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Abstract

Hydrophobic coatings have been created through self-assembled mono layers (SAMs) of n-octadecyl mercaptan (SAM-1) and stearic
acid (SAM-2) on copper alloy (99.9% Cu, 0.1% P) surfaces to enhance steam condensation through dropwise condensation. When com-
pared to complete filmwise condensation, n-octadecyl mercaptan (SAM-1) coated surface increased the condensation heat transfer rate
by a factor of 3 for copper alloy surfaces, under vacuum condition (33.86 kPa) and to about eight times when operated under atmo-
spheric condition (101 kPa). A model using the population balance concept is used to derive a theoretical formula to predict the
drop-size distribution of small drops which grow mainly by direct condensation. All the important resistances to heat transfer such
as the heat conduction through the drop, vapor–liquid interface are considered in developing this model. By knowing the contact angle
of the drop made with the condensing surface and the maximum drop radius the sweeping effect of large falling drops could be calculated
which is also incorporated into the model. The effect of interfacial heat transfer coefficient on heat transfer rate is also considered in
developing the theoretical model. This is combined with the well known size distribution for large drops proposed by Le Fevre and Rose
[E.J. Le Ferve, J.W. Rose, A theory of heat transfer by dropwise condensation, in: Proceedings of 3rd International Heat Transfer Con-
ference, vol. 2, Chicago, 1966, pp. 362–375] which grow mainly by coalescence. There has been a satisfactory agreement between our
experimental data and the present theoretical model.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: Dropwise condensation; Organic coatings; Mono-layers; Population balance
1. Objective

The main objective of the current research is to evaluate
the effect of using self-assembled mono-layers (SAM�s)
technique for promoting dropwise condensation (DWC)
and for enhancing condensation heat transfer rates. In
the process a theoretical approach is derived for predicting
the heat transfer rate in steam condensation during DWC
and the results obtained from the theoretical model are
compared with the experimental results obtained by using
SAM�s for promoting DWC for the validity of the model.
In general, a SAM system with a long-chain, hydrophobic
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group is nano-resistant, meaning that such a system forms
a protective hydrophobic layer with negligible heat transfer
resistance. These mono-layers appear to offer a strong
potential for long-term DWC promoters along with their
low manufacturing costs involved. A model using the pop-
ulation balance concept [1–3] was used to derive a theoret-
ical formula to predict the drop size distribution of small
drops which grow mainly by direct condensation. All the
important resistances to heat transfer such as the heat con-
duction through the drop, vapor–liquid interface are con-
sidered in developing this model. By knowing the contact
angle of the drop made with the condensing surface and
the maximum drop radius the sweeping effect of large fall-
ing drops could be calculated which is also incorporated
into the model. The prior models [1–7] have not considered
some of the various effects such as varying from different
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Nomenclature

A area of an arbitrary section on the condensing
surface (m2)

Ad area swept by the large falling drop (m2)
Ao outside area of the test tube (m2)
Ai inside area of the test tube (m2)
cp specific heat (J/kg K)
di inside diameter of tube (m)
do outside diameter of tube (m)
g gravitational force (m/s2)
G growth rate (m/s)
hi interfacial heat transfer coefficient (W/m2 K)
hc condensation heat transfer coefficient (W/m2 K)
Hfg latent heat of vaporization (J/kg)
hw tubeside heat transfer coefficient (W/m2 K)
kc condensate thermal conductivity (W/m K)
K1 constant in Eq. (25)
K thermal conductivity of the tube (W/m K)
l length of the tube (m)
n population density of small drops (m�3)
N population density of large drops (m�3)
Ns number of nucleation sites on the condensing

surface (m�2)
Nu Nusselt number (hcl/k) as defined in Eq. (31)
Pr Prandtl number (cpl/k) as defined in Eq. (31)
Q heat flux of dropwise condensation (W/m2)
q rate of heat transfer (W)
r drop radius (m)
rmin minimum drop radius that can grow (m)
rmax maximum drop radius (m)
r
_

effective drop radius (m)

re drop radius equal to half the spacing between
the nucleation sites (m)

Re Reynolds number (ul/m) as defined in Eq. (31)
SAM-1 n-octadecyl mercaptan coated surface
SAM-2 stearic acid coated surface
S surface renewal rate due to sweeping of large

falling drops (m2/s)
t time (s)
DTd temperature drop due to conduction through

the drop (K)
DTi temperature drop due to interfacial resistance

(K)
To outlet water temperature (K)
Ti inlet water temperature (K)
Ts vapor temperature (K)
DTLMTD log mean temperature difference (K) as defined in

