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INTRODUCTION

ABSTRACT

Heat transfer models for condensation on hydrophobic and superhydrophobic interfaces are
broadly available based on thermal resistance correlations. In the previous studies, very few
models are presented based on the scaling factor or Nusselt number, and no model is available
that directly correlates Biot number. This study develops a heat transfer model for dropwise
condensation underneath a horizontal surface. The present model correlates with the Biot
number to predict the heat transfer, temperature variation at the interfaces, solid-liquid, and
liquid-vapor, and the growth rate of droplet condensate on the hydrophobic and superhydro-
phobic interfaces by using Archimedes’ hat-box theorem. The present model is validated with
analytical and experimental results against hydrophobic and superhydrophobic contact angles
of similar working parameters made excellent agreements. The analytical model for dropwise
condensation produces inaccurate results due to discrepancies and discontinuities due to mul-
tiple correlations in the modeling. The present model is modified to obtain a continuous result
using experimental data. The modified model is used for analyzing heat transfer by varying
Biot numbers from 0.0001 to 1000 using Python 3.6.1 with an accuracy of 10*. Simulation of
the present model results in constant heat transfer at Bi = 4, irrespective of the contact angle. A
negligible amount of coating resistance and interface resistance when Bi > 0.1, curvature effect
when Bi > 0.04, droplet resistance when Bi < 0.02, the maximum liquid-vapor interface tem-
perature at Bi = 10, and maximum solid-liquid interface temperature at Bi =~ 5, are presented.

Cite this article as: Yuvaraj R, Senthilkumar D. Heat transfer model for dropwise condensa-
tion on hydrophobic and superhydrophobic interfaces. ] Ther Eng 2023;9(5):1245-1259.

non-wetting surfaces offers dropwise condensation due
to low surface energy. The focus on dropwise condensa-

Condensation is a phase change mechanism widely
used in many applications such as power generation [1-3],
desalination [4], electronic thermal management [5], heat
exchangers [6], building energy management [7-8], refrig-
eration, and air conditioning system [9]. Condensation on
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tion has increased widely since its discovery in 1930 [10].
This mechanism yields heat transfer rates up to an order of
magnitude higher than filmwise condensation [11-12]. The
low surface energy of a substrate offers increases in contact
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angle (0) from hydrophilic (6 < 90°) to hydrophobic (6 >
90°) surfaces. Several works have since fabricated superhy-
drophobic (6 = 150°) 6 = 150° surfaces to achieve a vari-
ety of applications, including self-cleaning, defrosting, and
condensation heat transfer enhancement. The initial drop-
let size of a diameter < 1 ym condensate on the dropwise
condensation process at discrete nucleation sites distrib-
uted over a cooled surface [13]. The minimum thermody-
namically viable radius (7,,;,) [14] of the condensed droplet
grows due to condensation and coalescence with neighbor-
ing droplets until they become large enough (r,,,,) to be
removed by gravity. The Rolling and merging of large drop-
lets grow up to the maximum diameter and depart from
the surface. This allows new primary droplets of radius r,,,,,
to form and grow from nucleation sites to the maximum
radius r,,,,,.

In dropwise condensation, heat from the vapor trans-
fers through the liquid-vapor interface and then transfers
through the droplet by conduction to the cooled wall.
Though many experimental studies [15-31] and numerical
studies [32-35] of dropwise condensation on hydrophobic
and superhydrophobic surfaces have been conducted in the
past decades, accurate modeling of the heat transfer process
has lagged. Kim and Kim proposed an analytical model to
predict the heat transfer rate (Qd) through a single droplet
by considering heat drop due to interfacial resistance (AT;),
curvature resistance (AT;), droplet resistance (AT,,), and
the coating resistance (AT,,,,) [36]. Chavan et al. proposed
an individual heat transfer model with the Nusselt number
Nu defined as the ratio of convective resistance to conduc-
tive resistance and the Biot number Bi defined as the ratio
of internal resistance to surface resistance.

