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The heat transfer model of stable dropwise condensation for saturated vapor on a horizontal tube is
developed based on previous theoretical models. Through a comprehensive analysis of all the contributing thermal resistances, the convection effect inside the droplet itself is taken into consideration in the
model. For the stable dropwise condensation process in dynamic conservation, a method of double
integration of heat ﬂux through numerous inclined plates with different inclination angles is introduced
to obtain the overall heat ﬂux through the horizontal tube surface. The model can predict the variation of
heat transfer of stable dropwise condensation with different contact angles outside a horizontal tube.
The inﬂuences of contact angle, temperature difference, and other typical parameters on both a single
droplet and the whole condensation process are discussed. The results indicate that a high contact angle
can cause a size reduction of falling droplets from condensing surface and thus taking more heat away.
The adsorbed condensate ﬁlm adds an extra thermal resistance and its thickness plays a signiﬁcant role
on the dropwise condensation heat transfer.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Condensation heat transfer is an important and ubiquitous
process in many ﬁelds, which has been widely applied in various
industries such as in the power generation industry, residual heat
and water recovery engineering and desalination process. According to the wetability of condensate on the cool surface, the
condensation process can be divided into two types: ﬁlm condensation and dropwise condensation. For the theoretical research of
ﬁlm condensation, Nusselt [1] ﬁrst proposed a theoretical analytical
solution for the pure vapor on a vertical plate. Subsequently,
theoretical analysis for ﬁlm condensation had been expanded and
developed extensively in more complex environments. Recently,
the condensation technology on the microchannel surface is
developed to obtain higher heat transfer efﬁciency in the limited
space, and a lot of theoretical researches have also been carried out
for the ﬁlm condensation on the microchannel surface [2e5].
Nevertheless, as we know, compared with ﬁlm condensation, the
dropwise condensation exhibits much higher heat transfer performance, which has also attracted considerable attention.
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Scholars began to study the formation mechanism of dropwise
condensation from the beginning of the last century. Jakob et al. [6]
ﬁrst proposed the thin ﬁlm fracture condensation mechanism. It is
suggested that a thin condensate ﬁlm could be ﬁrstly formed on the
condensing surface as the steam comes into contact with the
condensing surface, and then the thin ﬁlm thickens gradually with
the increase of the condensate. At this stage the latent heat of
condensation can only be transmitted through the thin ﬁlm.
Rupture will occur until the thickness of the ﬁlm reaches a critical
value, and then small droplets can appear due to the effect of surface tension. This formation mechanism has been veriﬁed experimentally and developed further by Ruckenstein and other scholars
[7].
Subsequently, some researchers [8e11] put forward and veriﬁed
the nucleation condensation mechanism for dropwise condensation formation, which is distinct from the thin ﬁlm fracture
condensation mode. It is indicated that dropwise condensation is a
nucleation phenomenon, analogous to the nucleate boiling. The
vapor has priority to condensate into small droplets on the nucleation sites due to the high surface free energy and with the growth
of small droplets, and their position centers are not conﬁned to the
nucleation sites, especially at the stage of merger and shedding.
Over the years, most experimental and theoretical studies of
dropwise condensation have been conducted based on the certain
nucleation condensation formation mechanism.
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Nomenclature
dc
f (q, a)
Fc
Fg
hav
hﬁlm
hi
Hfg
g
M
n
N
P
r
re
rmax
rmin
R
Rc
Rcoat
Rd
Rﬁlm
Ri
Ts
DT

contact diameter of droplet (m)
shape factor function
surface tension force (N)
gravity force (N)
average heat transfer coefﬁcient (W/(m2 K))
heat transfer coefﬁcient through condensate ﬁlm (W/
(m2 K))
interfacial heat transfer coefﬁcient (W/(m2 K))
latent heat of vaporization (J/kg)
gravitational acceleration (m/s2)
relative molecular mass
population density of small drops (m3)
population density of large drops (m3)
vapor pressure (Pa)
droplet radius (m)
effective droplet radius (m)
maximum droplet radius (m)
minimum droplet radius (m)
universal gas constant (J/(mol K))
thermal resistance due to droplet curvature (K)
thermal resistance through the coating layer (m2 K/W)
conduction resistance through droplet (m2 K/W)
thermal resistance through condensate ﬁlm (m2 K/W)
vaporeliquid interfacial resistance (m2 K/W)
vapor saturation temperature (K)
surface subcooling temperature (K)

