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Abstract: Steam condensation over a hybrid hydrophobic–hydrophilic surface is modeled via
simplified heat transfer modelization. Filmwise condensation is assumed over the hydrophilic
region. The standard film model is improved, accounting for the liquid flow rate crossing the
hydrophobic–hydrophilic boundaries. A threshold for flooding occurrence is also presented. Drop-
wise condensation is assumed over the hydrophobic region. Compared to the heat transfer models in
the literature, based on the statistical drop size distribution, a novel correlation is used for the size
distribution of small droplets. The correlations of both the liquid flow rate crossing the hydrophobic–
hydrophilic boundary and the size distribution of small drops are derived via Lagrangian simulations,
using an in-house code previously developed and validated by the authors. The heat transfer model is
validated with experimental data in the literature involving a hybrid surface, composed by alternate
vertical hydrophobic–hydrophilic stripes. Then, the optimization of the hybrid surface geometry
is performed in terms of hydrophobic width and hydrophilic width, with the aim of enhancing the
heat flux.

Keywords: hybrid surface; dropwise condensation; filmwise condensation; nucleation density;
hydrophobic coating; drop size distribution

1. Introduction

Steam condensation over a solid substrate is of great interest for many practical appli-
cations, such as heat exchanger design. Dropwise condensation (DWC) over an inclined,
hydrophobic surface, characterized by a static contact angle θ > 90◦, is known to augment
the heat transfer coefficient by about one order of magnitude, if compared to the filmwise
condensation (FWC) regime. Indeed, solid surface regeneration due to the motion of large
droplets driven by gravity, which is observed in case of DWC on an inclined plate, pro-
motes the nucleation of new droplets and reduces the thermal resistance of the wetting
layer. The reduction of the departure radius is usually achieved by means of hydropho-
bic (θ > 90◦) and superhydrophobic (θ > 150◦) surfaces, characterized by low contact
angle hysteresis. Different surface coatings can be used to ensure surface hydrophobic-
ity [1–3]. For example, in SAMs coating, such as the one in [4,5], self-assembled monolayers
(SAMs) form by the adsorption of long-chain organic molecules onto an appropriate solid
substrate. Other methods to reduce the droplet departure radius include the coalescence-
induced jump of droplets, promoted by nanostructured superhydrophobic surfaces [6],
and the implementation of surfaces characterized by wettability gradients [7]. In the the-
oretical analysis of [8], the details of the nanostructured surfaces, modeled as a series of
equally spaced nano-pillars, are discussed, and the transition between the possible wetting
stages, which include Cassie and Wenzel states, is explained. In the recent years, a lot
of effort has been put into the implementation of the so-called hybrid surfaces, usually
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characterized by a pattern of recursive hydrophobic and hydrophilic regions of a certain
geometry. The main goal of such surfaces is that the maximum radius on the hydropho-
bic domain, where the DWC regime is usually observed, can be controlled via a proper
design of the surface geometry, while the hydrophilic regions, wetted by a continuous
liquid film, ensures the renewal of the hydrophobic surface and allows for a fast liquid
drainage. On the other hand, the heat transfer performances through the continuous wet-
ting layer are the result of FWC. Thus, a proper design of the surface geometry is crucial
in order to increase the heat transfer performance of the standard hydrophobic surface.
Alwazzan et al. [2,9] experimentally investigated condensation of vapor with a small
concentration of non-condensable gases (lower than 7%) over a horizontal copper tube,
characterized by alternate mini-scale straight patterns of hydrophobic and less hydrophobic
regions. Different geometries were tested and improvements in the heat transfer perfor-
mances were observed, compared to the standard hydrophobic surfaces. Peng et al. [5]
experimentally investigated steam condensation of water vapor down a vertical test sec-
tion, characterized by alternate hydrophobic–hydrophilic stripes of fixed width. Different
geometries were tested and an optimal configuration was found. A more complex geome-
try, characterized by an inverted V-shaped channels design with alternate hydrophobic–
hydrophilic inclined stripes and a vertical hydrophilic region that collects the condensate
and ensures an efficient liquid drainage, was experimentally investigated in [10], in the
case of moist air condensation.