Adhikari et al. presented the average heat flux through
the base of the droplet as [35] with the scaling factor f (Bi,
6)is a function of Biot number Bi and contact angle 0, for
the conduction contribution to the overall thermal resis-
tance. Most of the previous studies’ assumed f = 0 for an
infinitely conductive droplet [14,39]. Several studies have
been performed to determine the formulae for f (Bi, 0).
Sadhal and Martin proposed a model to find the scaling
factor for contact angle (6 < 90°) [41]. Yuvaraj et al. [42]
reported dropwise condensation on the superhydrophobic
surface with regular complete sphere-like droplets, increas-
ing the contact surface area between the vapor and the plate
surface. There is no room for the formation of films on the
superhydrophobic surface. Instead, the water particles are
formed as droplets, resulting decrease in resistance to the
flow of heat and the fall-off diameter of the droplet from the
superhydrophobic surface. This causes an increase in the
heat transfer coefficient of dropwise condensation and the
rate of condensation. Chavan et al. have reported numer-
ical and experimental results for hydrophobic surfaces (0
> 90°) along with three different correlations to predict f
(Bi, 0) [21]. Generally, this model would provide disconti-
nuity in the simulation for dropwise condensation analyses.
Accurate modeling of the continuous heat transfer process

from nano-size to the macro size of the condensate droplet
on hydrophobic and superhydrophobic interfaces is cur-
rently unavailable.

In the present study, a simple heat transfer model for
dropwise condensation in terms of Biot number is devel-
oped to provide continuous results for heat transfer, tem-
perature variation at the interfaces, and the growth rate
of droplet condensate on the hydrophobic and superhy-
drophobic interfaces by using Archimedes’ hat-box theo-
rem. The present model is validated with analytical results
obtained using the Kim and Kim model [36] and experi-
mental results given by Chavan et al. [21] of similar work-
ing parameters made excellent agreements. The continuous
results from the nano to the macro level are obtained from
the present model and compared with the experimental
data presented by Chavan et al. [21]. The modified model is
used for analyzing heat transfer, heat flux, the growth rate
of the droplet, and heat drops due to various thermal resis-
tances and interface temperatures by varying Biot numbers
Bi =0.001 - 1000 using Python 3.6.1 with an accuracy of
10*. Python is an open-source high-level computer lan-
guage and very simple compared to other high-level lan-
guages. The present dropwise condensation heat transfer
model is developed and executed by creating code using
Python version 3.6.1. Python contains many libraries,
including NumPy, MatPlotLib, Xlsxwriter, etc., for solving
linear algebraic equations, plotting the results, and storing
the data. Python 3.6.1 version also supports the plotting of
contours and heat maps.

MODELING APPROACH

The analytical heat transfer model presented by Kim
and Kim is given as [36]

Qu
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where F; is the interfacial heat transfer coefficient, r is
the radius of the droplet, 8 is the contact angle, k is the ther-
mal conductivity of the water droplet, § is promoter coating
layer thickness, k., is the thermal conductivity of the coat-
ing, and r,,,;, is the minimum thermodynamic viable radius
of the droplet. The heat transfer through a droplet also be
calculated from the enthalpy dissipated by the condensing
vapor [34]

dr
Qq = phpgmr? (1 — cos6)?(2 + cos) i (6)

where p is the density of water, hy, is the latent heat and

d—: is the growth rate of droplet condensate.
The interfacial heat transfer coefficient is determined by
using the kinetic theory [37-38].

2a 1 hf,

2 — & [27R, Tyg Vo Toar 7)

where « is the condensation coefficient, R, is the gas
constant, v, is the specific volume of vapor and T, is the
saturation temperature of the vapor. Condensation coeffi-
cient « is defined as the ratio of vapor molecules captured
by the liquid phase to the total number of vapor molecules
reaching the liquid surface (« = 0 > 1). In the present work,
a clean environment is assumed, and « is taken as 1.

Chavan et al. proposed an individual heat transfer
model as [21]

hi=

Aan2(1-ﬁ$ﬂ)
Qa chavan = ( 5 N r ) (8)
Keoqr Sin? 0~ Nu(Bi,0) k sinb

where Nu is the Nusselt number defined as the ratio of
convective resistance to conductive resistance, and Bi is the

Droplet

Figure 1. Droplet and its equivalent volume.

Biot number defined as the ratio of internal resistance to
surface resistance. Adhikari et al. presented the average heat
flux through the base of the droplet as [35]

AT

q= (f(B;‘(,H)r +2lhl) 9)

where, f (Bi, 0) is the scaling factor, a function of Biot
number Bi and contact angle 0, for the conduction contri-
bution to the overall thermal resistance. Most of the pre-
vious studies’ assumed f = 0 for an infinitely conductive
droplet [14,39]. For f = 0.25 as assumed by Graham and

Griffith [40], the conduction-front propagation velocity
(E =1.6x 10‘4) m/s is greater than the growth velocity

"
(% =6x1077 )m/s. Several studies have been performed
to determine the formulae for f (Bi, 6).