Recently, droplets and ﬁlm coexisting condensation mechanism
based on the adsorption theory was proposed by Song et al. [12].
They observed the initial droplet formation process by using
reﬂectance spectroscopy and it is indicated that not only several
droplet nucleation sites but also the adsorbed condensate ﬁlm
existed on the condensing surface, which has been more and more
validated by testing with high-tech instruments and advanced
experiments [13,14].
Simultaneously, a lot of experimental and numerical researches
have also been conducted and developed in terms of superior heat
transfer performance and sustainability of dropwise condensation.
Rausch et al. [15] achieved stable dropwise condensation of steam
near atmospheric pressure by ion beam implantation of Nþ on titanium surfaces, and they indicated that the nucleation mechanism
was possibly caused by interactions of nanoscale surface roughness
and surface chemistry effects connected with precipitation of nitrides. Walpot et al. [16] experimentally investigated the thermal
efﬁciency in compact heat exchangers using epoxy coatings with
good adhesion characteristics. Bansal et al. [17] achieved the clear
dropwise condensation of water on a horizontally placed transparent polymer substrate, and they attempted to experimentally
determine the heat transfer coefﬁcient driven by a small temperature difference. The organic self-assembled-monolayer and polytetraﬂuoroethylene (PTFE) coatings [18e20] were used to enhance
steam condensation through dropwise condensation. In addition,
with the fractal theory applied in porous media [21], the random
fractal model was employed to simulate the droplet spatial distribution and heat transfer in dropwise condensation in the literature
[22e24].
Although a large number of theoretical and experimental
studies on the mechanism and characteristics of dropwise
condensation heat transfer have been carried out, the research
mostly concentrates on dropwise condensation heat transfer

DTc
DTd
DTi
s
q
V

temperature difference due to drop curvature (K)
temperature difference due to conduction through
droplet (K)
temperature difference due to interfacial resistance (K)
arc length (m)
dropwise condensation heat ﬂux (W/(m2 K))
speciﬁc volume of vapor (m3/kg)

Greek symbols
a
inclination angle (deg)
ac
condensation coefﬁcient
q
contact angle (deg)
q0
local contact angle (deg)
qa
advancing contact angle (deg)
qr
receding contact angle (deg)
h
area ratio
r
density of liquid (kg/m3)
lcoat
thermal conductivity of coating material (W/(m K))
l
thermal conductivity of liquid (W/(m K))
d
thickness of condensate ﬁlm (m)
dcoat
thickness of coating layer (m)
slv
surface tension (N/m)
F
heat transfer rate (W)
f1
contact area between small droplet and condensing
surface (m2)
f2
contact area between large droplet and condensing
surface (m2)

