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Mathematical Modeling And Numerical
Simulation of Dropwise Condensation on
an Inclined Circular Tube

Hamid Reza Talesh Bahrami’, Hamid Saffari’

ABSTRACT: Dropwise condensation can improve heat
transfer process and, consequently, leads to considerable
reduction in size and weight of condensers as well as
improvement in the dehumidification process in many
applications, especially in civil transport aircraft. It can
also be used as an efficient cooling tool for electronics and
electrical systems in aircraft engineering and aerospace
technology. In this paper, the stable dropwise condensation
on an inclined tube is mathematically analyzed. To do this,
the population of small droplets is estimated by population
balance theory while an empirical correlation is used for
large droplets. To calculate heat transfer across each
droplet, sum of temperature drops due to droplet curvature,
phase change at droplet-vapor interface, conduction through
the droplet and promoter layer, are equated with surface
subcooling. The total heat transfer is calculated with the
given droplets population and heat transfer through single
droplet. Subsequently, effects of various parameters,
including surface subcooling, contact angle and contact
angle hysteresis on the growth rate, maximum radius of
droplet, droplets population, and total heat transfer rate,
are investigated. Results show that growth rate and heat
flux of small droplets are much higher than those of the
larger ones; hence, surface with small droplets is preferred
for dropwise condensation purposes. Droplets with low
contact angle and contact angle hysteresis have higher heat
transfer rates. Increasing the inclination of tube improves
heat transfer process to such an extent that vertical tubes
have higher heat transfer rate than the horizontal ones. This
fact indicates that vertical tubes must be used for designing
condensers with dropwise condensation, which is quite
the opposite for condensers designed based on filmwise
condensation.

KEYWORDS: Dropwise condensation, Mathematical
modeling, Air conditioning, Inclined tubes, Contact angle.

INTRODUCTION

Condensation is one of the most important regimes of
heat transfer, which plays a significant role in many industries
including aerospace engineering, power plants and refrigeration
as well as natural phenomena such as fog or rain formation.
Condensation process in industrial applications usually occurs on
surfaces, which appears as a liquid film (filmwise condensation),
droplets (dropwise condensation), or a combination of both.
In dropwise condensation on surfaces, small droplets appear on
nucleation sites and grow initially by direct condensation from
adjacent vapor. Next, when their size becomes notable so that
they can contact neighbor droplets, growing process proceeds by
coalescing. Large droplets leave the surface by gravity or other
shear forces and sweep other droplets in their way. In stable
condition, these processes occur repeatedly and a hierarchical
process is formed (Sikarwar et al. 2013). Dropwise condensation
plays 2 paradox roles in many industries. It shows a negative
effect on dew formation on airplane windshield (Fayazbakhsh
and Bahrami 2013) and vapor trail around airplanes (Goncalv-
ccedil et al. 2003; Yamamoto 2003), while it has a positive
role in air conditioning of civil transport aircraft. If dropwise
condensation is used in the condensers of air conditioning system
of an aircraft, it leads to considerable reduction in size and weight
of condensers besides improvement in the dehumidification
process (Leipertz and Froba 2008). Dropwise condensation can
also be used in the cooling of electronic systems of aerospace
industries (O’Callaghan and Babus’Haq 1990). In the following,
the positive role of dropwise condensation and enhancement