Eq. (29)
DT surface sub-cooling temperature (K)
u coolant velocity (m/s)
U overall heat transfer coefficient (W/m2 K)

Greek symbols

q density of the condensate (kg/m3)
h contact angle
r surface tension (N/m)
m kinematic viscosity (m2/s)
k thermal conductivity of the condensate (W/

m K)
l viscosity (N s/m2)
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operating pressures (from vacuum to atmospheric), sweep-
ing effect of large falling drops, coalescence of drops, the
actual surface area swept by falling drops and interfacial
heat transfer coefficient for modeling in the process of
dropwsie condensation. Interfacial heat transfer coefficient
value increases as the operating pressure increases in the
absence of non-condensable gases [8] which in turn
increases the heat transfer rate in steam condensation and
is also considered in developing the model. In developing
the model the resistance due to drop curvature has been
neglected since its effect is very small when compared to
that of the resistances due to heat transfer such as the heat
conduction through the drop and vapor–liquid interface.
The resistance due to promoter layer is neglected in devel-
oping the model as the thickness of the SAM layer is very
small (�27 Å). This is combined with the well known size
distribution for large drops proposed by Le Fevre and
Rose [5] which grow mainly by coalescence. The data
obtained from this theoretical model is compared to that
of the data obtained from our experimentation. There
has been a satisfactory agreement between our experimen-
tal data and the present theoretical model. Though the con-
cept of promoting DWC using SAM�s looks promising the
durability of these surfaces need to be determined for any
industrial applications. A detailed study of the prior tech-
niques used for enhancing heat transfer rate in steam con-
densation both experimentally and theoretically are
explained in the literature review.

2. Literature review

Condensation is still one of the most important heat
transfer processes in many energy conversation systems.
Condensers used in most of the real world applications
are huge in size and are very expensive to manufacture.
Any progress made in enhancing the condensation heat
transfer rate would greatly reduce the driving potential or
reduced pumping power required for desired output and
finally the possibility of size reduction for the particular
heat exchanger. Dropwise condensation (DWC) exhibits
a significantly higher heat transfer coefficient [9,10] than
filmwise condensation (FWC) when properly promoted.
However, long term DWC conditions are usually difficult
to maintain. Over the years many researchers have used
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different techniques to enhance heat transfer in steam con-
densation both theoretically and experimentally, some of
them are discussed below.

Fatica and Katz [4] were first to propose a model to
compute the rate of heat transfer. They assumed that on
a given area all drops are the same size, are uniformly
spaced and grow by direct condensation. In later attempts,
different researchers have dealt with the problem of drop-
size distribution in a variety of ways. Wu and Maa [1] used
the population balance method to derive the drop size dis-
tribution of small drops which grow mainly by direct con-
densation based on the assumption of steady size
distribution. They estimated a vapor side heat transfer
coefficient of dropwise condensation by assuming heat con-
duction through the drop as the only resistance to drop
growth. Maa [2] used the population balance method to
derive the drop size distribution of small drops which grow
mainly by direct condensation. The number of nucleation
sites was varied so that the result would fit the experimental
data. Later, Abu-Orabi [3] modified the concept used by
Maa [2] by incorporating the resistance due to the pro-
moter layer into his model. Mousa has derived a theoretical
derivation for the sweeping period in his model but, actu-
ally the sweeping period could be determined experimen-
tally by knowing the maximum drop radius and the
contact angle it made with the condensing surface. Mousa
also assumed a radius slightly greater than that of the min-
imum radius which was not clearly explained. Le Fevre and
Rose [5] derived a time-averaged distribution which had
the correct behavior for the limiting cases of very large
and very small drops. Rose and Glicksman [6] proposed
a universal form of the distribution function for large drops
which grow primarily by coalescence with smaller drops.
The predicted distribution was not valid for small drops
which grow by direct condensation. Rose [7] tried to
improve the form by incorporating the resistances to heat
transfer due to the drop and various contact angles. He
suggested changing the radius of the smallest viable drop
or the maximum drop radius or adding a resistance due
to the promoter layer to match the experimental data.
Tanaka [11,12] proposed a theory based on transient
condensation and derived a set of simultaneous intergo-
differential equations from statistical and geometrical
considerations. The solutions of these equations were
expressed in terms of four dimensional parameters, which
were adjusted to fit the experimental data.