The evolution of a condensing droplet population is often investigated via the so-called
individual-based models (IBM) [6,11–15], that follow the evolution of every droplet of a
population (including nucleation, growth due to condensation and coalescence, motion)
via a Lagrangian approach. The large computational costs related to the individual-based
models makes this approach unsuitable to investigate a large number of configurations
and the literature analysis are often limited to a small portion of condensing surface,
due to the high nucleation density characterizing steam condensation on hydrophobic
surfaces. However, high-fidelity IBM allows us to access information on the small drop
population [11], characterized by droplets of radii down to the nanometers and, thus, not
accessible via a standard experimental approach. Indeed, statistical information such as
the size distribution of small droplets are crucial for the implementation of an accurate
probability-based model (PBM), which has the advantage of cutting computational costs.
In the pioneering experimental analysis of Le Fevre and Rose [16] an empirical correlation
to predict the size distribution of the large drop population, the growth of which is driven
by coalescence process, was developed. Such a correlation, extensively validated with
experimental evidences [5], now represents an important benchmark for the validation
of IBM models [6,11–13] and is still included in most of the PBMs [17–20]. A theoretical
correlation for the size distribution of small droplets was derived in [17] via the solution of
the population balance. Based on the developed correlation for the drop size distribution
and modeling the heat transfer through a single droplet via a series of thermal resistance,
a novel PBM was developed to predict the heat flux under DWC. A similar correlation
for the size distribution of small droplets was derived in [18]. However, numerical results
from IBM simulations [11,21,22] show discrepancies between the computed small size
distribution and the theoretical correlation of [17]. Since the Rose correlation [23] is known
to overestimate the nucleation density, required by PBMs to define the threshold between
small and large droplets, an updated model to include the effect of the coating thickness
in the calculation of both the nucleation radius and the nucleation density was presented
in [19,20] and integrated with the PBM of [17]. The optimization of a hybrid hydrophobic–
hydrophilic surface geometry via a PBM of the condensation process was firstly conducted
in [24], assuming DWC regime over the hydrophobic region and FWC over the hydrophilic
region. However, the effect of the coating thermal resistance on the nucleation radius,
introduced by [19,20] and required for an accurate prediction of the effective nucleation
density as a function of the substrate subcooling, was not considered. Furthermore, the
film was modeled in [24] as a liquid layer of uniform thickness: such a modelization does
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not provide any information about the eventual occurrence of flooding, which is crucial to
predict the eventual degradation of heat transfer performances, observed when the liquid
film overrun the hydrophilic boundary.

The aim of this work is the numerical investigation of steam condensation over a
hybrid surface via a simplified modelization. In particular, the global heat flux of the
hybrid surface is decomposed into two contributions: one arising from the dropwise con-
densation, which is assumed over the hydrophobic domain; one arising from the filmwise
condensation over the hydrophilic region, covered by a continuous wetting layer. The
dropwise condensation heat flux is estimated via a probability-base modelization, which
relies the knowledge of the drop size distribution. Compared to the model of [19,20], a new
correlation for the size distribution of the small drops is implemented, following [21,22].
The standard film theory, proposed by Nusselt [25], is here enhanced in order to account
for the presence of the rivulets flowing through the narrow wettable stripes and for the
liquid flow rate exchanged between hydrophobic and hydrophilic regions through the
shared boundaries. Furthermore, the eventual flooding condition, occurring when the
liquid overruns the hydrophilic boundaries, is modeled. The experimental test case of [5],
which involves the steam condensation of water vapor over a circular disc with vertical,
alternate hydrophobic–hydrophilic stripes of fixed width, is replicated. The numerical
model is validated with the experimental data of [5]. Then, the optimization of the hybrid
surface geometry is conducted, in order to the maximize the global heat flux at a given
substrate subcooling.

2. Physical Model
2.1. Problem Statement

The steam condensation of water vapor over a hybrid surface was analyzed. The
hybrid surface geometry experimentally investigated by [5], defined as a disc with alternate
hydrophobic and hydrophilic vertical stripes of width LD and LF as sketched in Figure 1,
was considered. As proven by the experimental evidence of [5], the dropwise condensation
regime takes place over the hydrophobic stripes, while the hydrophilic stripes are covered
by a continuous liquid film. It was also observed in [5] that, when the base surface of a
droplet growing on the hydrophobic domain partially stands on the hydrophilic region, the
surface tension forces induce the droplet migration to the more wettable region, as pointed
out in the right side of Figure 1. Thus, the hydrophilic stripe ensures a fast condensate
removal, which in turn allows the hydrophobic surface renewal. The maximum radius of
the droplets growing on the hydrophobic region, which is also an important parameter of
DWC, can be controlled through a proper design of the hybrid surface geometry

rmax =
LD

2 sin θ
(1)

with θ > 90◦ being the static contact angle over the hydrophobic domain and LD being
the width the hydrophobic stripes. The specific heat flux contributions q′′D and q′′F, arising
from dropwise condensation and filmwise condensation respectively, are computed via
the dedicated models: a probability-based model is developed to estimate the DWC heat
flux through the hydrophobic stripes; a theoretical film model is developed to estimate the
FWC heat flux through the hydrophilic stripes. The two models are integrated to estimate
the global heat flux of the hybrid surface as

q′′ =
q′′D LD + q′′F LF

LD + LF
(2)
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θ < 90o θ > 90o

LF LD

Figure 1. Hybrid surface experimentally investigated in [5]: left, vertical disc composed of alter-
nate hydrophobic and hydrophilic stripes; right, droplet migration from the hydrophobic domain,
characterized by DWC regime, to the hydrophilic domain.