of heat transfer process are addressed.
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Previous studies have shown that dropwise condensation
has about one order of magnitude greater heat transfer
coefficient than filmwise condensation (Schmidt et al. 1930;
Rose 2002). Hence, many investigations have experimentally
or numerically conducted to the dropwise condensation
in recent years (Leipertz and Froba 2008; Kananeh et al.
2010; Sikarwar et al. 2012; Reis et al. 2016). As an example,
McNeil and Burnside (2000) experimentally investigated the
performance of both dropwise condensation and filmwise
condensation on small tube bundles. Their results show that
a durable dropwise condensation can significantly reduce
condensers size. Although experimental design of industrial
systems is the most reliable approach, it is very expensive
especially when many trial and error processes are required.
Thus, the development of numerical approaches, which can
be used as robust and inexpensive tools for primary or even
final design, is important. The earliest theoretical approach
for dropwise condensation is proposed by LeFevre and Rose
(1966). Consequently, many efforts have been made to improve
theoretical approaches (Glicksman and Hunt 1972; Wen and
Jer 1976; Maa 1978; Abu-Orabi 1998; Wu et al. 2001; Sun
et al. 2007). Sikarwar et al. (2011) conducted an experimental
study on the dropwise condensation underneath chemically
textured surfaces, while they numerically simulated the
same conditions. Battoo ef al. (2010) presented a numerical
simulation for dropwise condensation on inclined surfaces.
They investigated the effects of various parameters including
contact angle, inclination, contact angle hysteresis, and
saturation temperature on dropwise condensation. Wu et al.
(2001) conducted a numerical simulation on the dropwise
condensation on various substrates to discover effects
of surface conductivity. They showed that heat transfer of
dropwise condensation declines with increasing substrate
thermal conductivity. Enright et al. (2014) reviewed recent
experimental and theoretical studies on the dropwise
condensation on micro- and nano-structured surfaces.

The literature shows that very little theoretical studies
have been published on dropwise condensation on horizontal
or inclined tubes although many experimental ones have
been reported (Miljkovic and Wang 2013; Preston 2014).
Hosokawa et al. (1995) studied single droplets departure
heat transfer characteristics in dropwise condensation on
an inclined tube. They show that heat transfer coefficient
is maximal at inclination angle of 30°. Hu and Tang (2014)

presented a theoretical model for dropwise condensation on

a horizontal tube. They investigated the effects of various
parameters including subcooling temperature and contact
angle on both single droplet and overall heat transfer process.

Although numerous research studies have been published
on numerical simulation of filmwise condensation inside or
outside of tubes (Ji et al. 2009; Palen et al. 1979; Yun et al.
2016), there are very few studies reported in the literature
on total heat transfer behavior of dropwise condensation
on inclined tubes. According to much higher thermal
performance of dropwise condensation compared to filmwise
condensation and recent advances in achieving durable
dropwise condensation, it is necessary to develop more
reliable and robust numerical tools to simulate dropwise
condensation.

In this study, a numerical model for dropwise condensation
on an inclined tube is developed based on the method
presented by LeFevre and Rose (1966). Accordingly, small
droplets population is estimated with population balance
theory and large droplets population is estimated with the
correlation proposed by LeFevre and Rose (1966). Single
droplet heat transfer is derived according to contact angle,
contact angle hysteresis, tube inclination, nucleation site
density, and promoter layer thickness. With the given single
droplet heat transfer rate and droplets population, the overall
heat transfer rate is calculated. In the following, the effects
of various parameters on single droplet behavior or overall

heat transfer are investigated.

HEAT TRANSFER MODEL

It is assumed that condensing droplets grow on the
nucleation sites (active area) and other sections of the
substrate are inactive. Heat transfer through these inactive
surfaces is neglected because vapor loses its latent heat at
active sites while losing its sensible heat in inactive areas.

The heat flow between the vapor and surface through a
single droplet must overcome some thermal resistances, as
shown in Fig. 1, where R, R, R and R, are, respectively,
droplet conduction thermal resistance, droplet curvature
thermal resistance, liquid-vapor interfacial thermal resistance
and hydrophobic coating thermal resistance, all in k/W.
Thermal resistances in dropwise condensation modeling
are usually expressed as temperature drop, which will be

extracted in the following sections.
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Figure 1. Sketch of necessary parameters and heat transfer
resistances between the surface and the vapor through a
droplet.

TEMPERATURE DROP OF DROPLET SURFACE
CURVATURE

Droplet surface curvature results in higher vapor pressure
of the droplet. Temperature drop through the droplet surface
(K) is calculated by assuming a continuous Gibbs function
across the interface, ideal-gas behavior of the vapor, small
and constant specific volume of fluid, and using Clausius-
Clapeyron equation along with Young-Laplace equation as
follows (Thome 2015):

AT — 2];afo— (1)

rh e O

where Tm s the saturation temperature (K); o is the conden-
sate surface tension (N/m); r is the droplet radius (m; Fig. 1);
hfg is the latent heat (J/kg); p  is the condensate density
(kg/m?).