Figure 1 shows the water droplet underneath a flat sur-
face of radius r, contact radius r,, droplet height 4, contact
angle 0 with negligible hysteresis, equivalent height H,
the volume of the droplet V, and its equivalent volume V,
is obtained from Archimedes hat-box theorem [43]. By
equating V =V, the relation between /1 and H can be writ-
ten as

2h

" 3sin2 6 (10)

Rose and Glicksman reported that most heat is trans-
ferred through tiny droplets of constant condensation rate
with time [46]. Droplet diameter d < 150 ym transfer 90%
of total heat for low-pressure condensation, which occupies
35% of surface area, and d < 40 um transfer 90% of heat
at atmospheric pressure with 23% of the surface area [40].
Droplets in this size range are sufficiently small such that
Marangoni circulation and other convection effects can
be neglected [45-46]. Hence, conduction is the primary

Promoter coating
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mode of heat transfer in dropwise condensation. As drop-
lets grow, the internal temperature distribution varies, and
conduction-front propagation velocity is much greater than
the droplet growth rate. Therefore, the heat transfer process
can be modeled as quasi-steady, and the in-droplet conden-
sation heat transfer process reduces to conduction in a solid
medium [35]. With this assumption, the conductive resis-
tance of the droplet can be rewritten as

o QaH
aror = mgr2j (11)
The Biot number Bi and the Nusselt number Nu are

defined in terms of contact radius r, as

_ hirc
Tk (12)

Bi

Qq

Nu=———
kTC (Tsat - Ts)

(13)

After substituting and rearranging the eq (10) and eq
(11) in eq (5), the heat transfer model in terms of Biot num-
ber can be expressed as

T

¢ Bi2AT (1 - %)

Qu =

. 2 .
(a + bBi + cosf + §Bl(1 - cos@)) (14)

where ¢ = 67k?/h; is the condensation coefficient, a
is the empirical value and b = Bi_,,/B; is the Biot num-
ber ratio between a coating to the droplet. The following
parameters are assumed as similar to the previous works
[34-36], interface heat transfer coefficient h; = 400 MW/
m? K, the thermal conductivity of the water droplet k =
0.6 W/mK, the thermal conductivity of the coating layer
k.=0.2 W/mK, coating thickness § = 1 ym, the minimum
radius 7,,;, = 10 nm, Subcooling temperature AT = 10 K,
the density of the liquid p = 998 kg/m?, latent heat of con-
densation hfg = 2.3 MJ/kg, and the saturation temperature
T, =373.15K.

The Biot number for coating is obtained as Bi,,,, = 2
from the parameters mentioned above. The value of a is
obtained from the experimental values given by Chavan et
al. After substituting the values of a and b in eq (14) further,
the equation reduced to

_ cpitar(1-Tmn)
Ga= (13 + cosf + %Bi(l - cose))

(15)

Eq (15) is the modified heat transfer model used in the
present work without noncondensable gases during con-
densation. The present model can simulate heat transfer

through the droplet, predict interface temperatures, heat
drop due to various resistances, and growth rate of conden-
sate on hydrophobic and superhydrophobic interfaces for
varying Biot numbers (Bi = 0.0001 > 1000).

dr _ Qa
dt  phegr? (1 —cos6)? (2 + cos)

(16)

Eq (16) is used to find the growth rate of condensate on
hydrophobic and superhydrophobic interfaces for varying
Biot numbers (Bi =0.0001 -> 1000 [34].

RESULTS AND DISCUSSION

Validation of the Present Model with Analytical Model
[36] and Numerical Model [21]
The present model is validated by an analytical model

proposed by Kim and Kim [36] and a numerical model pre-

sented by Chavan et al. [21] for the growth rate (%) of the

droplet as a function of the radius (r) of the droplet given in
eq (16). The analytical model produces continuous results
for different contact angles (6 = 90°, 120°, 150° & 170°) as
shown in Figure 2. Whereas, in the numerical model, the
discontinuities are noted in Figure 2. due to three different
correlations, i) Bi < 0.5 ii) 0.5 < Bi < 2, and iii) Bi > 2, for
predicting the Nu are used by Chavan et al. [21]

Chavan et al. [21] compared the experimental growth
of the droplet with numerical results and Kim’s analytical
results and reported analytical model underestimates the
growth rate due to the lack of taking into account local heat
transfer effects at the three-phase contact line. Also, it was
observed in the experiments that the large droplet diameters

100 4

- Kim
--=-- Chavan
—— Present work

Growth rate (dr/dt) mm/s

103 102 10! 10°

Radius (r) mm

105 104

Figure 2. Validation of the present model with Kim’s ana-
lytical model [36] and Chavan’s numerical model [21] re-
garding growth rate.
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growing on the superhydrophobic surface lower the growth
rates due to added conduction thermal resistance and low
droplet diameters growing faster due to interfacial thermal
resistance dominated growth [21].