2.2. Dropwise Condensation Model

Following the single-drop heat transfer model of [17,19,20], the droplet is discretized
via a series of four thermal resistances: the conductive resistance through the coating layer;
the conductive resistance through the liquid droplet; the vapor–liquid interface thermal
resistance; the free surface curvature thermal resistance. In order to evaluate the conductive
resistance through the liquid, the droplet is modeled as a spherical cap with a prescribed
contact angle and uniform temperatures are assumed for the base surface and the liquid–
vapor interface surface. Thus, the heat flux through a condensing droplet of radius r is
given in [17,19,20] as

qdrop =
∆T π r2 (1 − r0

r
)

δc
λc sin2 θ

+ θ r
4 λl sin θ +

1
2 αi (1−cos θ)

(3)

where δc is the coating thickness, λc is the coating thermal conductivity, r0 is the critical
nucleation radius and αi is the interfacial heat transfer coefficient

r0 =
2 Ts σlv

ρl hlv (Ts − Tw)
, αi =

2 σ

2 − σ

1√
2 π Rg Ts

ρv hlv
2

Ts
(4)

with 0 < σ ≤ 1 being the accommodation coefficient (σ = 1 for steam condensation of
pure vapor). The specific heat flux of the hydrophobic surface, covered by a population of
condensing droplets, can be computed as in [20]

q′′D =
∫ re

rn
qdrop nr dr +

∫ rmax

re
qdrop Nr dr (5)

where rn is the nucleation radius, re is the characteristic coalescence radius , rmax is the
maximum droplet radius, nr is the size distribution of the small drop population and Nr
is the size distribution of the large drop population. The conduction process drives the
droplet growth for r < re, while the coalescence process drives the droplet growth for
r > re. The empirical correlation of Le Fevre Rose [16]

Nr =
1

3 π r2 rmax

( rmax

r

)2/3
(6)
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is used to estimate the size distribution of large droplets, characterized by r > re. It was
numerically [11] and experimentally [5] verified that Equation (6), originally derived for
a standard hydrophobic surface characterized by gravity-driven motion of the droplets,
is still valid in the case of hybrid surfaces (i.e., droplet motion induced by surface tension
forces), such as the one considered in the present work. Only theoretical correlations are
available for the size distribution of the small droplets. It was shown in [11,21] that the
one proposed by [17], derived via the population balance theory, is not accurate, due to the
assumption that the sweeping time, correlated to the frequency of the coalescence events,
is a constant. Indeed, it was numerically proved that the sweeping time changes with the
droplet radius [21,22]. Thus, an updated correlation, which estimates the sweeping time as
a function of the drop radius, was derived for the small size distribution. Following [17],
the population balance theory gives

d(G nr)

dr
+

nr

τ
= 0 (7)

with G being the droplet growth rate and τ being the sweeping time. Equation (7) can be
solved via separation of variables [17], yielding

nr = ne
Ge

G

∫ re

r

dr
G τ

(8)

where ne = nr(re) is the small size distribution of a droplet with radius re, which must
match the large size distribution, nr(re) = Nr(re), and Ge is the growth rate of a droplet
with radius re. Assuming that condensation drives heat transfer, qdrop = ṁc hlv, the droplet
growth rate G can be evaluated as

G =
dr
dt

=
∆T (1 − r0/r)

ρl hlv (1 − cos θ)2(2 + cos θ)

×
[

δc

λc sin2 θ
+

θ r
4 λl sin θ

+
1

2 αi (1 − cos θ)

]−1 (9)

It was shown in [21,22] that the sweeping time τ, assumed constant in [17], linearly depends
on the droplet radius

τ = τe

(
r
re

)
(10)

Substituting Equations (9) and (14) in the population balance, Equation (8), yields

nr = ne
r
re

re − r0

r − r0

r + B
re + B

exp
(

C1 + C2

A

)
(11)

C1 =
re

τe
(re − r), C2 =

re

τe
(r0 + B) log

(
re − r0

r − r0

)
(12)

with coefficients A, B being equal to

A =
λl ∆T
ρl hlv

4 sin θ

θ (1 − cos θ)2(2 + cos θ)
, B =

4 λl δc

λc θ sin θ
+

2 λl sin θ

θ(1 − cos θ)
(13)

Following [17], the sweeping time τe must be determined to match the distribution for
large droplets:

d(log nr)

d(log r)
= −8

3
, τe =

1
A

3 re
2(re + B)2

11 re2 − 14 re r0 + 8 B re − 11 B r0
(14)

It was proved in [22] that the dropwise condensation heat flux, computed via a high-fidelity
IBM code, is accurately predicted via Equation (5), which is the base of a standard PBM, if
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the size distribution of small drops is derived assuming that the sweeping time linearly
depends on the droplet radius (as is conducted in the present study), while using the
correlation of [17] underestimates the heat flux of about 18%.