Erb and Thelen [13] have used coatings of inorganic
compounds such as metal sulfides and found out that a
sample of sulfided silver on mild steel showed excellent
DWC. Extensive studies were made by researchers [14,15]
on condensation by using noble metal plated surfaces and
showed that noble metal plated surfaces have consistently
showed excellent dropwise characteristics. However, the
hydrophobic characteristics of these noble metals as
DWC promoters have been controversial in the literature
[16], and also the cost incurred in manufacturing such sur-
faces have limited their applications. Organic materials
[17–19] like hydrocarbons and polyvinylidene chloride
coatings had also received considerable attention for their
hydrophobic capabilities to promote DWC. Many
researchers [20–22] have used different types of technolo-
gies to employ polymer coatings for promoting DWC
and reported that heat transfer enhancements were up to
30 times higher than film condensation. Das et al. [23] used
an organic mono-layer coating and they concluded that
SAM coatings increased the condensation heat transfer
coefficient by a factor of 4. However, the durability of
the coated surfaces has not been determined. In general,
organic coatings are difficult to maintain, and require
strong, long term adhesion forces between the coating
and the metal substrate.
3. Model development

The derivation of the steady state distribution for small
drops within the size range of negligible coalescence is
based on the conservation of the number of drops in a
given size range with no accumulation; i.e. the number of
drops entering a size range must equal the number rate
leaving.

As small drops grow by direct condensation from the
smallest viable radius to the radius at which coalescence
takes place, drops go through different sizes. If an arbitrary
size range r1 to r2 is considered, then for the number of
drops to be conserved in that size range, the number of
drops entering by growth, must equal the number by
growth and the number swept by large drops falling. The
growth rate for a drop is defined as [1,24]:

G ¼ dr
dt

ð1Þ

The growth rate of a drop of radius r1 is G1 and that of a
drop of radius r2 is G2, with letting the population density
of drops be n1 and n2 for radiuses r1 and r2, respectively.
Where n is the number of drops per unit area per unit drop
radius. For a differential increment of time dt, the number
of drops entering this range because of growth is An1G1dt.
Similarly, the number of drops leaving by growth is
An2G2dt (�A� is the area of an arbitrary section on the con-
densing surface in m2). Drops in this size range are also
removed by the sweeping flow of large falling drops. The
number swept by falling drops is S�nDtDr, where S is the
rate at which the substrate surface is renewed due to sweep-
ing. If �n is the average population density in the size range
r1 and r2 with Dr = r2 � r1. Since the input to this range
equals the output, the number of drops balance in the size
range r1 to r2 gives: number of drops entering = number of
drops leaving + number of drops swept,

An1G1 dt ¼ An2G2 dt þ S�nDrdt ð2Þ

Rearranging and dividing by dt, the above equation gives

AðG2n2 � G1n1Þ ¼ �S�nDr ð3Þ
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As Dr approaches zero, �n becomes the point value and
Eq. (2) takes the form,

d

dr
ðGnÞ þ n

s
¼ 0 ð4Þ

where s = A/S.
The growth rate G of a single drop is derived by consid-

ering all the resistances (Fig. 1) to the heat transfer through
the drop. Those resistances are expressed as a temperature
difference as shown below:

DT d ¼
qr

4pr2kc
ð5Þ

Vapor–liquid interfacial resistance for a hemispherical
drop is given by [25,26],

DT i ¼
q

2pr2hi
ð6Þ

where hi is the interfacial heat transfer coefficient. The val-
ues of interfacial heat transfer coefficient increase as the
pressure is increased varying from 0.383 MW/m2 K to
15.7 MW/m2 K for a pressure ranging from 0.01 atm to
1.0 atm, respectively and is reported in literature [8] for
steam during DWC.