When the contact angle 8 = 90°, the present model devi-
ates from the numerical model at a radius of the droplet r=
50 um and it produces an identical result at r= 1 mm. The
present model made good agreements with the numerical
results when the contact angle increases from 6 = 90° to
0 = 170° as shown in Figure 2. Hence, the present model
is best suitable for dropwise condensation on hydrophobic
and superhydrophobic interfaces.

Validation of the Present Model with the Experimental
works [21,24]

The present model is also validated by experimental
results obtained by Chavan et al. [21] and Enright et al.
[24] for the radius of the droplet r as a function of time
t. The experimental results are shown in Figures 3 (a) and

22
-~ Kim - Analytical
® Chavan - Experimental
— Present work

Diameter (D) um
e~~~
(o] (=] N B~ (=] [es] o

0 25 50 75

Diameter (D) um

(b) obtained by Chavan et al. for the subcooling tempera-
ture AT, o imentar = 5°C and corresponding contact angles 6
= 140° and 0 = 170° respectively. In the present work, the
AT, ... =0.0545°C for 0 = 140°and AT, . =0.092°C
for 6 = 170° are taken by mapping the experimental results
and made an excellent agreement for the case 6 = 140° and
good agreement made for the 6 = 170°. The difference
between the present model and the experiments can be rec-
ognized as the presence of noncondensable gases (NCG).
Rose reported that the condensation of water vapor in the
presence of NGCs (air) acts as a diffusion barrier for water
vapor [15].

The present model is also validated by another exper-
imental result obtained by Enright et al. [24] best fits with
AT, merical = 0.064°C as shown in Figure 3 (c). To obtain the
complete simulation of the present model by varying con-
tact angles from 0 = 90° > 180°, the AT, ... = 0.0545°C is
used due to its best fit with experimental results.

16 . ‘
- Kim - Analytical
e Chavan - Experimental

14 1 —— Present work
121
10

8 4

6 4

25 50 75

100 125 150 175 100 125 150 175
Time (t) s Time (t) s
(a) (b)
161 : :
- Kim - Analytical
141 e Enright - Experimental .
.
—— Present work ° -

£ 121 g
3
a 10+
g o
o]
E 9
0
o 4

2,

Q 50 100 150 200 250
Time (t) s
(c)

Figure 3. Validation of present work with Kim’s analytical [36] and Chavan’s experimental work [21] for (a) contact angle 6 = 140°,
(b) contact angle 0 = 170° and Enright’s experimental work [24] for (c) contact angle 6 = 120°.
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Simulation of Heat Transfer Through a Single Droplet
In the present work, the heat transfer, heat drop, inter-
face temperature variation, and growth rates are analyzed
by simulating the eq (14) for different values of Biot num-
ber and contact angles. Since the Biot number is a function
of the contact angle and radius of the droplet, Bi = f(6,r)
the variation of droplet radius is shown in Figure 4. The
droplet radius measures the macro scale for the Biot num-
bers in the range of 10 > Bi > 1000, microscale for the Biot
numbers in the range of 0.01 > Bi > 1, and nanoscale for
the Biot numbers 0.00001 > Bi > 0.001. Since the minimum

thermodynamically viable radius r,,, = 10 nm size, the

min
range of Biot numbers in the present work is chosen from
Bi =0.0001 > 1000. Because of the spherical nature of the
droplet, the radius of the droplet varies in a similar pattern
against the contact angles 6 = 90° to 8 ~ 180° for different

Biot numbers, as shown in Figure 4.

1011 — Bi=0.001
—— Bi=0.01

S — Bi=0.1
_— —— Bi=1
= 10734 — giz10 J
v —— Bi=100
= Bi=1000 /
el
© 1051 J
)
2 //
2 7
© 10
a /

120 140 160 180

Contact angle (8) degree

100

Figure 4. Variation of droplet radius with contact angle for
different Biot numbers (Bi = 0.001 > 1000).