The minimum droplet radius (rmin; m) for the smallest
stable droplet is calculated by considering thermodynamic
constraints. Molecule clusters with a size smaller than this limit

are unstable and decompose; r . is written as (Carey 2007):

2];4110
rmin =T . (2)
hy 0, AT

where AT is the subcooling temperature.
Combining Egs. 1 and 2, the temperature drop due to

droplet surface curvature can be simplified as:

AT, = Imn AT 3)

r

According to Eq. 3, smaller droplets have higher AT .

Temperature drop of vapor-liquid
interfacial resistance

Only some fraction of vapor molecules colliding with
the droplet surface is absorbed by the liquid phase. This
non-ideal process imposes an extra resistance through the

heat transfer route as:

AT, = —1a )
27r h;(1-cosf)

where g, is the heat transfer rate through the droplet (W); 6 is
the contact angle (deg; Fig. 1); hi is the interfacial heat transfer
coeflicient between the vapor and liquid (W/mK), which is
derived based on the Kinetic Theory of Gases (Schrage 1953;
Rohsenow 1972):

L2 | h3,

, = 5
2-¢ /27[RgTS v I, ®

where Rg, hfg, T and v, are gas constant, latent heat of

condensation, saturation temperature and specific volume
of the vapor, respectively; ¢, which is called condensation
coeflicient (Wen and Jer 1976) or accommodation coeflicient
(Liu and Cheng 2015a), is the ratio of molecules absorbed
by the liquid phase from the total colliding molecules to
the liquid surface; h, depends on the vapor pressure ranging
from 0.383 to 15.7 MW/m?K for pressure from 0.01 to
1.0 atm (Tanasawa 1991).

TEMPERATURE DROP OF CONDUCTION
THROUGH DROPLET

The heat flux transferred to the liquid surface must conduct
through the droplet to reach the condenser surface, which

causes the following temperature drop (Kim and Kim 2011):

AT, = Lﬁ. (6)
4rrk,, sin@

where k_ is the water thermal conductivity (W/mK).

The value of AT, depends highly on the droplet contact
angle. When contact angle reaches to 180°, AT, goes up to
very large values. This means that surfaces with very large

contact angle are not proper for condensation purposes. On
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the other hand, droplets with larger radius (with 6 < 180°)
have lower temperature drop with respect to smaller
droplets with the same contact angle. This is because
larger droplets have greater interface with the condenser

surface.

TEMPERATURE DROP OF PROMOTER LAYER

The surfaces of condensers are usually made of indus-
trial metals such as steel, aluminum, or copper, which
are hydrophilic and have high surface energy. Therefore,
some hydrophobic materials are used as coating to enhance
surface hydrophobicity. This coating causes the following
temperature drop (Miljkovic et al. 2012):

AT, - 440 @)

¢ wr’k,,(sinf)’

where & and k_  are the promoter layer thickness and
conductivity, respectively.

This temperature drop adversely depends on the con-
tact angle. Due to smaller base area, droplets with larger

contact angle have smaller AT, .

SINGLE DROPLET GROWTH RATE
Equating the sum of all temperature drops, Egs. 1 to 7,
with subcooling temperature, AT, the heat transfer through

a single droplet is evaluated as follows:

ATre?(1 - rmT) S

1 N rf N 0
2h;(1-cosf) 4k smf k__(sin 6)*

q,; =

The total heat transfer through a single droplet can
also be calculated by considering the droplet phase change

rate:
dv =« d
da = Pl ar gpwhfg E{(l - Cosg)z x o
(2 + COS 0)r3}

where V is the droplet volume; f represents time (s).
Making Eqgs. 8 and 9 equivalent, the droplet growth rate

(G, m/s), is obtained as:

479
dr P (1-cos 0)2 (2+cosb)
. (10)
AT (1 - "y
r
1 ré 0

+ - +
2h(1-cos®) 4k, sinf k,  (sinB)’

Equation 10 can be summarized by introducing the

following parameters:

AT
4 = p (1)
phg, (1-cosB) (2+cosh)
B 7
>~ 4k, sinf .
o . 1
= 13
Pk, (sinf)>  2h(1-cosb) .
Then, Eq. 10 is rewritten as:
7.
(1--—)
4T (14)
VA + A

MAXIMUM DROPLET RADIUS

After the birth of a condensing droplet, it first grows
with direct condensation and then condenses with neighbor
droplets. Along with the growth of the droplet, both surface
tension, which adheres it to the surface, and gravity forces
(in the absence of other shear forces) increase. When the
gravity force overcomes the adhering force, the droplet
falls or slides on the surfaces. Surface curvature determines
the magnitude of gravity force. A single droplet, which is
deposited on an inclined tube and is on the verge of sliding,

is schematically shown in Fig. 2.

FIRST METHOD TO DETERMINE THE DROPLET
MAXIMUM RADIUS

Initially, it is assumed that the droplet on the verge of
sliding is a spherical capand r, _is found by equating gravity

and surface tension forces. This method is used by numerous
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> single droplet

Figure 2. Schematics of gravity forces acting on a droplet
on an inclined tube.

researchers in dropwise condensation modeling on inclined
surfaces (e.g., Dimitrakopoulos and Higdon 1999; Kim and
Kim 2011; Kumar and Yuvaraj 2013; Lee ef al. 2013; Hu
and Tang 2014; Cheng et al. 2015; Liu and Cheng 2015b).
The maximum radius is evaluated as follows. The gravity

force exerted on the droplet is:

g

F =(2—3cos€+00330)7{r3 ﬁx
max 3 (15)

\/cos2 asin’ @ +sin” a

where r_is the maximum droplet radius; g is the acceleration
of gravity (m/s?); a is the inclination angle (deg); ¢ is the
peripheral angle (deg).

The surface tension force depending on the droplet shape
is (Kim et al. 2002):

F,_=2or,, sinf(cost, —cosb,) (16)

where 6 and 8 are the receding and the advancing angles,
respectively.

When a droplet is deposited on an inclined surface, it
alters its shape to produce extra surface tension and resists
leaving the surface. This reaction appears in the droplet
receding and advancing angles.

Making Egs. 15 and 16 equivalent, r s found as:
max

7 (@, 0) = (17)
12

60sint(cost. — cost,)

(2 -3cosO + cos3t9),og\/cos2 asin® @ +sin’ a

SECOND METHOD TO DETERMINE THE
DROPLET MAXIMUM RADIUS

Droplets on inclined surfaces deform and take a shape
other than spherical cap. For this reason, receding and
advancing angles appear. Some researchers have considered
this deformation and shown that the assumption of spherical
cap cannot properly estimate droplet volume on inclined
surfaces. As an example, EISherbini and Jacobi (2004, 2006)
can be mentioned. However, the relation for volume of
droplets on the verge of sliding on inclined surfaces proposed
by Dussan (1985) is straightforward and can be simply used

considering peripheral inclination:

3
-2 1
2 Q) Q) 2 =
cos” asm” @ +sin” a 962
vmax(¢’a)= pg\/ - } (_)
o T
&)
x((cosé’, ~cos8, )2 (1+cosb,)>
(18)
3 3
X I—Ecosﬁa +1/2cos’ 6,
3 -1
x((cosﬁa +2)2(1-cos8,)" )
The equivalent radius can be derived as:
il
3
P2 — vmax (q]7a) (19)

max

JZ'<2 —3cosO + cos3l9)

The results are reported for hysteresis angle up to 10 deg
in Dussan (1985). In the next sections, both Eqs. 17 and 19

will be used for simulation.