The updated correlation for the size distribution of the small drop population, pro-
vided by Equations (11) and (12), is compared in Figure 2 with the theoretical correlation
provided in [17], which assumes a constant sweeping time. Note that a higher drop size
distribution is always predicted by the updated correlation, due to the higher sweep-
ing frequency. The characteristic coalescence radius re is evaluated at different values of
coating thermal resistance according to the model proposed by [19,20]. Thus, re is esti-
mated from the nucleation density ρn, which is in turn estimated via the well-known Rose
correlation [23] as a function of the nucleation radius:

re =
1

2
√

ρn
, ρn =

0.037
rn2 (15)

As reported in the literature [20], the Rose correlation overestimates the effective nucleation
density, which usually ranges 109 ÷ 1015 m−2 for the steam condensation on a solid surface,
if the critical nucleation radius r0 is considered. However, it was proved that the effective
nucleation radius rn depends on the solid surface characteristics and a dedicated model
was proposed by [19,20] to calculate rn via the maximization of the change in availability,

∆Ψ =
ρl hlv

Ts
π(r sin θ)3

∫ θ

0

(
−∆T +

qdrop δc

π r2 sin2 θ λc
+

qdrop ϕ

4 π r sin θ λl

)
(1 − cos ϕ)2

sin4 ϕ
dϕ

+ σlv

(
2 − 3 cos θ + cos3 θ

)
π r2

(16)

with ∆T = Ts − Tw and qdrop being calculated via Equation (3).
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Figure 2. Comparison between the updated small drop correlation, Equations (11) and (12), and
the theoretical correlation of [17]: negligible coating thermal resistance, re = 9.14 × 10−3 µm (a);
δc/λc = 10−7 m2 K/W, re = 2.60 × 10−2 µm (b). Water, Ts = 100 ◦C, ∆T = 6◦, θ = 120◦,
rmax = 1.25 mm.

The influence of the coating specific thermal resistance, defined as δc/λc, is inves-
tigated in Figures 3 and 4, which refer to the steam condensation of water at saturation
temperature equal to Ts = 100 ◦C over a hydrophobic substrate, characterized by static
contact angle of θ = 120◦. Figure 3 shows the nucleation radius, estimated via the max-
imization of the change in availability ∆Ψ, as a function of the substrate subcooling, at
different values of the specific coating thermal resistance. It can be observed that the pres-
ence of a hydrophobic coating leads to an increase in the nucleation radius. Knowing the
effective nucleation radius is crucial, since it affects the predicted nucleation density and,
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thus, the coalescence radius, see Equation (15), in turn required for an accurate estimate of
the dropwise condensation heat flux. The heat flux through a single condensing droplet,
calculated via Equation (3), is shown as a function of the droplet radius in Figure 4a, with
the dashed line representing the heat flux of a newly nucleated droplet, characterized by
r = rn. Figure 4b provides the size distribution of both the small and the large droplet
population: the maximum radius, required by the correlation for the large size distribution,
is set to half the capillary length lc =

√
σlv/(ρl g), while the characteristic coalescence

radius, which defines the threshold between small and large drops, is estimated from the
nucleation radius according to Equation (15).
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δc/λc = 0

r0

Figure 3. Nucleation radius as a function of the substrate subcooling ∆T = Ts − Tw and of the coating
thermal resistance δc/λc. The dashed line denotes the critical coalescence radius, Equation (4). Water
at saturation temperature Ts = 100 ◦C, θ = 120◦.
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Figure 4. Specific heat flux as a function of the droplet radius and of the coating thermal resistance:
the dashed line denotes the heat flux of a newly nucleated drop, characterized by r = rn (a). Drop
size distribution at different values of the coating thermal resistance: the colored lines correspond to
the small size distribution, Equations (11) and (12), while the dashed line corresponds to the large
size distribution, Equation (6) (b). Water, Ts = 100 ◦C, ∆T = 6 ◦C, θ = 120◦, rmax = 1.25 mm.

The effects of the subcooling and of the droplet departure radius on DWC heat flux,
whose calculation relies on the heat transfer model through a single droplet and on the drop
size distribution, were investigated. In particular, Figure 5a shows the global heat flux as a
function of the substrate subcooling, at different values of the coating specific resistance.
As expected, higher values of the substrate subcooling give higher specific heat fluxes,
with an almost linear correlation between ∆T and q′′D for a sufficiently high subcooling.
The coating, which acts as an additional thermal resistance opposing to the heat transfer
process [20], decreases the heat flux. The effect of the static contact angle, which depends
on the coating characteristics, is not considered. On the other hand, we may be interested in
the effect of the departure radius. For a hydrophobic surface, the departure radius is equal
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to the droplet moving radius, which is strongly influenced by the contact angle hysteresis.
However, in presence of hybrid hydrophobic–hydrophilic surfaces, the maximum radius
may be imposed through a proper design of the surface geometry [5,24]. Figure 5b proves
that the specific heat flux increases with decreasing departure radius rmax. Indeed, small
droplets, rn ≤ r ≤ re, are characterized by a higher specific heat flux compared to large
drops, see Figure 4a, and, thus, the renewal of the hydrophobic surface ensures higher heat
transfer performances.

0

500

1000

1500

2000

2500

3000

3500

0 2 4 6 8 10

q′
′ D

(k
W

/m
2
)

∆T (◦C)

(a)

δc/λc = 10−6m2K/W

δc/λc = 10−7m2K/W

δc/λc = 10−8m2K/W

δc/λc = 10−9m2K/W

δc/λc = 0

2000

4000

6000

8000

0 0.5 1 1.5 2 2.5
q′
′ D
(k
W

/m
2
)

rmax (mm)

(b)

δc/λc = 10−6m2K/W

δc/λc = 10−7m2K/W

δc/λc = 10−8m2K/W

δc/λc = 10−9m2K/W

δc/λc = 0

Figure 5. Dropwise condensation specific heat flux computed via Equation (5) for different values
of the coating specific thermal resistance: effect of the substrate subcooling ∆T = Ts − Tw, fixed
maximum radius rmax = 1.25 mm (a); effect of the maximum droplet radius rmax, fixed subcooling
∆T = 6 ◦C (b). Water, Ts = 100 ◦C, θ = 120◦.