The total temperature difference between the vapor and
the substrate surface is,

DT ¼ DT i þ DT d ð7Þ
The minimum radius of the drops that can possibly grow
for a given wall sub-cooling is [25],

rmin ¼
2T sr

H fgqDT
ð8Þ

where, Hfg, q are the surface tension (N/m), latent heat of
vaporization (J/kg) and density of the condensate (kg/m3)
respectively. By combining Eqs. (5)–(7) we obtain,

DT ¼ q
2pr2hi

þ qr
4pr2kc

ð9Þ

q ¼ DT4pr2
1

2
hi
þ r

kc

 !
ð10Þ
Fig. 1. Resistances involved to heat transfer through a hemispherical drop
heat conduction through a hemispherical drop [4].
The rate of heat transfer through a hemispherical drop can
also be expressed as,

q ¼ qH fg2pr2
dr
dt

ð11Þ

By equating Eqs. (10) and (11) the drop growth rate is
given by,

G ¼ dr
dt

¼ 2DT
qH fg

1
2
hi
þ r

kc

 !
ð12Þ

Let,

A1 ¼
2DT
qH fg

ð13Þ

A2 ¼
1

kc
ð14Þ

A3 ¼
2

hi
ð15Þ

By substituting Eqs. (13), (14) and (15) in Eq. (12) we
obtain,

G ¼ A1

1

A2r þ A3

� �
ð16Þ

Knowing G as a function of r, we now integrate Eq. (4) to
give,Z Gn

ðGnÞmin

dðGnÞ
Gn

¼
Z r

rmin

�dr
Gs

ð17Þ
Z Gn

ðGnÞmin

dðGnÞ
Gn

¼ � 1

A1s
A2

2
r2 � r2min

� �
þ A3ðr � rminÞ

� �
ð18Þ

By solving the above equation we obtain,

nðrÞ ¼ ðGnÞmin

G
exp

�1

A1s
A2

2
r2 � r2min

� �
þ A3ðr � rminÞ

� �� �
ð19Þ

Because coalescence between drops is not considered in the
foregoing derivation, Eq. (19) is valid only for the region
where small drops grow mainly by direct condensation.
For larger drops N(r), the size distribution proposed by
LeFerve and Rose is adopted here because of its simplicity
and its agreement with the experimental data [4],

NðrÞ ¼ 1

3pr2 r
_

r

r
_

� ��2=3

ð20Þ

where the expression for r
_
can be obtained as [5,27,28],

r
_ ¼ K1

r
qg

� �1=2

ð21Þ

with K1 = 0.4 [27,28] and N(r) is the population density of
large drops in number per unit area per unit drop radius.

Where, re is the effective radius. This radius is equal to
half the mean spacing between the active nucleation sites
on the substrate surface. Assuming that the nucleation sites
form a square array [2,3,29] which gives;

re ¼

ffiffiffiffiffiffiffiffi
1

4N s

s
ð22Þ
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where, Ns is the number of nucleation sites on the condens-
ing surface.

Eq. (19) gives the drop-size distribution for small drops
n(r) which grow mainly by direct condensation for the
region where r < re and Eq. (20) gives the drop-size distri-
bution of larger drops N(r) which grow due to coalescence
for the region where, r > re.

With the boundary condition at r = re, n(r) = N(r)
enables one to express (Gn)min as a function of re. By apply-
ing the above boundary condition for Eq. (19) we obtain,

ðGnÞmin ¼
1

3pr2 r
_

r

r
_

� ��2=3

GðreÞ

� exp
1

A1s
A2

2
r2e � r2min

� �
þ A3ðre � rminÞ

� �� �
ð23Þ

By substituting Eq. (23) into Eq. (19) the expression for n(r)
can be given as,

nðrÞ ¼ 1

3pr2 r
_

r

r
_

� ��2=3 A2r þ A3

A2re þ A3

� �

� exp
1

A1s
A2

2
r2e � r2
� �

þ A3 re � rð Þ
� �� �

ð24Þ

For, s ¼ S
A the surface renewal rate S can be computed as

follows:

S ¼ Ad

t
ð25Þ

where, t is the time taken by the large drop to sweep the
substrate surface and Ad is the actual area of swept region
due to large drops falling and can be expressed as [30],

Ad ¼ pr2max sin h
2 ð26Þ

where, h is the contact angle of the drop.
The steady state heat transfer rate per unit area of con-

denser surface during the process of dropwise condensation
can be calculated from the below equation:

Q ¼
Z re

rmin

qðrÞnðrÞdr þ
Z rmax

re

qðrÞNðrÞdr ð27Þ
4. Experimental verification

In order to study dropwise condensation two different
types of SAM coatings have been used for experimenta-
tion. The experimental apparatus system is made of a boi-
ler, chiller, vacuum pump, moisture trapper and the
condensing chamber. Detailed descriptions of the experi-
mental apparatus along with the uncertainty analysis
involved are provided in the author�s earlier publication
[31].