EFFECTIVE RADIUS

Effective radius (r,m)is the half of the average distance
between nucleation sites given by Wen and Jer (1976),
Abu-Orabi (1998), and Kim and Kim (2011):

r,= |— (20)

where N _is the density of nucleation sites on the condensing

surface (1/m).
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Equation 20 is derived based on the assumption that
nucleation sites form a square array. The effective radius
is a measure that determines when a growing droplet contacts

a neighbor droplet.

DROPLET SIZE DISTRIBUTION

After estimating single droplet thermal behavior, droplets
size distribution must be established. This distribution
determines how many droplets with a specific size exist
on the surface in the stable dropwise condensation at every
moment. Population balance theory has been used in the
literature (Tanaka 1975; Maa 1978; Abu-Orabi 1998; Vemuri
and Kim 2006; Kim and Kim 2011) to derive size distribution
of small droplets, which mainly grow by direct condensation.
Based on this theory, in the stable dropwise condensation, the
number of droplet entering a specific droplet radius range is
equal with those leaving the range. Assuming a droplet radius
range of r <r <r, the number of droplets that enters this

range in the interval At is:

AG At @1)

and the number of the droplets that leaves this range is:

AG,m, At (22)

where 7 is the population density of small droplets growing
by direct condensation (m?).
The number of small droplet swept with larger sliding

droplets can be considered as:

SnAtAr (23)

where S is the rate at which the small droplets are swept by
falling droplets; 7 is the average population density in the
ranger <r<r,and8r=r, -r.
Making Egs. 21 - 23 equivalent as well as At and Ar
sufficiently close to 0, the population balance theory is
reduced to:
aG 220 (24)
dt t
where T is the sweeping period (t = A/S).
Equation 24 is suitable for small droplets growing mainly

by direct condensation. However, when the radii of small

droplets exceed the effective radius, they coalesce with
neighbor droplets. After this step, droplets mainly grow
by coalescence and they are called large droplets. LeFevre
and Rose (1966) proposed the following relation for size
distribution of large droplets, which have been used in many
studies in the literature (e.g., Vemuri and Kim 2006; Hu and
Tang 2014; Liu and Cheng 2015a):

-2/3

1 r
(25)
max (9500 ( e (P %) )

N(r)=
(r 3ar’r

where N is the population density of large droplets (m?).
Equation 24 is an ordinary differential equation of order
one with an exact closed-form solution. Rearranging and

integrating Eq. 24, one has:

exp

G T4 | 2
2Vmin (r_rmin)_'-rrr?in ln(r_rmin) (26)
+Ti1;[r_rmin * Voin ln(r_rmin )]:|)

where (Gn)min and T are unknown terms determined by the

following boundary conditions:

at r=r, 27)

and

d(lnn(r))/d(lnr)=d(lnn(r))/d(lnr)= -8/3 (28)

which means that the value and slop of small and large
droplet distributions are equal at effective radius. Applying
boundary conditions, one has:

-2/3
1 7"e r (re - rmin )
o —— AN
3.717"6 rmax rmax r- rmin (29)
A,r+ A
— eXP(Bl "‘Bz)
Ay, + 4,
where:
2 2 €
A | -1 r-r,.
B1=—2 s +rmin(r_rmin)_rr5inx ln e
T4 2 r,=r.
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A — .
BZ=_3 r,—r-r,.In = win. (31)
TAl re - rmin
and
31 (41, + 4)°
T= 5 (32)
A (V1472 144,77, +84y7, ~114y,, )

TOTAL HEAT FLUX
With known single droplet heat transfer and droplets
distribution, total heat flux can be determined as:

q/r(a’g) —
e
2

- (33)
ffqd (rﬁ,(p,a)n(r, 0,¢,a)drdgp +

0 Tin

27 T (0.0,00)

f f q,(r.0,9,2)N(r.6,¢,a)drdg
0 7,

where: g" is the heat flux (W/m?).

