler were the first 
to identify different growth regimes on non-wet-
ting surfaces. They reported that when the drops 
grow as an individual drop, it follows the power 
law R ∼ tµ , where µ = 0.23 and in the coales-
cence-dominated region (or self-similar regime), 
the average droplet grows with R ∼ tµ0 , where 
µ0 = 0.75 . Later, Viovy et  al.53 employed scaling 
analysis to study the dependence of growth law 
on the dimensionality of the condensing surface 
(Ds) and the droplet (Dd) . Their results suggest 
that the growth law exponent µ = 1/Dd for a sin-
gle droplet, whereas, µ0 = 1/(Dd − Ds) = 3µ for 
self-similar coalescence-dominated regime.

However, the transition of exponent from 
µ to µ0. was difficult to observe through experi-
ments. Furthermore, the evolution of the average 
droplet radius, surface coverage, polydispersity, 
and size distribution of drops with time was not 
clear. Therefore, Fritter et al.54 developed a simu-
lation model similar to Gose et al. and performed 
simulations for different initial surface coverages 
and polydispersities, and confirmed the growth 
law exponents. They observed the self-similar 
behavior described by a constant surface cover-
age of 0.57 in the coalescence dominated regime 
as shown in the inset plot of Fig  14. Further-
more, the size distribution of drops is bi-modal, 
because some of the drops do not undergo any 
coalescence events. Later, Steyer et al.55 extended 
the same model for the growth of droplets on a 
one-dimensional surface. Their simulation results 
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show that for three-dimensional drops grow-
ing on a one-dimensional substrate, µ0 = 3/2µ 
in coalescence-dominated regime with the con-
stant surface coverage of 0.8. Besides these Monte 
Carlo studies on DWC, various other Monte 
Carlo methods have been presented which take 
into account additional effects such as droplet 
growth due to diffusion56, 57 and jumping58.

3 � Conclusion
We have presented a comprehensive review and 
comparison of modeling techniques of drop-
wise condensation. We discussed the statistical 
approach used to model the inherently unsteady 
process of dropwise condensation. In the statisti-
cal approach, heat transfer through a single drop 
is combined with respective drop population to 

obtain the dropwise condensation heat transfer. 
Therefore, the statistical approach is divided into 
two parts (i) calculation of heat transfer through 
a single drop of radius r and (ii) prediction of 
drop size distribution. First, we discussed ana-
lytical model and simulation technique used to 
obtain the heat transfer through a single drop. 
We also presented a comparison between the 
analytical model and various simulation studies 
present in the literature. Next, we discussed the 
population balance model for prediction of drop 
size distribution in DWC. We have discussed the 
mathematical model for two cases where drop 
removal occurs due to (i) gravity and (ii) wetta-
bility gradient. Finally, we have presented a review 
of Monte Carlo methods for simulating DWC.

Figure 13:  Evolution of drops in the central part of the condensing surface for different instants of time. a 
0.007 ms , b 0.13ms , c 0.19ms , d 0.21ms ( Ts = 373 K,

�
T = 3 K). Reprinted from Burnside and Hadi49. Copyright 

1999, with permission from Elsevier.
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