10774

10—8_

10—9_

10*10 J

10—11 4

Heat transfer rate (Qg) W

10—12 J

100 120 140 160
Contact angle (8) degree
(a)

The heat transfer through a single droplet Q, is shown
in Figure 5 for different Biot numbers Bi = 0.01 > 1 in
Figure (a) and Bi =4 - 1000 in Figure 5 (b). The thermo-
dynamically viable radius of a droplet can be expressed in
the form as

. 2Tsqe0
" hyg p AT (17)

Where o is the surface tension of the water, in the lit-
erature, the subcooling temperature has been taken in the
range AT = 1K - 10K. The subcooling temperature AT =
10K and the corresponding minimum viable radius of the
droplet r,,, = 10 nm are used to solve the present model
[21,34,36]. In the present work, the numerical subcooling
temperature is taken as AT,,,,,,..,..a = 0.0545 K for the best fit
of experimental data and the respective viable radius r,,;, =
400 nm is used for simulation. The curvature effect 1 — ™22
is used in eq (14) becomes negative when the radius of the
droplet r is smaller than the r,;, value i.e. 400 nm. From this
point forward, whatever the values are in the negative sign
means that r<r,,,.

The heat transfer through a single droplet Q, is plotted as
a function of contact angles varying from 6 = 90° > 180° as
shown in Figure 5. When the Bi < 0.3, the heat transfer through
the droplet is very small due to high interface resistance and
curvature resistance. The heat transfer rate increases with an
increase in contact angle for Bi > 0.3 as shown in Figure 5 (a).
Further, with an increase in Biot number towards Bi = 1 the
variation of heat transfer follows linearly and approaches a
constant line when Bi = 4 as shown in Figure 5 (b). The heat
transfer remains constant for all the values of contact angles
in both hydrophobic and superhydrophobic sides at Bi = 4.
The heat transfer rate decreases with an increase in contact
angle when the Biot number is increased from Bi =4 - 1000
as shown in Figure 5 (b). It is essential to study the variations
in the region of Bi < 0.3, to 1000.

_ — Bi=4

> 10734 \_—klo

— —— Bi=20

ke —— Bi=50

g —— Bi=100
Bi=300

F I N — B-1000

© —_

= -

Q

210"

©

| -

+—

—

©

£ 106

100 120 140 160 180
Contact angle (6) degree
(b)

Figure 5. Heat transfer rate for different contact angles (a) Bi =0.01 > 1 and (b) Bi =4 - 1000.
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Figure 6. Heat transfer contours for different contact angles (a) Bi = 0.001 > 1, (b) Bi =1 - 1000, (c) Bi =0.01>1,(d)

Bi =0.1>0.3,(e) Bi =1>4,and (f) Bi =4 10.

The heat transfer variations from Bi = 0.001 > 1000
are predicted by using the modified model eq (14), and
contours are plotted as shown in Figure 6 (a-b). The max-
imum heat transfer rate in the superhydrophobic region
for lower Biot numbers shown in Figure 6 (a) is shifted
to the hydrophobic region for higher Biot numbers as
shown in Figure 6 (b). Figure 6 (c-f) shows the higher

heat transfer shifting behavior for different ranges of Biot
numbers Bi =0.01 >0.1,Bi =0.1>0.3,Bi =14, and Bi
=4 > 10 respectively. The cold spot (lower heat transfer
rate) in the hydrophobic region and the hot spot (higher
heat transfer rate) in the superhydrophobic region for
Bi =0.01 > 0.1 are shown in Figure 6 (c). The cold spot
propagates hydrophobic to the superhydrophobic region,
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Figure 7. Heat flux with different contact angles for (a) Bi = 0.01 - 1 and (b) Bi =1 - 1000.

and Bi = 0.1 > 0.3 both regions become cold spots, as
shown in Figure 6 (d). An important finding is observed
in Figure 6 (e) that the hot spot is almost the same for
all contact angles at Bi = 4. In Figure 6 (f), the hot spot
is shifted from the superhydrophobic to the hydrophobic
region at Bi = 10 and the heat transfer rate decreases as
the contact angle increases.

The heat flux g, is the ratio between the heat trans-
fer rate of a single droplet Q; and the contact area of the
droplet between the solid and liquid interface. Figure 7 (a)
shows the heat flux varies nearly similar to the heat transfer
rate up to Bi = 4. In Figure 7 (b), the heat flux is constant
throughout the hydrophobic and superhydrophobic region
at Bi =4, and afterward, increase in Biot number decreases
the heat flux due to the high conductive resistance offered
by the solid-liquid interface area. When the Bi > 4, the heat
flux decreases for increases in contact angle.

10—2_
A4
— 10—3,
£
[
)
—4 |
3 1077 giom
_E —— Bi=0.1
o — Bi=0.2
3 1075y — Bi=0.27
T —— Bi=0.3
—— Bi=0.4
| — Bi=1
10794 : . ‘ ‘ |
100 120 140 160 180
Contact angle (0) degree
(a)

The heat drop due to various resistances, interface resis-
tance AT}, curvature resistance AT,,,, droplet resistance
ATp,,, and coating resistance AT, are analyzed and
shown in Figures 8-11 for different Biot numbers. In the
condensation process, the first and foremost resistance is
interfacial resistance.