2.3. Filmwise Condensation Model

Assuming that the liquid flowing down a vertical hydrophilic stripe forms a rivulet
with the circular section and assuming a parabolic velocity profile across the film thickness,
the mass flow rate is equal to

ṁ = Fθr

ρl (ρl − ρv) g δ3 LF
3 µl

(17)

where δ is the maximum height of the rivulet, LF is the hydrophilic stripes width and Fθr

comes from the integration of the parabolic velocity profile across the rivulet section,

Fθr =
θr
( 3

8 + 3
2 cos2 θr

)
+ 1

32 sin(4 θr)− sin(2 θr)
(

1 − 1
4 sin2 θr

)
sin θr (1 − cos θr)

3 (18)

with θr being the rivulet contact angle, which in turn depends on the rivulet height δ and
on the rivulet width LF:

θr = arccos

1 −
(

2 δ
LF

)2

1 +
(

2 δ
LF

)2

 (19)

The liquid flow rate at a distance y from the top of the plate is also equal to

ṁ = ṁc + ṁ′
σ y (20)

where y denotes the distance from the top of the hydrophilic stripes, ṁc is the condensate
flow rate formed at the free surface of the liquid film and ṁ′

σ is the flow rate per unit
length, which migrates from the hydrophobic region to the hydrophilic region due to
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capillary forces. Following Nusselt theory [25], the condensate flow rate can be expressed
by applying the energy balance to a portion of the rivulet:

dṁc

dy
=

λl LF (Ts − Tw)

δ hlv

sin θr

θr
(21)

Combining Equations (17), (20), and (21) gives the differential equation

Fθr

ρl (ρl − ρv) g δ2

µl

dδ

dy
=

λl (Ts − Tw)

δ hlv

sin θr

θr
+

m′
σ

LF
(22)

the solution of which gives the film thickness δ(y) as a function of the vertical, downhill
coordinate. If the rivulet contact angle, which depends on the rivulet thickness δ is assumed
constant over y, Equation (22) can be analytically solved, yielding

u3

3
− 3

2
C u2 + 3 C2 u − C3 log

( u
C

)
=

11
6

C3 +
y
D

(23)

u = δ + C, C =
λl LF (Ts − Tw)

hlv ṁ′
σ

sin θr

θr
, D = Fθr

ρl (ρl − ρv)g LF
µl ṁ′

σ
(24)

which has one positive root δ. Since the rivulet contact angle θr depends on the rivulet height
δ, the solution of Equation (23) must be iterated until the convergence of δ is obtained. It is
important to point out that the updated filmwise condensation model, derived assuming
a parabolic velocity profile inside a rivulet with circular cross section, is strictly valid at
leading surface tension forces (i.e., for narrow hydrophilic stripes), while the liquid inertia
may affect the film hydrodynamics for large hydrophilic width, usually correlated to higher
flow velocities.

The film thickness and the heat flux through the liquid layer along a vertical plate are
shown in Figure 6 at different values of the migrating flow rate per unit length, coming
from the hydrophobic region. Results are referred to as the steam condensation of water at
a saturation temperature of Ts = 100 ◦C over hydrophilic stripes of width LF = 0.45 mm
and substrate temperature Tw = 94◦. Note that increasing ṁ′

σ worsens the heat transfer,
since the film thickness increases and, thus, the temperature gradient through the liquid
layer decreases, giving a lower heat flux. If the contribution of the migrating flow rate is
neglected, ṁ′

σ = 0, the proposed model also predicts a lower heat flux compared to the
standard Nusselt film theory, see Figure 6b.
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Figure 6. Film thickness (a) and specific heat flux (b) along a vertical plate at different values of
the migrating flow rate per unit length ṁ′

σ. Hydrophilic width is set to LF = 0.45 mm. Water at
saturation temperature is Ts = 100 ◦C and substrate subcooling is set to ∆T = 6 ◦C. Dashed lines
provide results predicted by the standard Nusselt film theory.
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Flooding occurs when the liquid flowing down the vertical stripe overruns the hy-
drophilic boundaries. Thus, the flooding threshold is defined by the liquid flow rate
corresponding to a rivulet with a contact angle equal to 90◦. Further increasing the liquid
flow rate, the contact angle will increase and a portion of the liquid will stand on the
hydrophobic domain. The critical flow rate corresponding to θr = 90◦ is derived via the
integration of the parabolic velocity profile across the rivulet section

ṁcr =
π

128
ρl (ρl − ρv) g LF

4

µl
(25)

Since the condensate flow rate, produced over the hydrophobic region, must be removed
through the hydrophilic stripes, the migrating flow rate per unit length ṁ′