4.1. SAM coating preparation

The ability to tailor the surface properties of the metal
substrate using SAMs provides a new capability of control-
ling the behavior of working fluids on a heat transfer surface
and can lead to significantly improved heat transfer rates.

4.1.1. Formation of an ultra thin film of n-octadecyl

mercaptan on the surface by covalent bonding

We used a finely polished copper alloy (99.9% Cu, 0.1%
P) tube with an outside diameter of 19.05 mm a wall thick-
ness of 2.057 mm, and a length of 406.4 mm. The copper
alloy tube was immersed in a 30% hydrogen peroxide
(H2O2) solution for 8 h, while stirring using a stir bar. This
would allow an oxide layer to be formed on the copper sur-
face which would provide a stronger bonding between the
condensing surface and the self-assembled mono-layer
coating. The tube is then removed from the hydrogen per-
oxide solution and immersed in a 2.5 mM solution of
n-octadecyl mercaptan in ethanol for 15 h. A thin film of
the organic compound formed on the surface of the copper
which was then washed with ethanol (99.9%) and dried.
The organic film was produced by self-assembly of mole-
cules attached to the metal oxide surface by covalent bonds
and has a stronger bonding to the substrate surface due its
higher electrostatic attraction.

4.1.2. Formation of an ultra thin film of stearic acid

on the surface by hydrogen bonding

The surface of the copper alloy tube with the same
dimensions mentioned above (in Section 4.1.1) was finely
polished and placed in 30% hydrogen peroxide solution
for 6 h at room temperature. The copper tube was removed
from the H2O2 solution and left to dry for 20 min. Then the
tube was placed in a 2.5 mM solution of stearic acid in hex-
ane. After a period of eight hours the tube was removed
from the organic acid solution and washed with hexane.
The tube was left to air dry for three hours and then tested
for the hydrophobic layer using water as the wetting sol-
vent. The surface of the tube was hydrophobic and the
layer was uniform. In this system the stearic acid molecules
attach to the copper surface by hydrogen bonding to the
oxide coating.

A CAM-100 type contact angle measurement apparatus
(KSV Instruments, Finland) with an accuracy of ±0.5� was
used to measure the contact angles of liquids on the SAM
coated plates at room temperature in order to assess the
surface characteristics of the SAM coated surfaces. If the
contact angle is less than 90� the liquid is said to wet the
solid, and greater than 90� it is said to be non-wetting.
Fig. 2 is the contact angle measurements for the copper
alloy surface, n-octadecyl mercaptan coated surface
(SAM-1), and stearic acid coated surface (SAM-2) before
experimentation. Contact angle measurements were also
measured for n-octadecyl mercaptan (after 500 h of opera-
tion) coated and stearic acid (after 10 h of operation)
coated surfaces after the experiments were conducted.
Fig. 3 shows the contact angle measured data after experi-
ments for SAM-1 and SAM-2, respectively. The contact
angle of water on the condensing surface has been used
to predetermine the condensation mode [8].



Fig. 2. Contact angle measurement for (a) copper alloy surface, (b) n-
octadecyl mercaptan on the surface before experimentation and (c) stearic
acid before experimentation.

Fig. 3. Contact angle measurement for (a) n-octadecyl mercaptan and
(b) stearic acid on the surface after experimentation.
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5. Experimental data reduction

The coolant velocity in the tube was varied from 1.4 to
3.2 m/s, corresponding to Reynolds numbers ranging from
19,500 to 45,100. The heat transfer rate to the condensation
tube Qw, was determined from the following equation:

Qw ¼ mwcp T o � T ið Þ ð28Þ
Qw is used to calculate the overall heat transfer coefficient,
U,

U ¼ Qw

AoDT LMTD

ð29Þ

DT LMTD ¼ T o � T i

ln T s�T i

T s�T o

� � ð30Þ

The convective heat transfer coefficient, hw, for cooling
water inside the tube was determined by the following cor-
relation, reported earlier for relatively short tubes [22]:

Nu ¼ 0:062Re0:75Pr0:353 ð31Þ
The mean condensation heat transfer coefficient, hc, on the
outside of the tube was determined by subtracting the in-
side and wall thermal resistances from the overall thermal
resistance, or
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hc ¼
1