Eq (1) is used to predict the heat drop due to interfacial
resistance for Bi = 0.01 > 1 as shown in Figure 8 (a), the
maximum heat drop is attained at Bi =1, and for Bi =1~
1000 as shown in Figure 8 (b), the heat drop decreases when
the Biot number increases. For all the Biot numbers, when Bi
> 0.3, minimum heat drop in the superhydrophobic region
is occurred due to the large interface area offered by the
superhydrophobic surface. When the contact angle exceeds
170°, Figures 8 (a) and (b) show a sudden heat drop. The
increase in the contact angle decreases the heat drop due to
the greater interfacial resistance offered by the liquid-vapor

10—2,

\¢ 10—3,

=
o
A

Heat drop (ATjn:)
=
o

10754 _
— Bi=1
_;] — Bi=10
10773 ___ gic100
—— Bi=1000
_8 i : ; . .
100 120 140 160 180

Contact angle (8) degree
(b)

Figure 8. Heat drop due to interfacial resistance between droplet and vapor with contact angles (6 = 90° > 179°) for differ-

ent Biot numbers (a) Bi =0.01 > 1 and (b) Bi =1 - 1000.
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Figure 9. Heat drop due to curvature effect with contact
angles (0 = 90° > 179°) for different Biot numbers (Bi =
0.0001 - 1000).

interface. For a lower Biot number, the liquid-vapor surface
area approaches zero, resulting in heat drop due to interfacial
resistance, as shown in Figure 8 (a). The maximum heat drop
of AT}, =0.008 K is obtained for Bi = 1 and 6 = 90°, which is
15% of the total heat drop AT}, = 0.0545 K.

The heat drop due to curvature resistance AT,,, is pre-
dicted using the eq (2) for different Biot numbers shown in
Figure 9. The curvature resistance only depends on the drop-
let’s radius, and the variation shows an identical pattern for
all the Biot numbers. The maximum heat drop in Figure 9 is
noted for the lowest Biot number Bi = 0.0001 and decreases
with an increase in Biot numbers. For larger values of Biot
numbers, the curvature effect can be neglected. The curva-
ture resistance decreases for increases in contact angles, and
the maximum heat drop for the Bi =1 is obtained as AT,
=0.02, which is 37% of the total heat drop.
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Figure 10. Heat drop due to conductive resistance inside
the droplet with contact angles (6 = 90° > 179°) for different
Biot numbers (Bi =0.01 > 1000).

Eq (11) is the modified heat drop AT}, due to drop-
let resistance and predicts the heat drops for different
Biot numbers, as shown in Figure 10. The conductive
resistance offered by the droplet is the primary source of
heat drop for Bi > 0.1. The heat drop due to conductive
resistance increases with an increase in contact angles for
the Biot numbers Bi = 0.1 > 10 and closely follows linear
variation.

When the Biot number is greater than 100, the heat drop
decreases in the hydrophobic region from contact angle 0 =
90° > 140° and increases in the superhydrophobic region.
The maximum heat drop occurs at a contact angle 6 =~ 180°
for Bi =1is ATy, =0.02 Kand at 0 = 90° AT}, = 0.005 K
which is 9% of the total heat drop.

The coating resistance is predicted by using Eq (4) for
different Biot numbers shown in Figures 11 (a) and (b). The
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Figure 11. Heat drop due to coating resistance with contact angles (0 = 90° > 179°) for different Biot numbers (a) Bi =

0.01 > 1 and (b) Bi =1 - 1000.
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Figure 12. Total heat drop through the droplet with contact
angles (0 = 90° > 179°) for different Biot numbers (Bi =
0.001 > 1000).

coating thickness § = 1 pm is assumed to predict heat drop
due to the coating resistance AT, Figure 11 (a) shows
the heat drop variation for Bi =0.01 > 1 with an increase in
contact angle increases in heat drop obtained. At Bi = 3, the
interpretation of heat drop closely follows constantly for all
the contact angles in the hydrophobic and superhydropho-
bic regions, as shown in Figure 11 (b). The contact area of
liquid and solid increases when the radius of the droplets
increases from micro size to macro size. Since the droplet
radius is under micron size for Biot number Bi = 1, the
heat drop due to coating resistance decreases when the Biot
number increases greater than one. Further increase in Biot
number offers a decrease in heat drop due to coating resis-
tance. When Bi > 3, the heat drop decrease with an increase
in contact angles.