σ can be estimated
from the specific heat flux q′′D, calculated for the contribution of dropwise condensation

ṁ′
σ =

q′′D LD

hlv
(26)

where LD is the hydrophobic stripes width. Once ṁ′
σ is known, the rivulet height δ of a

stripe of height y = H is calculated via Equations (23) and (24) and the liquid flow rate ṁ is
evaluated via Equation (17). The specific heat flux due to filmwise condensation process
over a single stripes of surface H LF is finally estimated as

q′′F =
(ṁ − ṁ′

σ H) hlv
H LF

(27)

3. Results
3.1. Model Validation

The experimental setup of [5] was replicated using the simplified model described
in Section 2. Thus, the steam condensation of water at a saturation temperature of 100 ◦C
over the hybrid surface of Figure 1, defined by a vertical disc with alternate hydrophobic–
hydrophilic stripes, was investigated. The static contact angle over the hydrophobic
domain was set to θ = 120◦, according to [5]. Hydrophobicity was achieved in [5] via
an SAM coating, whose preparation was obtained as follows: polishing of the copper
surface; immersion of the copper sample into an n-octadecyl mercaptan solution at 70 ◦C.
Locally masking the polished copper surface and sandblasting before the immersion of the
sample (monolayers cannot be coated on the sandblasted copper substrate) allows a hybrid
hydrophobic–hydrophilic surface to be obtained. The order of magnitude of the specific
thermal conductivity of the SAMs coating is about 10−7 m2 K/W [26], however the value
of δc/λc is not provided in [5]. Thus, we first characterized the hydrophobic surface with
the heat flux data referred to as the fully hydrophobic configuration. To do so, we imposed
LF = 0 and we derived the departure radius to be used in the DWC model via the balance
between gravitational forces and surface tension forces acting on a still droplet,

rmax =
12
π2

√
σlv (cos θrec − cos θadv)

ρl g (1 − cos θ)2 (2 + cos θ)
(28)

with θrec = 102◦ and θadv = 142◦ being the receding contact angle and the advancing
contact angle, whose values are also provided in [5]. In order to characterize the surface,
the coating thermal resistance was determined via minimization of the root mean square
error with the experimental data, available for surface subcoolings up to ∆T = 8 ◦C in case
of fully hydrophobic surface. The value δc/λc = 3.39 × 10−7 m2 K/W was obtained, which
is consistent with data reported in the literature [26].

The corresponding heat flux as a function of the substrate subcooling is compared
with the experimental points in Figure 7a, showing a great agreement over the whole range
of ∆T. Furthermore, the nucleation density, derived via Equation (15) as a function of the
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computed nucleation radius rn, which in turn depends on the substrate subcooling, also
falls in the typical range of 109 ÷ 1015, as proved by Figure 7b.
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Figure 7. Computed heat flux, continuous line, versus experimental data of [5], red markers, with
dashed lines representing the computed contributions from the small and from the large drop
population (a). Computed nucleation density as a function of substrate subcooling (b). Water,
Ts = 100 ◦C, θ = 120◦, rmax = 1.25 mm, δc/λc = 3.39 × 10−7 m2 K/W.

Then, we validated the numerical model, including both the DWC model and the
FWC model, with the experimental heat flux data of [5] relating the hybrid surface con-
figuration. Compared to the data used for the surface characterization in case of a fully
hydrophobic surface, we have different values of the departure radius, which depends on
the hybrid geometry, and we have the additional effect of the liquid film flowing down the
hydrophilic stripes. Since the test section is a cylindrical disc with alternate hydrophobic
and hydrophilic stripes, the calculation of the filmwise condensation heat flux must take
into account that we have stripes of different height,

q′′F =
∑n

k=1 q′′F|yk
yk

∑n
k=1 yk

, n =
2 R

LF + LD
, yk = 2 R

√
1 −

(
LF + LD

R
k − LD + LF/2

R

)2
(29)

with q′′K|yk
being the heat flux of a hydrophilic stripe of height H = yk, evaluated via

Equation (27), and n being the number of hydrophilic stripes. Figure 8a,b, referring to
approximately the same hydrophilic width LF = 0.45 mm and to different hydrophobic
widths LD = 0.78, 0.55 mm, show almost a perfect agreement between numerical results
and experimental data. Indeed, maximum errors of 6.9% and 10.7% between the predicted
heat fluxes and the experimental data of [5] were observed in Figure 8a and Figure 8b, re-
spectively: for the most of the experimental data points, the discrepancy with the predicted
heat flux is lower than the experimental uncertainty of 9.2% reported in [5]. A good agree-
ment was also observed for higher values of the hydrophilic width (LF = 1.33, 2.1 mm)
at low substrate subcoolings, while a discrepancy up to 19.3% was observed for higher
subcoolings when LF = 2.1 mm, see Figures 8c,d. Such a discrepancy is due to the assump-
tions made to develop the film model (i.e., the liquid flows with a parabolic velocity profile
through a rivulet with circular section of width LF), which are strictly valid at leading
surface tension forces (i.e., narrow hydrophilic stripes). Furthermore, the fluctuations
induced by the migrating droplets, which are more evident for increasing rmax, in turn
defined by the hydrophobic width, may also affect the hydrodynamics through the wetting
layer, as reported in [2,9]. Thus, we could expect the model to be accurate in the limit of
small LD, LF (that is, the range of application of hybrid surfaces), while the assumptions
are weaker in the case of large hydrophobic–hydrophilic stripes’ width.
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Figure 8. Heat flux as a function of substrate subcooling: LD = 0.78 mm, LF = 0.46 mm (a);
LD = 0.55 mm, LF = 0.45 mm (b); LD = 0.96 mm, LF = 1.33 mm (c); LD = 0.93 mm, LF = 2.1 mm (d).
Black lines denote numerical results, markers refer to experimental data of [5]. Water, Ts = 100 ◦C,
θ = 120◦, δc/λc = 3.39 × 10−7 m2 K/W.

