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Heat Transfer Characteristics of Dropwise Condensation of
Steam on Vertical Polymer Coated Plates*
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Abstract The plasma polymerization method and dynamic ion-beam mixed implantation method were employed
to coat ultra-thin polymer films on copper plates. Experiments indicated that steady dropwise condensation of steam
at atmospheric pressure occurred. The condensation heat transfer coefficients increased by approximately 3 and
5—7 times for the polytrimethylvinylsilane film and polytetrafluoroethylene film respectively, compared with the
value for film condensation under the same experimental conditions. The temperatures on the condensing surface
and inside the test block were found to be rapidly and randomly fluctuated. The properties of the coated films and

advantages of the methods used in this investigation were discussed briefly.
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1 INTRODUCTION

Dropwise condensation has a significantly higher
heat transfer coefficient than film condensation, but
this perspective condensation mode has not been
widely used in commercial equipment because of its
special requirements for condensation surfaces!12l.
Dropwise condensation can be promoted by (1) apply-
ing a suitable organic promoter to the condensing sur-
face or the bulk vapor, (2) using a thin layer of special
metal (such as gold, chromium, etc.) or metal com-
pounds, and (3) coating the condensing surface with
a polymer film. In the past several decades, some or-
ganic promoters were used in laboratory to investigate
the mechanism of dropwise condensation heat trans-
fer. However, metal compound films are currently of
considerable interest due to its successful application
in a small-scale industrial condenserl®!| although, hith-
erto, there is no firm theoretical basis to explain why
this surface can promote dropwise condensation.

As an alternative to the special metal and organic
compounds, polymer film with lower surface free en-
ergy than metal can achieve dropwise condensation
mode for many vapors. However, two problems must
be solved before this film might be used in industrial
condensers. The first one is that the adhesion between
metal substrate and its coating must be strong enough
to assure the dropwise condensation sustaining for a
sufficiently long period of time. Secondly, the film
thickness must be thin enough (for example, less than
1 um). Otherwise, the benefits of dropwise condensa-
tion are retarded by the increase of thermal resistance

Received 2000-02-18, accepted 2000-08-31.

dropwise condensation heat transfer, polymer film, temperature fluctuation

of the coating itself because of its low thermal con-
ductivity. From the practical viewpoint, using poly-
mer coating to maintain long-term dropwise conden-
sation seems to be very promising. Particularly, this
might be the only approach to achieve dropwise con-
densation of organic vapors that are very commonly
used in petrochemical processes. Holden et al.[4 and
Marto et al.l®l examined several organic coatings for
promoting dropwise condensation. Their results in-
dicated that the heat transfer coefficients of steam
dropwise condensation for surfaces coating with or-
ganic films are as large as 3—8 times that of film con-
densation for smooth surface. The organic coatings
were successful in promoting good quality of drop-
wise condensation for about 22000 hours (with film
thickness of 60 um). Haraguchi et all® found that
a thin film of polyvinylidene chloride provided excel-
lent dropwise condensation of steam and its process-
ing cost was much cheaper than other methods used
previously even for a large area coating surface. The
condensation heat transfer coefficient was more than
20 times that for film condensation. Endurance test
showed that a film with 10 gum thick retained dropwise
condensation over 21586 hours.

In the present study, the plasma polymerization
(PP) method and the dynamic ion-beam mixed im-
plantation (DIMI) method are employed to coat ultra-
thin polymer films on copper plates. The condensa-
tion heat transfer characteristics of steam are tested
under atmospheric pressure. The fluctuation of the
temperatures at points below and on the condensa-
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tion surface is investigated as well.

2 PREPARATION OF DROPWISE CON-
DENSATION SURFACES
Polytrimethylvinylsilane (PTMVS) and polyte-
trafluoroethylene (PTFE) were coated on copper
plates by PP method and DIMI method respectively.
Preliminary surface treatment was as follows: First,
removing the fouling and oxide film on the copper
plates with carbide-paper No. 1000 and rinsing them
with acetone and distilled water; Secondly, using
0.05 pum alumina to polish the surface to a mirror fin-
ish and then, activating and cleaning the surface with
argon ion beam sputtering in vacuum; Finally, PT-
MVS and PTFE films were prepared in the separate
apparatus under the selected processing conditions.

3 EXPERIMENTAL EQUIPMENT AND
HEAT TRANSFER CALCULATION

Fig.1 shows the schematic drawing of the ex-
perimental apparatus. An observation window was
mounted at the condensing cell so that the visual ob-
servation and photographic recordings of the conden-
sation mode could be conducted. Steam at a little
above atmospheric pressure was generated by two elec-
trically heating boilers (with the power of 15kW and
3kW respectively).