The total heat drop is shown in Figure 12 for the Biot
numbers varies from Bi = 0.001 > 1000. The total heat
drop ATy, decreases with an increase in contact angle
when the Bi < 1. There is no variation in the total heat
drop for Bi =1, and it remains constant for all the contact
angles in both the hydrophobic and superhydrophobic
regions. The inner resistance to the surface resistances of
the droplet is the same at Biot number Bi = 1. The heat
drop increases when the contact angle increases for the Bi
> 1. For more significant value Biot numbers, superhydro-
phobic regions offer higher total heat drops, as shown in
Figure 12.

The Nusselt number, the ratio of conductive resistance
to convective resistance, and variation for different Biot
numbers are shown in Figure 13. The superhydrophobic
interface gives a more prominent value Nusselt number
compared with the hydrophobic interface up to Bi =~ 5 with
a minimal magnitude due to low conductive resistances
than convection. Whereas Biot number Bi > 5, the shift
has occurred, and the hydrophobic interface offers a more

Biot number (Bi)

Figure 13. Variation of Nusselt number as a function of
Biot number (Bi =0.01 > 1000) for different contact angles
(0=90° > 170°).
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Figure 14. Growth rate variation with Biot number (Bi =
0.0001 > 1000) for different contact angles 6 = 90°, 120°,
150° & 170°.

considerable value of Nusslet number than the superhydro-
phobic interface due to higher conductive resistance than
the convection.

The growth rate dr/dt as a function of Biot number
Bi =0.0001 > 1000 for different contact angles is shown
in Figure 14. For all contact angles, the growth rate
remains constant for a specific range of Biot numbers.
The content of growth rate increase for superhydropho-
bic interfaces with lower magnitude and higher growth
rate with a comparatively short degree for hydrophobic
interfaces are shown in Figure 14 with an accuracy of
10
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Comparison of Hydrophobic and Superhydrophobic
Heat Transfer

In the previous section, the simulation of heat trans-
fer is predicted by using the present modified heat trans-
fer model given by eq (14) which correlates Biot number
and contact angle. For complete simulation for the range
of contact angle 6 = 90° > 180° and Biot numbers Bi =
0.0001 - 1000, the numerical subcooling temperature
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was taken as AT, ....q = 0.0545. The present modified
model validated with the experimental work, as shown in
Figure 3 (a) and (b) are directly used to compare the heat
transfer for the contact angles 6 = 140° and 6 = 170°. The
numerical subcooling temperature for the contact angle
6 = 170° is taken as AT, icqy = 0.092 for the best fit, as
shown in Figure 3 (b). The crucial findings are noted for

different resistances, and Nusselt number variations are
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Figure 15. Comparison of hydrophobic (6 = 140°) and superhydrophobic 6 = 170°) heat transfer for different Biot num-
bers (Bi =0.0001 > 1000) (a) interfacial heat drop (b) curvature heat drop, (c) droplet heat drop, (d) coating heat drop, (e)

total heat drop and (f) Nusselt number.
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shown in Figure 15 (a-f). The interfacial resistance affects
the heat drop intensively when the Biot number Bi < 0.1
due to low conductive resistance and remains constant for
both contact angles, as shown in Figure 15 (a). The cur-
vature effect is significant for the Biot number Bi < 0.04
and remains constant, as shown in Figure 15 (b). The vital
finding observed in Figure 15 (c) is that a massive heat
drop occurred in the range of Biot numbers Bi =1 > 100
due to higher heat transfer through the droplet by con-
duction. The heat drop due to conduction for the super-
hydrophobic interface is higher than for the hydrophobic
interface. When the Bi < 0.01, the heat transfer through
the droplet is negligible, and most of the heat drop is car-
ried by the curvature effect and interface resistance. The
coating resistance is also significant for the Boit number
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Bi < 0.05, as shown in Figure 15 (d). For Biot number in
the range Bi = 0.01 > 1, the total heat drop produces a
marginal difference, significant variation for Biot number
Bi < 0.01, and a moderate difference is noted for higher
Biot numbers as shown in Figure 15 (e). Figure 15 (f)
shows the variation of the Nusselt number as a function
of the Biot number in which the variation is shifted at Bi
~ 5, and the Nusselt number decreases for higher contact
angles.