NUMERICAL PROCEDURE
VALIDATION

To verify the presented procedure, the calculated heat
flux is compared with reported experimental results of
Peng et al. (2015). Nucleation site numbers reported in the
literature are in the range of 10°< N < 10" (Vemuri and Kim
2006). The nucleation site number is considered 10'?in this
comparative study. According to Peng et al. (2015), contact
angle, advancing and receding angles are 120, 142, and 102°,
respectively. Effects of non-condensable gases and thermal
resistance of hydrophobic promoter layer are neglected.
In addition, the simulation is performed in atmospheric
conditions. The comparative results are illustrated in Fig. 3.
As it can be seen, there is a good agreement between the
predicted and the experimental results.

As another example, the current study is compared with
the reported experimental results of Vemuri and Kim (2006).
They experimentally measured the maximum radius of droplet
on the surface, r, =1.5mm. Therefore, 7 is directly putin
the code and Eq. 19 is omitted. The simulation is done with
nucleation site number of 10'%, contact angle of 149° and at

atmospheric condition according to Vemuri and Kim (2006).

A good agreement can be seen between the current study and
that of Vemuri and Kim (2006), as shown in Fig. 4.
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Figure 3. Comparison of the current simulation and that of
Peng et al. (2013).
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Figure 4. Comparison of the current simulation and that of
Vemuri and Kim (2006).

RESULTS AND DISCUSSION
SINGLE DROPLET BEHAVIOR

The variation of different temperature drops is shown
in Fig. 5, where 6 = 120°, A6 = 40°, « = 90°, AT = 1K,
and § = 1 um; A6 is the contact angle hysteresis (deg).
All temperature drops are comparable in very small radii
while AT is the prevalent temperature drop in very large
droplets. The variation of single droplet heat flux and heat
transfer rate are shown in Fig. 6, where 6 = 120°, Af= 40°,
a=90° AT =1K, and § = 1 um. Although larger droplets
have higher heat transfer rate, they have low heat flux. It
means that surfaces with more small droplets have higher

heat transfer rate. Hence, for dropwise condensation
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purpose, it is preferred to have surfaces in which small
droplets could slide quickly and easily from the surface to
more small droplets form.

Variation of thermal resistances with respect to contact
angle (CA) is shown in Fig. 7. All thermal resistances increase
with contact angle and the thermal resistance curvature is
not considerable with respect to other resistances due to
vapor-liquid interface. However, all resistances increase
with contact angle. For example, it can be roughly said that
all resistances increase by 100 times when contact angle is
increased from 100° to 160°.

The variation of single droplet growth rate due to direct
condensation (Eq. 14) with respect to radius and subcooling
temperature is shown in Fig. 8, where 6 = 120°, A8 = 40°,
a=90° and N_= 10'2(1/m?). The growth rate of small
droplets is higher at greater subcooling. Also, growth rate

of large droplets is very low at all subcooling temperatures.

The variation of single droplet growth rate with respect
to radius and contact angle is illustrated in Fig. 9, where
AT = 5K, A0 = 40°, & = 90°, and N_= 10'* (1/m?). At the

108 —
= 10°7 — R
>
: 1 —o— R,
ca .
. A7, 5

0 [deg]

Figure 7. Variation of thermal resistances with contact
angle (r =1 pm).

1.0
08— \
AT,
'E‘ 0.6 AT,
~
< 044 AT,
AT,
0.2
04
| T T T 1
107 106 10 10+ 10° 10

r [m]

x 1073

2.0

1.5

1.0

G [m/s]

0.5+

Figure 5. Variation of different temperature drops with
respect radius.

Figure 8. Variation of a droplet growth rate for radius and
surface subcooling temperature.

107 —

10°

r [m]

Figure 6. Variation of heat flux and heat transfer rate of a
single droplet with respect radius.

x 1073
3.5+

G [m/s]

T |
10 10

Figure 9. Variation of a droplet growth rate with respect to
its radius and contact angle.
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same radius, droplets with higher contact angle have lower
growth rate. For example, droplets with contact angle of 100°
have 6 times higher growth rate than droplets with contact
angle of 160° at small radii. This is because droplets with
smaller contact angle have larger interface with the surface.
On the other hand, droplets with lower contact angle have
smaller mobility. Therefore, there is a conflict between
droplet mobility and its heat transfer rate.