without considering the convection effect inside the droplets and
the geometries are mostly limited to the plate or vertical wall. The
theoretical investigation of the stable dropwise condensation on a
horizontal tube is rarely seen in the literature. The current study
presents a dropwise condensation heat transfer model including
the variation of the drop-size distribution based on the droplets
and ﬁlm coexisting condensation mechanism on the horizontal
tube. On the analysis of all the contributing thermal resistances, the
convection effect inside the droplets themselves is taken into account. The rest of the paper is organized as follows. In Section 2, we
present the modeling process for dropwise condensation heat
transfer on the horizontal tube. In Section 3, the theoretical predictions of dropwise condensation heat transfer performance are
presented, and inﬂuences of contact angle, subcooling, and other
typical parameters on the heat transfer characteristics of both the
single droplet and stable dropwise condensation process are also
discussed. Finally, a brief conclusion is given in Section 4.
2. Heat transfer model
Based on the droplets and ﬁlm coexisting condensation mechanism, the heat transfer resistance in dropwise condensation process
between the vapor and condensing surface can be divided into two
independent parts: one is the heat transfer resistance through
droplets of all sizes and the other is that through the adsorbed
condensate ﬁlm (Fig 1). Above all, we neglect some secondary factors
in the theoretical analysis and the following assumptions are made:
(1) The contact angle on the condensing surface is ﬁxed
regardless of the drop size and the temperature of vapor and
condensing surface.
(2) Thermal properties of the condensate are evaluated at the
temperature (Tv þ Tw)/2.
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(3) The shape of droplets is a section of a sphere, and the effect of
shape change on condensation process is neglected.
(4) The droplet size is very small compared to the diameter of
the horizontal tube. In other words, the curvature of the
coverage area at the bottom of droplets is negligible.
(5) The drop-size distribution of all sized droplets is steady, and
the nucleation sites are random on the condensing surface.
(6) Non-uniform distribution of the heat ﬂux through the independent parts is neglected. And the non-uniform distribution of condensing surface temperature caused by the
drop-size distribution and the low thermal conductivity of
coating layer is neglected as well, i.e., the constriction
resistance on the condensing surface is not considered.
2.1. Heat transfer through the adsorbed condensate ﬁlm

Rfilm ¼

1
1 d dcoat
¼
þ þ
hfilm
hi l lcoat

(1)

where d and dcoat are the thickness of the condensate ﬁlm and
coating material, respectively, and similarly, l and lcoat are the
thermal conductivity of the condensate ﬁlm and coating material,
respectively. And hi is the interfacial heat transfer coefﬁcient, which
can be written as [25]

hi ¼


1 H 2
2
2ac
M
fg
2  ac 2pRTs Ts V

(2)

where Hfg, Ts, V and M are the latent heat of vaporization, saturation
temperature, speciﬁc volume, and relative molecular mass of the
vapor, respectively. And ac is deﬁned as the condensation coefﬁcient, which can be taken as unity when the steam contains no noncondensable gas.
2.2. Heat transfer through a single condensing droplet
In the process of stable dropwise condensation, each droplet
contributes to the condensation by transferring heat through itself.
Therefore, evaluating the heat transfer through a single condensing
droplet and analyzing the inﬂuence of various factors are highly
necessary for predicting the overall heat transfer behavior of
dropwise condensation.
Firstly, the heat released by vapor transfers through the vapore
liquid interface, and the vaporeliquid interfacial resistance is
expressed as the temperature difference

DTi ¼

F

2pr 2 ð1  cos qÞhi

(3)

Here, q is the contact angle of the droplet on the condensing
surface. Due to the effect of the vaporeliquid interfacial curvature,
the temperature difference can be expressed as [26]

DTc ¼

2Ts slv
Hfg rr

the conduction is the primary mechanism during heat transfer
through droplets of all sizes. The assumption is feasible if it is for
the dropwise condensation on the plate wall in which the shape
and position of all sized droplets are independent of each other and
almost have no change. Due to the changing inclination angle of
droplets on the circumference along the horizontal tube, the convection effect inside the droplet should be taken into consideration.
Based on the expression proposed by Fatica and Katz [27] for the
plate wall, we introduced the inclination angle into the shape factor
function f(q, a) to consider both the convection effect and
condensation on horizontal tube surface, and thus the temperature
difference owing to the thermal resistance through the droplet can
be revised as

DTd ¼

The thermal resistance through the adsorbed condensate ﬁlm is
composed of vaporeliquid interfacial resistance, conduction resistance through condensate ﬁlm and conduction resistance through
coating layer. In the present model, vaporeliquid interface is
assumed to be smooth and non-wavy and the thickness of
condensate ﬁlm is uniform by ignoring the effect of gravity in the
steady state. Therefore, the thermal resistance through the adsorbed condensate ﬁlm can be expressed as

(4)

In most previous studies [12,24,28e30], the assumption adopted in their models was made that the droplet is small enough, so
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F

2pr lsin qf ðq; aÞ

(5)