Figure 1 Experimental loop
1—water thank; 2,5,9—pump; 3—bath tub;
4—condensing chamber; 6—measuring pipe;
T—separator; 8—condensate tank; 10—boiler

A copper-constantan thermocouple was used to
monitor the steam temperature. The steam flowed
through a stainless steel tube, entered the condensing
chamber and condensed on coated plates. In order
to prevent accumulation of non-condensable gases in
the condensing chamber, steam with higher flow rate
flowed rapidly through the condensing chamber for
10 min, and then the experiment under normal oper-
ation conditions was kept running for at least 30 min
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before the data were collected. The cooling water was
supplied to the rear side of the condensation plate by
a centrifugal pump. The heat transfer surface on the
cooling side was extended by 15 rectangular fins, as
shown in Fig. 2, to augment the heat transfer of cool-
ing water.

T

$70
$30
%. =
[ ] B
=
43.5
|
f,.ﬁ»sx $0.8
1.5
43.5 3

Figure 2 Condensing block

A cylindrical condensing surface, 30 mm in diam-
eter and 410mm long, was made from a high purity
copper block to allow precise measurement of the sur-
face temperature and heat flux. The condensation
surface was oriented vertically. Three 0.8 mm diam-
eter holes were drilled into the block on the same ver-
tical plane, perpendicular to the axis, with copper-
constantan thermocouple inserted into the bottom of
each hole. The thermocouple arrangement is shown in
detail in Fig. 2. All thermocouples were calibrated in a
bath at same constant temperature with an accuracy
of 0.1°C. The temperature signals were collected by a
HP3852A data acquisition/control unit and transmit-
ted to a personal computer for data reduction.

During experiments, the temperature variations in
the condensing block and condensing chamber were
shown on the computer screen to check if the conden-
sation condition was steady. The measurement time
interval was 0.01 second.

The heat flux, g, was determined using the least
square method from the readings of the three thermo-
couples in the condensing block. The surface temper-
ature was then calculated by extrapolating the tem-
perature gradient within the condensing block to the
surface. Accordingly, the surface subcooling degree,
AT, and the condensation heat transfer coefficient, k,
were obtained.
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4 RESULTS AND DISCUSSION
4.1 Contact angle and surface free energy

A JY-82 type contact angle measurement appara-
tus (with an accuracy of +:5’) was used to measure the
contact angles of liquids on coated surfaces at room
temperature. The surface free energy was calculated
by measured contact angles based on the formula for
low-free-energy surfaces given by Owens and Wendt!”]

N (137.5 + 256.1cos fy,0 — 118.6 cos 9011212) 2
P =
44.92
(1)
e 139.9 + 181.4 cos Oc,1, — 41.5 cos O1,0\ >
s 44.92
(2)
75 =8 + 718 (3)

As shown in Table 1, the contact angles of wa-
ter on coated surfaces are greater than 90°, therefore
we can preliminarily conclude that dropwise condensa-
tion of steam may occur on these films. However, the
contact angle measured at room temperature and in
equilibrium with an air atmosphere has been proven
to be useless for determining the wettability of sys-
tems in which mass transfer takes placel®). Mal® pro-
posed a criterion to predict whether film or dropwise
condensation of a vapor will occur on a solid surface
by the surface free energy difference between conden-
sate liquid at the condensation temperature and solid
surface on which condensation takes place, defined as
Ay = m — 7v,. Generally speaking, if the solid sur-
face free energy is less than the liquid subdue free
energy (or surface tension) at a certain temperature,
the solid can not be wetted by the liquid so that drop-
wise condensation mode could be anticipated. Oth-
erwise, filmwise condensation will occur on the solid
surface. Since the surface free energy of present coated
surfaces is much less than that of the condensate,
5.858 x 1072 J-m~2, good dropwise steam condensa-
tion is expected to occur.

4.2 Measurement accuracy

The accuracy of the heat transfer coefficients mea-
sured in the dropwise condensation apparatus was de-
termined by comparing the heat transfer results for
filmwise condensation on the mirror-finish uncoated
copper plate measured in this apparatus with that of
modified Nusselt’s correlation for filmwise condensa-

tion on a vertical discl'?

1/4
g = 0.83404 [ﬁm] / AT/ (4)
R

As shown in Fig. 3, the experimental results agree well
with those predicted using modified Nusselt’s correla-
tion, Eq. (4). The relative deviation between the two
series of data was less than 5%.
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Figure 3 Comparison of experimental data of film
condensation with calculated results
O experimental data; —— Eq. (4)

4.3 Observation and heat transfer results

For PTMVS film, steady dropwise condensation
was observed at the startup of running. The surface
became noticeably dark in color after 2 days operating,
and then film condensation occurred. It might be the
oxidation of the substrate that led the polymer film
to peel off. Although the plasma polymerization has
been recognized as a unique method to prepare uni-
form, pinhole-free and ultra-thin polymer films on var-
ious substrates, few reports on directly polymerizing
organic films on metal substrates have been found up
to now. As a result, inappropriate processing condi-
tions used in the present investigation gave rise to the
poor adhesion between metal substrate and polymer
film, and hence to a very short period of dropwise con-
densation. Therefore, it is more crucial to improve the
adhesion between polymer film and metal substrate.
This adhesive intensity is influenced by some factors:
the film aging in the steam-water moist environment,
the corrosion and oxidation of the substrate, et al.l11].
We conduct research work to explore an effective ap-
proach to form a passivated organic sublayer on the
metal surface before the plasma-polymerized film is
coated. Fig.4 illustrates the experimental results of
heat transfer coefficient of dropwise condensation on
PTMVS film. The heat transfer coefficient of film