Previous studies have shown that dropwise condensation
is a nucleation phenomenon and that droplets form at the
same positions repeatedly (McCormick and Westwater
1965). Assuming that dropwise condensation is a nucleation
process, nucleation site number has a significant effect on
it. With increasing nucleation sites, the density of small
droplets increases and accordingly heat transfer process is
improved. Nucleation site number depends on the topography
and chemical properties of the surface (Mu et al. 2008).
However, there is not any comprehensive correlation for
estimating nucleation site number on various surfaces. The
variation of droplet distribution at various nucleation site
numbers is shown in Fig. 10, where 8 = 120°, AT =10 K, and
a = 0°. The nucleation site numbers has a significant effect
on small droplets population with radii smaller than effective
radius. For radii greater than r_droplets, the population is
independent of nucleation sites number determined from
Eq. 25. Very high nucleation site numbers, N > 10", lead
to high droplets population and small effective radii. These
consequences result in droplets coalescence once they
nucleate, and filmwise condensation appears. As previous
studies have revealed, small nucleation site numbers lead to

inaccurate results (Citakoglu and Rose 1969).

Droplet minimum radius (rmm) is extracted from thermo-
dynamic minimization. Figure 11 depicts the variation
of droplets population with respect to radius at different
minimum radii, where N = 10°(1/m?), 6_= 142°, 6 = 102°,
0 =120°, AT =10 K, and a = 0°. It can be considered that
population distributions (except for 1,000r ) have a
bell-like shape where the maximum population is
n = 1.2 x 10" (1/m?) locating at effective radius (here,
r,= 1.5 x 107> m). The average radius of droplets is
7 = 6.6 x 10~*m with variance 1.46 x 107". If the minimum
radius is exaggeratedly increased (1,000 7 ), a non-physical
condition appears. However, even 100 times increase in
minimum radius does not have a considerable effect on
droplets population.

The maximum radius variation with respect to hysteresis
angle at different inclination angles is depicted in Fig. 12,
where AT =10 K and 6 = 120° (Fig. 12a) and AT = 10 K,
0 = 120°, and « = 10° for the difference of 2 estimates for
maximum radius at different hysteresis angles (Fig. 12b).
Equation 17 overestimates r _with respect to Eq. 19. Also,
the difference of 2 estimations reduces in higher hysteresis
angles. In the next sections, Eq. 19 will be used for estimations
with hysteresis angle lower than 10°.

The variation of maximum radius with respect to
hysteresis angle at different contact angle is depicted in
Fig. 13 (AT =10 K). As hysteresis or contact angle increases,
the maximum radius increases. The figure shows that if droplet
contact angle increases from 2° to 90°, the maximum radius
increases 6 times. On the other hand, droplet population
distributions are close together in small sliding angles. It

should be mentioned that producing surfaces with simulta-
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Figure 10. Variation in population of droplets for radius at
various numbers of nucleation sites.

Figure 11. Variation in the number of droplets for radius at
various minimum ones.

J. Aerosp. Technol. Manag., Sdo José dos Campos, Vol.9, N° 4, pp.476-488, Oct.-Dec., 2017



Mathematical Modeling And Numerical Simulation Of Dropwise Condensation On An Inclined Circular Tube

neous low contact angle and low hysteresis angle is not
practically possible (Talesh Bahrami et al. 2017). The effect
of maximum radius on dropwise condensation will be
considered in the next sections.

The variation of maximum droplet radius with respect

to peripheral angle at different tube inclinations is shown in

(@) 20
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24
22 —
g 20
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Figure 12. Maximum radius variation for hysteresis angle at
different inclination angles.
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Figure 13. Variation of maximum droplet radius for contact
angle hysteresis on a vertical plate.
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Fig. 14, where AT = 10 K and AB = 10°. The maximum radius
increases with decrease in inclination. This analysis is not valid
for horizontal surfaces where due to the absence of a proper
sweep mechanism, droplets continuously coalesce together.
Finally, a continuous liquid film covers the surface and dropwise
condensation assumption is violated. On the other hand, the
maximum radius of droplets on the vertical tube is constant
for all peripheral angles and is smaller than other inclination.