Here, the shape factor is just a function respect to the contact
angle and inclination angle and it is independent of subcooling,
thermal properties and other parameters. To obtain the shape
factor, using numerical simulation with CFD package Ansys 14.0, we
ﬁrstly acquire the heat rate F resulting from a certain temperature
difference DTd between the top and bottom surfaces of the single
droplet by considering the convection effect. Results of the shape
factor function obtained by the present method are shown in Fig. 2.
To compare with the equivalent cylinder method [28] and the
method of integration of temperature difference between two
neighboring isothermal surfaces [29] without considering the
convection effect, we also compute the shape factor in the present
numerical method based on the pure conduction. It can be seen
that the shape factor function calculated by the present numerical
method intermediates between the two compared models of [28]
and [29], when the contact angle is larger than 90 . And the deviation among these three methods is resulted from the different
simpliﬁcations during the calculations. As shown in Fig. 2, when the
droplet locates at various positions along the circumference of
horizontal tube, i.e. at the inclination angle of 0 , 90 , and 180 , all
the results by the present numerical method considering the convection effect inside the droplet are larger than those without
considering the convection effect. Because the convection effect
can strengthen the disturbance inside the condensing droplets.
Fig. 3 displays the shape factor function f(q, a) respect to the
inclination angle at contact angle of 90 , 120 and 150 . We can ﬁnd
that the contact angle has a great inﬂuence on the shape factor
function, as well as the inclination angle a. The large contact angle
can produce small heat transfer resistance through the single
droplet itself. In addition, when the inclination angle is about 90 ,
the convection effect inside the droplet achieves the largest so the
heat transfer resistance of the droplet at this location is the lowest
and it corresponds to the largest shape factor. Through above
analysis, the convection effect inside the droplets should be introduced to the theoretical prediction of the dropwise condensation,
especially for the condensation on horizontal tube.
As mentioned in Section 2.1, the temperature difference caused
by the effect of the coating layer adhering to the condensing surface
can be given by

DTcoat ¼

dcoat F
lcoat pðrsin qÞ2

(6)

Owing to the subcooling of the condensing surface, the minimum viable droplet radius can be written as [25,29,30]

rmin ¼

DTc
2Ts slv
¼
r
DT
Hfg rDT

(7)
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Fig. 1. Schematic of heat transfer resistance in dropwise condensation.

The total temperature difference through the single condensing
droplet between the vapor and cool condensing surface is the sum
of the above four temperature drops

DT ¼ DTi þ DTc þ DTd þ DTcoat

(8)

Therefore, based on the above theoretical analysis, Eqs. (3)e(8)
can be combined to calculate the heat transfer rate through the
single droplet in terms of radius r as

FðrÞ ¼
1

pr 2


1 þ cos q
2

2hi sin q

DT  DTc
þ

a size range must be equal to the number of those leaving the same
size range. The population density n(r, a) for small droplets growing
up by direct condensation is deﬁned as the number of droplets of
radius r on the condensing surface with tilted angle a per unit area.
It can be written as [29]

nðr; aÞ ¼


2
3r  r
r
re
e
min A2 r þ A3
expðB1 þ B2 Þ
3
r  rmin A2 re þ A3
3pre rmax ðaÞ rmax ðaÞ
(10)



(9)

dcoat
r
þ
2lf ðq; aÞsin q lcoat sin2 q

where parameters such as B1, B2 and so on can be referred in Ref.
[29]. For large droplets, the drop-size distribution N(r, a) on the
tilted surface should satisfy [30,33]

2.3. Drop-size distribution
During the complete process of dropwise condensation, a
droplet may undergo growth, merger and departure on the
condensing surface. Due to the randomness of nucleation sites,
drop-size distribution must be obtained prior to establishing the
overall dropwise condensation heat transfer model. And the stable
dropwise condensation process can be achieved by the steady state
drop-size distribution. For small droplets, they are assumed to grow
up only by direct condensation of the vapor, and the drop-size
distribution based on the population balance theory is presented
in the literature [25,29e32]. We also employ this theory to model
the dropwise condensation heat transfer. The steady state drop-size
distribution is obtained based on the conservation of the number of
droplets in a certain size range, i.e. the number of droplets entering