The interface temperatures, liquid-vapor interface, and
solid-liquid are also predicted by using the Eqns (1, 2, 4,
11) for the contact angles 6 = 140° and 6 = 170°. The lig-
uid-vapor interface temperatures Tj, decreases immensely
for the Biot number Bi < 2 due to a large amount of heat
transfer through tiny droplets and remains unchanged for
the higher value of Biot numbers due to higher conductive
resistance offered by the droplets. The maximum interface
temperature Tj, is obtained at Biot number Bi > 2 for both
contact angles 6 = 140°and 0 = 170°. The solid-liquid inter-
face temperature T, exactly follows its variation up to Bi =
0.4 for 0 = 140° and Bi = 0.2 for 6 = 170°, as shown in Figure
16. The maximum interface temperature T, for the contact
angle, 0 = 140° and 0 = 170°are obtained at Bi = 0.5 and Bi =
0.4 respectively. The interface temperature T, decreases for
the higher values of Biot number.

Heat Transfer Rate Variation with Model Sensitivity

The present model sensitivity is observed by changing
the subcooling temperature AT and minimum viable radius
Tin- Figure 17 (a) and (b) show that the heat transfer rate
variation for different Biot numbers varies from Bi = 0.001
- 1000 by changing AT and r,,;,, by 5% and 10% respectively.
The present model is low sensitive for lower size droplets
of radius r < 10 ym and slightly higher sensitive for larger
droplets of radius r > 10 ym as shown in Figure 17 (a). At Bi
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Figure 17. Heat transfer rate variation with model sensitivity by changing AT & r,,;, by (a) 5% decrement and (b) 10%

decrement.
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=10, the hydrophobic interface produces a 4% reduced heat
transfer rate, and the superhydrophobic interface makes a
5% reduced heat transfer rate for a 5% decrement in the val-
ues of AT and r,,;,. At Bi = 1000, the maximum reduction
of 6% heat transfer obtained in the superhydrophobic inter-
face and hydrophobic interface provides a 5% reduction in
heat transfer. Whereas for a 10% decrement, the maximum
reduction in heat transfer of 11% is obtained from the supe-
rhydrophobic interface at Biot number Bi = 1000 as shown
in Figure 17 (b).

CONCLUSION

An unique heat transfer model for dropwise condensa-
tion on the hydrophobic and superhydrophobic interface
is developed by correlating the Biot number and contact
angle. The developed model is validated with analyti-
cal, numerical, and experimental work, offering excellent
agreement. The present heat transfer model is modified for
the best fit of observed values. The modified heat transfer
model is used to predict the heat transfer through the sin-
gle droplet, heat flux, heat drops due to various resistances
such as interfacial resistance, curvature resistance, droplet
resistance, coating resistance, the growth rate of the drop-
let, and interfacial temperatures for different Biot numbers
varies from Bi = 0.0001 - 1000 and different contact angles
in the range 0 = 90° > 180°. Besides, heat transfer contours
are plotted for other Biot numbers as a function of contact
angles. From the simulation of the present modified model,
the following are the findings for dropwise condensation on
hydrophobic and superhydrophobic interfaces,

« A continuous single correlation model predicts the heat
transfer for a vast range of Biot numbers Bi = 0.0001 >
1000

o For the best fit, the numerical value for subcooling tem-
perature is found as AT, 0.0545 K against the

numerical —
experimental value AT, =5K.

xperimental —

o At Bi =4, the heat transfer rate remains unchanged for
all the contact angles in the hydrophobic and superhy-
drophobic regions.

o A wide variation of the growth rate for all the Biot num-
bers in the range Bi = 0.0001 > 1000 is presented.

o The heat drop due to interfacial resistance reaches a
maximum value at Bi = 1.

o For Bi =1, the total heat drops are almost constant for
all the contact angles in the hydrophobic and superhy-
drophobic regions.

o The Nusselt number shift occurs at Bi = 5.

o Theinterfacial resistance and curvature effect, and coat-
ing resistance are significant for Bi < 0.01, and droplet
resistance is substantial for Bi > 0.05.

o Theliquid-vapor interface temperature reaches its max-
imum value at Bi = 5 and remains constant afterward.

o The solid-liquid interface temperature reaches a maxi-
mum at Bi = 0.4 > 0.5 and decreases afterward.
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NOMENCLATURE
Bi Biot number
Nu  Nusselt number
0 Contact angle, degree
r Droplet radius, m
i~ Minimum viable radius, m
Tmax ~Maximum radius, m
Q Heat transfer rate, W
AT  Temperature difference, K
h; Interface heat transfer coefficient, W/m?K
) Coating thickness, m
k Thermal conductivity, W/mK
P Density, kg/m?
h,  Latent heat, J/kg
dr/dt Growth rate, m/s
r, Contact radius, m
h Droplet height, m
Vv Volume, m?
H Effective height, m
a & b Empirical value
c Condensation coefficient
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