Table 1 Contact angles and free surface energy
. Contact angle, (°) Free surface energy, J-m—2
Film H20 CHzl; +dx 10° P x 10° Yo X 10°
PTFE 92 53 31.1 1.6 32.7
PTMVS 100 57 30 0.4 30.4
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condensation for the bare plate calculated by Eq. (4)
is also included in the figure for comparison. It is
found that the condensation heat transfer coefficients
of steam on the present PTMVS film were approxi-
mately 4 times that of film condensation.
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Figure 4 Condensation heat transfer coefficient vs.
surface subcooling for PTMVS film
A PTMVS film; O Eq. (4)

The PTFE film did not promote steam dropwise
mode in the early operating period. The condensa-
tion mode gradually changed from mixing condensa-
tion mode to dropwise condensation within the next 25
hours. And then excellent dropwise condensation was
sustained for 3 weeks. For the DIMI method, the com-
ponent distribution analysis revealed that good adhe-
sion of the coating with metal substrate resulted from
the interfacial transition sublayer formed by ion-beam
mixing during the preparation of the film. However,
the processing conditions had a great impact on the
adhesion and the chemical components of the film(!?),
consequently on the heat transfer performance. Fig.5
illustrated the experimental results of heat transfer co-
efficient of dropwise condensation on PTFE film. The
condensation heat transfer coefficients increased by a
factor of 5—7 compared to film condensation value.
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Figure 5 Condensation heat transfer coefficient vs.
surface subcooling for PFTE film
A PTFE film; O Eq. (4)

Fig. 6 shows a comparison of heat fluxes of present
films with those of the organic promoter(!l]l| coated
Teflon films on horizontal aluminum tube’® and
copper tubel!4), electroplated silver(1] electroplated
gold*®! and ion plated chromium!l. It can be found
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that the present PTFE film and PTMVS film demon-
strates higher heat transfer coefficients than coated
Teflon films reported in literature. This may be con-
tributed to the effect of the film thickness.
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Figure 6 Comparison of the present fllms with other
surfaces for heat transfer performance
O promoter; x Al-Teflon; O Cu-Teflon; ® plated silver;

M plated gold; A ion-plated chromium;
A Present PTMVS film; ¢ present PTFE film

4.4 Temperature fluctuation

Fig. 7 shows a transient history of temperatures at
three points 3.5mm (P;), 5.5mm (P,), and 7.5mm
(P3) below the condensation surface of PTFE film. A
good linear relationship is shown between the three
temperatures, but with somewhat fluctuation for
everyone. The condensation condition is shown in the
figure. Fig.8 shows the fluctuation of surface temper-
ature on PTFE film with time. The rapid surface tem-
perature fluctuations occurred randomly unlike the re-
sults obtained by Truruta et all'” on surfaces with
very low thermal conductivity. This might result from
the different thermal conductivities of the substrates.
Similar results have been obtained for PTMVS film.
Fig.9 shows the variation of temperatures inside the
condensation block for PTMVS film.
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Figure 7 Variation of temperatures inside the
condensing block for PTFE film
(g =0.836 MW.m~2)

5 CONCLUSIONS
Dropwise condensation of steam at atmospheric
pressure was attained on plates coated with thin
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Figure 8 Surface temperature fluctuation for PTFE
film (g = 0.836 MW-m~2)
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Figure 9 Variation of temperatures inside the
condensing block for PTMVS film
(g =0.94MW-m~2)

PTFE film and PTMVS film, respectively. The con-
densation heat transfer coefficients increased by ap-
proximately 3 and 5—7 times for PTMVS film and
PTFE film respectively, compared with the film con-
densation value under the same experimental condi-
tions. The high thermal conductivity of the copper
substrate and the thin polymer film resulted in rapid,
random fluctuation of the surface temperature.

NOMENCLATURE
gravitational acceleration, m-s™
condensation heat transfer coefficient, W-m~—2-K~!

2

latent heat of condensation, J-kg™!
heat flux, W-m~2
radius of condensation surface, m

time, s
temperature, °C

T  surface subcooling degree, K

surface free energy, J-m—2

contact angle, (°)

thermal conductivity, W-m~ 1K1
viscosity, N-s-m~2
-3

TR DL TR TR

density, kg-m
Superscripts
d dispersion component
p polarity component

Subscripts
L liquid
s  solid
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