2

1
r
3
Nðr; aÞ ¼
3pr 2 rmax ðaÞ rmax ðaÞ

(11)

where rmax is the size of departure droplet, i.e., the maximum
droplet radius. Note that in the present calculation, the inclination
angle a is introduced into rmax of Eqs. (10) and (11), which can
determine the population density at different positions. The
maximum droplet radius rmax on the condensing surface of a horizontal tube is not ﬁxed at different locations along the circumferential direction, which can be simpliﬁed as the size of a departure
droplet on the surface with different inclination angles. If there is
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no other external force, the size of the departure droplet can be
established by the force balance of surface tension force between
the condensing surface and droplet and the gravity force schematic
in Fig. 4(a). Then, since the contact angle is assumed to be ﬁxed, the
gravity force on the droplet shedding from the condensing surface
with inclination angle a can be expressed as

2  3cos q þ cos3 q 3
pr rgsin a
Fg ¼
3

(12)

As shown in Fig. 4(b) from the top view, the outline of the
condensing surface wetted by the droplet is assumed as an ideal
circle, and then the overall surface tension on the droplet is obtained by integration with respect to the angle b
0

dFc ¼ scos q cos bds
Zp
Fc ¼ 2



(14)

cos qa þ cos qr
2


þ



cos qr  cos qa
cos b
2

(15)

The arc length ds can be written as

1
dc db
2

(16)

Substituting Eq. (15) and Eq. (16) into Eq. (14) produces the
surface tension force as a function of the angle b


Zp
cos qa þ cos qr
cos b
2
0



cos qr  cos qa
cos2 b db
þ
2


Zp Zrmax

f2 ¼
0

pðrsin qÞ2nðr; aÞdrda

(20)

pðrsin qÞ2 Nðr; aÞdrda

(21)

(17)

re

The ratio of the non-occupied area of condensing droplets to the
occupied area is deﬁned as

h¼

Ae

(22)

f1 þ f2

Here, Ae is the bare area on the condensing surface of the horizontal tube, i.e. the non-occupied area of condensing droplets.
To simplify the calculation, we assume that the condensing
surface of a horizontal tube is composed of numerous inclined
plates with different inclination angles as shown in Fig. 4(c) and the
length is inﬁnite in the axial direction. Therefore, the heat ﬂux
during dropwise condensation on the horizontal tube is obtained
by adding the ones through droplets of all sizes and through the
adsorbed condensate ﬁlm.

q ¼

1
1þh
þ

Further, it can be written as

p

Zp Zre
0 rmin

scos q0 cos bds

cos q ¼

Fc ¼ sdc

(19)

The contact area between droplets of all sizes and the
condensing surface can be calculated with integration to the population density of droplets. The integration region of the equations
is within the range of 1/2 of the circle due to the symmetry of the
geometry. Thus, in terms of a ﬁxed contact angle, the contact area
f1 between small droplets and condensing surface, and contact
area f2 between large droplets and condensing surface can be
expressed as follows.

f1 ¼

In Eq. (14), the local solideliquid contact angle q0 increases from
the receding contact angle qr to the advancing contact angle qa
along the wetted surface outline. Cornwell et al. [34,35] proposed a
relationship between the local contact angle q0 and the angle b as

ds ¼

1=2
3ssin qðcos qr  cos qa Þ


2rgsin a 2  3cos q þ cos3 q

2.4. Dropwise condensation heat transfer on a horizontal tube

(13)

0

0


rmax ðaÞ ¼
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" Zp Zre

Z ðaÞ
Zp rmax
nðr; aÞFðrÞdrda þ

0 rmin

h
1þh

#
Nðr; aÞFðrÞdrda

0

re

hfilm DT
(23)

Fc ¼  srsin qðcos qa  cos qr Þ
2

(18)

where the value of (cos qa e cos qr) increases with the increasing
inclination angle a. Based on the force balance between Eqs. (12)
and (18), the radius of departure drop can be ﬁnally deduced as

Note that by neglecting the impact of gravity on the thickness of
adsorbed condensate ﬁlm, the interval of the above integral formula is from 0 to p owing to the symmetric geometry of the horizontal tube. Finally, the average heat transfer coefﬁcient in the
stable dropwise condensation process can be calculated as

Fig. 4. Schematic of droplet force on inclined surface and simpliﬁed geometric structure of horizontal tube.