1
U � Ao

Aihw
� Ao

ln do
di

� �
2p�l�K

2
4

3
5

0
@

1
A

ð32Þ

The surface sub-cooling temperature, DT, with an uncer-
tainty of about 4% in the calculated value, was hence ob-
tained from dividing the mean heat transfer rate, q, by
the average condensation heat transfer coefficient.

q ¼ Qw

Ao

; DT ¼ q
hc

ð33Þ
∆Τ (Κ)
6 8 10

0
0 2 4

Fig. 5. Condensation heat transfer coefficient versus vapor to tube wall
temperature difference during DWC of steam on coated tubes operated at
101.3 kPa.
6. Results and discussion

Every experimental run was kept operated at a constant
pressure 33.86 kPa and 101.3 kPa for more than 2 h after
reaching steady-state. All tests were repeated at least once
on a different day. As a check, experimentally determined
heat flux and condensation heat transfer coefficient, mea-
sured with this apparatus for pure FWC on a bare tube,
compared well with the well known Nusselt correlation
[10]. Excellent dropwise condensation was obtained on
the SAM-1 surface for all the experiments conducted on
it. SAM-2 surface sustained DWC for only 10 h of experi-
mentation because it may be due to weak electrostatic
attraction of hydrogen bonding used in stearic acid mole-
cules to bond to the tube surface. Figs. 4 and 5 shows
the variation of condensation heat transfer coefficient as
a function of surface sub-cooling operated at pressures
33.86 kPa and 101.3 kPa. From the Figs. 4 and 5 it can
be seen that condensation heat transfer rate was enhanced
by a factor of three at 33.86 kPa pressure and by a factor of
eight when operated at a pressure of 101.3 kPa when the
condensing surface was coated with SAM-1, as compared
to the values for film condensation on a bare copper–brass
tube. It can be seen that the driving potential (or required
temperature difference) using SAM-1 coating, was signifi-
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Fig. 4. Condensation heat transfer coefficient versus vapor to tube wall
temperature difference during DWC of steam on coated tubes operated at
33.86 kPa.
cantly reduced as compared to FWC for the applied input
power. The improvement during DWC results primarily
from the presence of numerous microscopic sized droplets
on the hydrophobic surfaces that do not exist during FWC.
Active sweeping of larger drops from above help continue
the nucleation of small droplets on the surface, after a lar-
ger drop sweeps off the surface; the DWC cycle then
repeats itself. This sweeping effect controls the size of drops
on the lower part of the tube, as they are prevented from
growing too large due to their coalescence into the sweep-
ing drop. The heat transfer coefficients for atmospheric
condition with no non-condensable gases, for all the runs
were found to be greater than those under vacuum condi-
tion. Das et al. [23] reported a similar increase in dropwise
heat transfer coefficient with increasing pressure, ratios of
about 2.2–2.9 for SAM on copper and SAM on copper–
nickel for a pressure ranging from 10 kPa to 100 kPa and
also for a vertical copper surface. One possible explanation
for the larger values in heat transfer rate may be due to the
effect of interfacial heat transfer coefficient. Interfacial heat
transfer coefficient of water vapor at atmospheric pressure
is extremely high, being almost three orders of magnitude
higher than the heat transfer coefficient of film condensa-
tion as reported in literature [8], and hence would have
been the cause for high heat transfer rate in dropwise con-
densation at atmospheric pressure.

The drop population density obtained from Eqs. (20)
and (24) is plotted in Fig. 6. Eq. (20) gives the population
density for small drops n(r) which grow mainly by direct
condensation and Eq. (24) gives the population density of
larger drops N(r) which grow due to coalescence. There
was a very little notable variation in the drop population
density when plotted as shown in Fig. 6 for different oper-
ated pressures (33.86 kPa and 101.3 kPa). From the Fig. 6
the left side region before re represents the population den-
sity for small drops n(r) which grow mainly by direct con-
densation and the right side region after re represents the
population density of larger drops N(r) which grow due
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Fig. 6. Population densities of small and large drops as a function of drop
radius (where n(r) and N(r) are the population density for small drops
which grow mainly by direct and the population density of larger
drops which grow due to coalescence, respectively).
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to coalescence. The population density up to a drop radius
before that of re, the rate of decrease in the drop popula-
tion density is not as steep as the rate of the drop radius
greater than re. This is because coalescence between drops
starts taking place when the drop radius reaches re.