The variation of heat flux with respect to subcooling
temperature at different inclinations is shown in Fig. 15. The
heat flux increases as subcooling or inclination increases.
This behavior can be interpreted by considering the variation
of the maximum droplet radius. According to Fig. 14, the

maximum radius increases as inclination decreases.
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r
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Figure 14. Variation of maximum droplet for peripheral
angle at various inclinations.

1,000+
900
800
700
600
500
400
300
200

q [W/mK]

100

AT [K]

Figure 15. Variation of heat flux for surface subcooling at
various inclinations of the tubes.

TOTAL BEHAVIOR OF DROPWISE
CONDENSATION
The variation of heat flux with respect to subcooling

temperature at various inclination of tube is shown in Fig. 15,
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where N = 10'2(1/m?), A = 10°, and 0 = 120°. Due to better
sweep mechanism of vertical tube, the case of a = 90° has
the maximum heat flux. This result can be more cleared by
comparing filmwise condensation and dropwise condensation
behaviors. The heat transfer coefficient in filmwise condensation
inversely depends on the condensate thickness, which is directly
affected by the surface length. It means that higher condensate
thickness leads to lower heat transfer coeflicient in the case of
filmwise condensation. Hence, horizontal tubes are employed
in all shell and tube heat exchanger working in filmwise
condensation. On the other hand, heat transfer coefficient of
dropwise condensation is independent of the location and is
uniform over the surface. These advantages indicate that vertical
tubes can be used in heat exchangers working with dropwise
condensation without any restriction in length.

The variation of heat flux with respect to contact angle
is depicted in Fig. 16, where N, = 10" (1/m?), A6 = 10°, and
AT =5 K. The contact angle has a significant effect on heat
flux so that increasing contact angle from 100° to 160°
nearly decreases ¢” to ¥. Increasing contact angle results in
higher thermal resistances (see Fig. 7), which leads to lower
heat flux. It is worth mentioning that high contact angle
usually couples with low contact angle hysteresis. Effect of
contact angle hysteresis on the heat flux is given in Fig. 17,
where N = 10'2(1/m?), @ = 120°, and AT = 5 K. Contact angle
hysteresis has a considerable influence on the maximum radius.
Increasing contact angle hysteresis leads to rapid decrease
in the maximum radius, meaning that droplets with smaller
radii slide quickly, off the surface and new droplets nucleate.
Consequently, more small droplets population causes higher

heat flux (according to Fig. 6).

700
600
500

q [W/mK]

400

300

200
100
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Figure 16. Variation of heat flux for contact angle at various
inclinations of the tubes.

Figure 18 shows the effect of nucleation site number on
the predicted dropwise condensation heat flux in a horizontal
tube, where A8 = 10°, 6 = 120°, and « = 0°. The dropwise
condensation heat flux increases with N. This outcome is
explained by considering Fig. 10, where the nucleation site
number has notable effect on the droplet population. Higher
nucleation site number leads to greater droplet population and

consequently higher total heat flux.

a=90°

q [W/mK]

A0 [deg]

Figure 17. Variation of heat flux for contact angle hysteresis
at various inclinations of the tubes.
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Figure 18. Variation of heat flux for surface subcooling at
various nucleation sites.

CONCLUSION

An analytical model for calculation of dropwise
condensation heat transfer on an inclined tube is presented.
The results showed that heat transfer of vertical tubes is
higher than other inclinations. This finding indicates that
vertical tube must be used in shell and tube heat exchangers

working in dropwise condition. On the other hand, the
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current study, unlike the one of Hosokawa et al. (1995),
indicates that increasing inclination enhances heat transfer
in dropwise condensation on circular tubes. The reason is
that a sliding droplet on more inclined tubes sweeps more
droplets in their way. Therefore, further bare surface contacts

with the vapor and heat transfer is enhanced.
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