676

H.W. Hu, G.H. Tang / Applied Thermal Engineering 62 (2014) 671e679

q

hav ¼

(24)

DT

3.1. Heat transfer performance for a single droplet
According to the analysis of the previous section, we can ﬁnd
that both the temperature drop due to the vaporeliquid interfacial
resistance and heat transfer resistance through the single droplet
itself are related to the contact angle. Fig. 5 shows the total heat
transfer resistance against contact angle and droplet radius. It can
be seen that the heat transfer resistance for the individual droplet
increases with the increasing contact angle. The heat transfer rate
and heat ﬂux through the single droplet with different contact
angles, droplet sizes and subcoolings at the vapor pressure of
0.1 MPa are also presented in Figs. 6 and 7, respectively. The heat
transfer rate of the single droplet with a ﬁxed radius decreases as its
contact angle increases, but the bottom area of the droplet decreases even more greatly. Since all the heat transfers through the
bottom of the droplet, the heat ﬂux behaves in the opposite trend.
As can be concluded, for the single droplet, a larger contact angle
and smaller droplet radius can result in higher heat transfer
resistance.
3.2. Dropwise condensation heat transfer performance
The present model using the result of Eq. (23) predicts the heat
ﬂux on the horizontal tube with different contact angles, subcoolings and condensate ﬁlm thicknesses at an atmospheric pressure in
Fig. 8. It is seen that the effect of the contact angle on the heat
transfer during the dropwise condensation process is signiﬁcant.
Both a great contact angle and a large subcooling can produce a
high heat ﬂux. Although a larger contact angle can cause a higher
thermal resistance for the single droplet, the droplet is more unstable and falling off more easily, and the disturbance caused by the
dropwise condensation is enhanced, and thus the heat transfer can
be increased in the whole process. Similarly, the thickness of
adsorption condensate ﬁlm has a remarkable impact on the heat
ﬂux. A thin adsorbed condensate ﬁlm is preferred due to the minimal thermal resistance.
Fig. 9 displays the average heat transfer coefﬁcient for various
liquidesolid interfacial interactions in terms of the subcooling
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3. Results and discussion
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Fig. 6. Heat transfer rate against contact angle at various radiuses of a single droplet.

temperature and contact angle. The computation is carried out
under the conditions of contact angles of 90 , 120 and 150 , the
condensate ﬁlm thickness of 5 mm, and the condensing pressure of
0.1 MPa. From Fig. 9, it can be seen that the average heat transfer
coefﬁcient reduces as the subcooling increases. Due to the
increased condensate on the tube surface, the additional heat
conduction resistance from the vapor to condensing surface of the
tube increases. And the mechanism of enhanced heat transfer is the
same as the above: a larger contact angle results in a higher heat
transfer coefﬁcient of dropwise condensation.
The results of dropwise condensation heat ﬂux against subcooling at various pressures are shown in Fig. 10 for contact angle of
120 and thickness of adsorbed condensing ﬁlm of 5 mm. It can be
observed that the heat ﬂux increases with the increase of the
operating pressure at the same subcooling. Because a high pressure
of vapor can produce a low vaporeliquid interfacial resistance, and
the number of droplets formed in the dropwise condensation
process also increases. In addition, the increase of vapor saturation
temperature can result in the decrease of the surface tension of the
condensate. As the vapor pressure increases, the droplets can easily
fall off from the surface and the increasing heat ﬂux of dropwise
condensation is achieved.
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3.3. Comparison with Nusselt theoretical and experimental data
In Fig. 11, the comparison with ﬁlm condensation of Nusselt
theory veriﬁes that the dropwise condensation is a superior heat
transfer mode to ﬁlm condensation. The heat ﬂux of dropwise
condensation increases with the contact angle at the same subcooling temperature. At the subcooling of 5 K and the vapor pressure of 0.1 MPa, the heat ﬂux increases by 147% at contact angle of
90 and by 669% at contact angle of 150 compared with that of ﬁlm
condensation. In previous theoretical and experimental studies
reported by Refs. [15,29,36,37], the dropwise condensation heat
transfer performance is approximately enhanced by 1.3e5.5 times
compared with ﬁlm condensation of Nusselt theory.
In addition, the present model predicts the average heat transfer
coefﬁcient in comparison with available experimental data [36] in
Fig. 12(a). The stable dropwise condensation on stainless steel tubes
by plasma-ion implantation was experimentally achieved, and the
experimental data 1 and 2 were obtained in the conditions of ion
doses of 1016 and 1015 N/cm2, respectively [36]. The calculation is
based on the conditions of the contact angle of 90 and the
condensate ﬁlm thickness of 5 mm since the contact angle in the
experiment is unavailable. From Fig. 12(a), the predicted and