3.2. Hybrid Surface Optimization

Once the hydrophobic surface had been characterized and the numerical model val-
idated with experimental evidences involving hybrid surfaces, the optimization of the
hybrid geometry shown in Figure 1 was conducted. In particular, the hydrophobic width
and the hydrophilic width giving the highest heat flux were determined. Following the
experimental analysis of [5], steam condensation of water at Ts = 100◦ was considered and
the optimization was conducted at different values of the substrate subcooling, with ∆T up
to 10 ◦C. First, the effect of changing the hydrophobic width at fixed LF was investigated.
Results for LF = 0.45 mm are reported in Figure 9 and compared with the experimental data
of [5]. Note that a maximum of the global heat flux is achieved for all of the investigated
subcooling. The corresponding hydrophobic width, LD ≃ 0.6 mm, weakly depends on the
substrate subcooling. The numerical results were compared with the experimental data
of [5], showing a good agreement. Indeed, the optimum configuration is correctly predicted
and the computed heat fluxes fall inside the error bars of the experimental measurements.
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Figure 9. Global heat flux as a function of the hydrophobic width LD and of the substrate sub-
cooling ∆T at a fixed hydrophilic width LF = 0.45 mm: numerical results (continuous line) versus
experimental evidences of [5] (markers). Water, Ts = 100 ◦C, θ = 120◦, δc/λc = 3.39 × 10−7 m2 K/W.

The combined effect of changing both LD and LF was also investigated. If the flooding
phenomenon was not considered, we would find that the best configuration is always
given by tiny hydrophilic stripes with LF∼0. In order to define a threshold for LF, the
critical hydrophilic width was introduced as the width LF of a stripes of length H = 2 R,
that has to drain the critical flooding flow rate ṁcr, defined by Equation (25). If a smaller
hydrophilic width was considered, it would be observed a sudden degradation of the
hybrid surface heat transfer performances due to the flooding occurrence, with the liquid
film in the hydrophilic region overrunning the hydrophilic–hydrophobic boundary. Thus,
configurations with LF lower than the flooding threshold are discarded. The implemented
optimization algorithm is as follows:

• For a given substrate subcooling, the DWC specific heat flux q′′D was computed via
Equation (5) as a function of the hydrophobic width LD;

• The migrating flow rate per unit length ṁ′
σ was derived via Equation (26) as a function

of LD and q′′D;
• The critical hydrophilic width LF was computed as a function of ṁ′

σ, which in turn
depends on the investigated value of LD;

• Once LF had been traced as a function of LD, the FWC specific heat flux q′′F was
computed via Equation (29) and combined with q′′D in order to estimate the global heat
flux of the hybrid surface;

• The best configuration for a given substrate subcooling was identified as the one
corresponding to the maximum global heat flux.

Figure 10a shows the numerical results, obtained from the optimization of the hybrid
geometry: the best configuration, which corresponds to the maximum specific heat flux q′′,
is identified at different substrate subcoolings by a dashed line. The hydrophilic width, com-
puted imposing the flooding threshold, is traced as a function of LD in
Figure 10b: as expected, higher LF are required if the substrate subcooling increases,
since both the migrating flow rate ṁ′

σ and the condensate flow rate ṁc, which concur to de-
fine the threshold value ṁcr, increase with ∆T. It can be observed that when the combined
optimization of LF and LD is performed, the heat transfer can be further enhanced of about
the 30%, if compared to the optimal configuration found in [5], and that the optimal value
of the hydrophobic width depends on the substrate subcooling. In particular, LD increases
with ∆T and converges to LD ≃ 0.3 mm for a sufficiently high subcooling. On the other
hand, values of the critical hydrophilic width always lower that 0.3 mm are observed in the
investigated range of ∆T. It was not possible to compare the computed flooding threshold
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with experimental data. However, the critical width LF, computed as a function of LD and
∆T, are always lower than the corresponding hydrophilic width investigated in [5] at the
same LD and ∆T, where the occurrence of flooding was not reported. Comparing Figure 10a
with Figure 7 proves that, if the hybrid surface geometry is properly designed, the heat flux
of the standard hydrophobic surface can be augmented of the 28% for ∆T = 7 ◦C and up to
45% for ∆T = 2 ◦C.
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Figure 10. Specific heat flux of the hybrid surface as a function of the hydrophobic width LD and of the
imposed substrate subcooling ∆T (a). Corresponding critical hydrophilic width LF as a function of LD

and ∆T (b). Dashed curves represent the observed optimal configuration, which gives the maximum
heat flux for a given substrate subcooling. Water, Ts = 100◦, θ = 120◦, δc/λc = 3.39 × 10−7 m2 K/W.