Fig. 7 shows the variation of heat flux, Q, as a function
of surface sub-cooling, DT. From the Fig. 7 it can be seen
that the driving potential or required temperature differ-
ence for the experiment using SAM-1 coating at both the
operating pressures of 33.86 kPa and 101.3 kPa is reduced
compared to FWC for the applied input power. The exper-
imental data for SAM-2 are not shown in the Fig. 7 as it
showed FWC and results were in the same range to that
obtained for FWC. The number of nucleation sites on a
surface were normally in the range of 109–1013 sites/m2 as
reported in the literature [32,33]. The number of nucleation
sites (Ns = 109 sites/m2) used in this computation are
within the range mentioned above and is the main driving
parameter in obtaining the heat flux. It is also been shown
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Fig. 7. Heat flux versus vapor to tube wall temperature difference (where
Ns, is the number of nucleation sites/m2).
by researchers [32,33] that the drop distribution and heat
flux are dependent on the density of active nucleation sites
on the substrate surface. The value of the maximum drop
radius (1.5 mm) can be obtained by experimental observa-
tion and by knowing the contact angle of the drop made
with the condensing surface from which the surface
renewal rate due to large falling drops is calculated. Heat
flux obtained from the theoretical model (Eq. (27)) is also
plotted in Fig. 7. Mentioned earlier one principle explana-
tion for the increase in heat transfer rate at higher pressures
was due to increase in interfacial heat transfer rate as
reported in literature [8] the values of interfacial heat trans-
fer coefficient increase as the pressure is increased varying
from 0.383 MW/m2 K at 0.01 atm to 15.7 MW/m2 K at
1.0 atm, respectively for steam during DWC. The increase
in values of interfacial heat transfer coefficient due to
increasing pressures was considered into the model and
from Fig. 7 it can be seen that there is a very good agree-
ment with the experimental data obtained when operated
at pressures of 33.86 kPa and 101.3 kPa, respectively for
a given number of nucleation sites.

7. Conclusions

The effects of SAM coatings on the condensation heat
transfer characteristics were investigated experimentally
and theoretically. The conclusions of this study can be
summarized as follows:

1. It is evident that from the results that there is an
enhancement up to three times in condensation heat
transfer rate for dropwise condensation when operated
at vacuum condition and an enhancement of eight times
when operated at atmospheric condition over filmwise
condensation respectively.

2. In the current research experiments (Fig. 4) were carried
out using SAM-1 (n-octadecyl mercaptan) coating for
500 h and it showed good dropwise condensation. Stea-
ric acid (SAM-2) coated tube had a contact angle of
155� (drop wise) but when the experiment was con-
ducted it gradually turned to film wise condensation
mode and had a contact angle of 61.1� after the experi-
mentation, which is due to weak electrostatic attraction
of hydrogen bonding to the tube surface and would have
been dissolved when operated at high temperatures.
From the studies it is found that bonding of the SAM
coating to the metal substrate plays an important role
in maintaining long term DWC. Covalent bonding is
better than the hydrogen bonding of the SAM to the
metal substrate due to its high electrostatic attraction.

3. One possible explanation for the larger values in heat
transfer rate may be due to the effect of interfacial heat
transfer coefficient. Interfacial heat transfer coefficient
of water vapor at atmospheric pressure is extremely
high at atmospheric pressure when compared to vac-
uum pressure (lower than at atmospheric pressure)
in the absence of non-condensable gases as reported in
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literature [8], and hence would have been the cause for
high heat transfer rate in dropwise condensation at
atmospheric pressure.

4. Population balance concept was used to derive a theo-
retical formula to predict the drop-size distribution of
small drops which grow mainly by direct condensation.
All the important resistances to heat transfer such as the
heat conduction through the drop, vapor–liquid inter-
face are considered in developing this model.

5. By, knowing the contact angle of the drop made with the
condensing surface and the maximum drop radius
(1.5 mm) the sweeping effect of large falling drops could
be calculated. The number of nucleation sites used in
this computation were within the range as reported in
the literature and is the main driving parameter in deter-
mining the heat flux.

6. In general, a SAM system with a long-chain, hydropho-
bic group is nano-resistant, meaning that such a system
forms a protective hydrophobic layer with negligible heat
transfer resistance but a much stronger bond. The dura-
bility of the SAM coating is strongly dependent upon the
bonding between the coating and the condensing surface.
As, of now after 500 h of operation the SAM coated sur-
faces still exhibited good dropwise characteristics and
further durability tests are being carried out.
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