Fig. 9. Average heat transfer coefﬁcient respect to contact angle and subcooling.

Fig. 10. Dropwise condensation heat ﬂux against subcooling at various pressures.

experimental data are in good agreement within a low subcooling
range, however, the deviation increases with the increase of the
subcooling. The maximum relative error of the average heat
transfer coefﬁcient is within 34.8%, which is partly due to both the
simpliﬁcation in the present model and measurement uncertainties in the experiment. The assumption (5) in Section 2 neglects the non-uniform distribution of droplets outside the
horizontal tube surface, so the heat ﬂux calculated by the present
model deviates to higher side, especially for large subcooling
temperature.
Fig. 12(b) shows the comparison of heat ﬂux between the present model and experimental data in Ref. [37]. The copper alloy
tube using self-assembled monolayers with the measured contact
angles of 111.2 and 148.5 was experimentally studied in steadystate at a constant pressure of 33.86 kPa. As shown in Fig. 12(b),
the results by the present model and the experimental data are in
better agreement in a low subcooling range, while the difference
increases gradually with the increasing subcooling. On one hand, in
the experiment, the large subcooling temperature could produce
more condensate. Thus, instead of the perfect dropwise condensation, the ﬁlm condensation could appear on the surface, especially on the bottom of the horizontal tube, which caused a smaller
experimental heat ﬂux. On the other hand, Tsuruta and Tanaka

Fig. 11. Comparison between the present model prediction and Nusselt theory.

678

H.W. Hu, G.H. Tang / Applied Thermal Engineering 62 (2014) 671e679

(a)

(1) The stable dropwise condensation heat transfer model based
on the droplets and ﬁlm coexisting condensation mechanism
on the horizontal tube has been established. Through the
analysis of all the contributing thermal resistances, the
convection effect inside droplets themselves has also been
taken into consideration in the present model, which can
compute the overall heat ﬂux by dropwise condensation on
horizontal tube.
(2) For the single droplet, both the temperature drop due to the
vaporeliquid interfacial resistance and the heat transfer
resistance through the single droplet itself are related to the
contact angle. It is shown that the large contact angle and
small droplet radius can produce high heat transfer
resistance.
(3) The contact angle and adsorbed condensate ﬁlm thickness
between droplets have been introduced into the present
model by incorporating with drop-size distribution on the
horizontal tube and their inﬂuences on the dropwise
condensation process have also been discussed. It can be
found that a large contact angle, a high vapor pressure and a
thin adsorbed condensate ﬁlm can result in a high heat ﬂux
and a great average heat transfer coefﬁcient. The present
theoretical model is also validated by comparing with
available experimental data and it shows that the present
model can successfully predict dropwise condensation heat
transfer on the horizontal tube within not large subcooling
and contact angle range.
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(b)
Fig. 12. Comparison between the present model prediction and available experimental
data.
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