4. Conclusions

An improved model was presented for steam condensation over a hybrid hydrophobic–
hydrophilic surface. Compared to the existing probability-based model [19,20], an updated
correlation for the small size distribution, derived assuming that the sweeping time de-
pends on the drop size [21,22], was used. The updated film theory models the liquid
layer as a rivulet and includes both the mass exchange through hydrophobic–hydrophilic
boundary and the flooding occurrence, while a film of uniform thickness was assumed
to cover the hydrophilic region in the analysis of [24]. In particular, the implementation
of the flooding threshold provides a criterion to discard configurations that would be
retained by a standard modelization of the liquid film. The numerical model and its
physical consistency were validated with the experimental data in [5]: the experimental
heat flux was successfully predicted by the combined dropwise–filmwise condensation
model over a wide range of cases; the imposed thermal conductivity of the SAM coating
(treated as a model parameter since it was not provided in [5]), is consistent with the
available data [26] as well as the predicted nucleation density, which falls in the typical
range. Then, the geometry optimization of a circular test section composed of alternate
hydrophobic–hydrophilic vertical stripes was conducted. The implementation of effects
such as the flow rate exchanged at the hydrophobic–hydrophilic boundary and the flooding
threshold allowed to investigate the combined effect of changing both the hydrophobic
width and the hydrophilic. It was concluded that, compared to the optimal configuration
experimentally found in [5], the exchanged heat flux can be further improved by about 30%
over the whole range of the investigated subcooling.

Thus, it was demonstrated that probability-based models for DWC combined with
the film theory represent a powerful tool, coupled to the experimental campaigns, for the
design of hybrid hydrophobic–hydrophilic surfaces and, compared to individual-based
models, which go into the details of the condensation process and provide the statistical
information required for a simplified modelization, have the advantage of reducing com-
putational costs. Indeed, the present modelization is intrinsically characterized by low
computational costs, similar to the one of a standard probability-based model, while an



Energies 2024, 17, 2742 15 of 17

individual-based modelization would not allow to investigate a large number of config-
urations, since it traces the evolution of the whole population, composed by millions of
droplets. In perspective, such an approach represents a fast and reliable method to obtain
preliminary but still accurate indications before eventually testing new hybrid geometries
via dedicated experiments.

Another possible application may be the characterization of hydrophobic surfaces in
terms of the density of the nucleating sites via the PBMs. The effect of the coating thickness,
which is considered in the present model, was included in [19,20] via the implementation of
the modified Rose correlation, while the effect of the surface topography, not considered in
the PBMs, was modeled in [27], introducing the fractal dimension of the surface. The film
model may be also refined, eventually including the liquid inertia, in order to investigate
complex configurations such as the V-shaped channel design in [10]. Further improvements
may involve the implementation of the nano-structured superhydrophobic surfaces: a
dedicated modelization of the coating layer behavior, such as the one of [8], is required
to provide the actual liquid–solid contact angle as a function of the wetting (Cassie or
Wenzel) state; an updated correlation for the droplet size distribution, to be obtained via
large IBM simulations, is required to account for the additional mechanism given by the
coalescence-induced droplet jumping, which adds to the gravity-driven motion and further
enhances the surface renewal [6].
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Glossary
The following abbreviations are used in this manuscript:

Abbreviations
PBM Probability-based model
IBM Individual-based model
DWC Dropwise condensation
FWC Filmwise condensation
SAM Self-assembled monolayer
Nomenclature
Greek symbols
δ rivulet thickness (m)
δc coating thickness (m)
Ψ availability (J)
θ static contact angle (rad)
λ thermal conductivity

(
W m−1K−1)

µ dynamic viscosity (Pa · s)
ρ density

(
kg m−3)

ρn nucleation density
(
m−2)

σlv surface tension
(
N m−1)

τ sweeping time (s)
Other symbols
g gravity acceleration

(
m s−2)

G droplet growth rate
(
m s−1)

hlv latent heat of vaporization
(
J kg−1)
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lc capillary length (m)
LD hydrophobic width (m)
LF hydrophilic width (m)
ṁ liquid mass flow rate

(
kg s−1)

nr small drop size distribution
(
m−3)

Nr large drop size distribution
(
m−3)

q heat flux (W)
q′′ specific heat flux

(
W m−2)

r droplet radius (m)
r0 critical nucleation radius (m)
rmax departure radius (m)
Rg specific gas constant

(
J kg−1K−1)

t time (s)
Ts saturation temperature (◦C)
Tw solid wall temperature (◦C)
y downhill coordinate (m)
Subscripts
D dropwise
e coalescence
F filmwise
n nucleation
l liquid
v vapor
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