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Abstract-Polyvinylidene chloride coating is proposed as a promoter of dropwise steam condensation. The 
effect of coating thickness is investigated in regard to promotion of the condensation. Four thicknesses, 
0.05, 0.10,0.25 or 0.50 pm, are coated on a copper heat transfer block. Each coating surface is heat-set for 
83 h, after which it is evaluated. The 0.05 pm coating provides heat transfer performance comparable to 
that of gold or oleic acid promoter coatings on surfaces. The 10 pm coating retains fair dropwise con- 

densation over a 21568 h period. 

1. INTRODUCTION 

BOILING phenomena are explained by using a boiling 
curve, in which the horizontal axis shows wall super- 

heat temperature and the vertical axis shows the heat 
flux. Takeyama and Shimizu [l] measured a con- 
densation curve which is considered to be the counter- 

part of the boiling curve. 
Dropwise condensation results in heat transfer 

coefficients much greater than for filmwise conden- 
sation, so that many studies have been made on the 

former. The primary experimental research was done 
by Utaka and Tanasawa [2] who showed that steam 

velocity had an effect on the condensation curve. Con- 
tinuing from the work of Tanner et al. [3], Citakoglu 
and Rose [4] showed that noncondensable gas 

included in steam caused the heat transfer coefficient 
to decrease. Izumi et al. [5] reported on the hysteresis 
phenomenon of steam including noncondensable gas 
in a high subcooling temperature region. Kaino et al. 
[6] measured the heat transfer coefficient of dropwise 
condensation at a low subcooling temperature, 
AT,,, = 0.03-2 K. With a view to more practical use, 
Izumi et al. [7] investigated the effect of surface rough- 
ness on the heat transfer coefficient. 

On the other hand, from the viewpoint of producing 
a permanent dropwise condensation surface, Wood- 

ruff and Westwater [8] found that an electroplated 
gold surface could provide permanent dropwise con- 
densation, while Erb and co-workers [9-l l] showed 
that an electroplated silver surface gave good drop- 

wise condensation. 
Nonmetal coating surfaces, particularly PTFE, 

have also been found to produce permanent dropwise 
condensation. A number of investigations have 

looked at this [12-161, however, none achieved the 
high subcooling temperature region of glacial con- 

densation, because the films were too thick, and a high 

heat flux could not be obtained. 
Utaka et al. [ 171 used propylene glycol for dropwise 

condensation and showed its condensation curve. 
With a view to practical use, Holden et al. [ 181 carried 

out endurance tests for dropwise condensation using 
several kinds of polymer films. 

Using noble metals is more expensive than using 

polymers for producing permanent dropwise con- 

densation surfaces. But as polymers have a relatively 
low thermal conductivity, if they are too thick the heat 
transfer is reduced. However, we expected that the 
dropwise condensation heat transfer coefficient, 
including the resistance of the film, was even greater 
than the filmwise condensation heat transfer 

coefficient. In laboratory tests, we looked at the use 
of polyvinylidene chloride to provide permanent 

3047 



NOMENCLATURE 

! 
CI diameter of condensation surface [ml I’ steam velocity [m s ‘1 

/ n departure diameter [m] IZ/r temperature fluctuation. 

/ 4 heat flux [W m ‘] 
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I A TWh subcooling [K] <s coating thickness [m]. 
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dropwise condensatioi~. We wanted to find the opti- 
mum thickness that could realize a heat transfer co- 
ef5cient equivalent to that of an oleic acid coated 
copper surface, an electroplated gold surface or a gold 
deposited surface. Various thicknesses of poly- 
vinylidene chloride film on a copper surface were 
exposed to steam at atmospheric pressure and obser- 
vations were made on dropwise condensation. 

2. EXPERIMENTAL APPARATUS AND 

PROCEDURE 

The experimental apparatus is outlined in Fig. 1. 
Steam was generated from distilled water in a large 
glass boiler. Watermist particles were eliminated, by 
their inertia, while flowing in the pipe from the boiler 
to the condensation surface. Steam was blown ver- 
tically against the condensatjon surface, through a 
nozzle (16.3 mm i.d.), and its velocity was calculated. 

Figure 2 shows the heat transfer block and steam 
chamber. The heat transfer block was made of copper, 
shaped in a truncated cone, and its vertical surface 
was set at a right-angle so as to absorb a high heat 
flux. The top was the heat transfer surface which was 
cooled by water or LN2 from behind to produce a 

large temperature difference between the steam and 
the cooled surface. The surroundings ofthe heat trans- 
fer surface were insulated using PTFE. Furthermore. 
a thin aluminum foil was put around the surface to 
eliminate the boundary effect, and to ensure the con- 
densing droplets and film flowed smoothly. The cop- 
per surface was polished to a mirror finish with a 
l~etallurgical polishing cloth soaked in a 0.06 ftm 
aluminum oxide polishing compound. Next, the 
polished surface was carefully washed with a cotton 
swab, previously dipped into distilled water. This was 
followed by another washing with a cotton swab, this 
time dipped into ethanol. After air drying, the surface 
was coated with polyvinylidene chloride. The coating 
film thicknesses were 0.0&O. 10,0.25 or 0.50pm. These 
thicknesses were measured using an interference 
microscope. 

Four C-A sheath thermocouples were located 1, 2, 
3 and 4 mm from the surface along the block axis. 
They measured the temperature dist~bution in the 
block. 

Heat flux was obtained with a thermal conduction 
equation. The surface subcooling was calculated from 
the copper surface temperature, steam saturation tem- 
perature, heat flux and coating film thickness. The 
therma conductivity of polyvin~lidene chloride used 

in the above calculation was 0.13 W m ’ K ’ [ZO]. 

oolant casing 

eat transfer block 

Condensation chamber 

C-A thermocou 

Pen recorder mV meter 

FIG. 1. Schematic of experimental apparatus. 
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FIG. 2. Steam chamber and heat transfer block. 

The measurement accuracy of the heat transfer of 
dropwise condensation was confirmed by comparing 
the obtained condensation curve for the same heat 
transfer surface, when gold electroplated, with litera- 
ture curves. 

2.2. Endurance test apparatus 
Figure 3 shows the apparatus for the endurance 

test. Steam was produced from distilled water boiled 
in a flask and the steam was condensed on the heat 
transfer surface. The working fluid was allowed to 
circulate inside the loop. The coolant used was tap 
water. The heat transfer surface was a 40 x 80 mm 
copper surface coated with a 10 pm thick poly- 
vinylidene chloride film. 

Test section 

Coolant IN 

FIG. 3. Schematic of endurance test apparatus. 

3. EXPERIMENTAL RESULTS AND 

INTERPRETATION 

3.1. Condensation curve and observation at surface 
subcooling 

(i) Measurement accuracy. The measurement accu- 
racy of the heat transfer for the dropwise con- 
densation apparatus was confirmed by comparing the 
condensation curve obtained for this apparatus with 
other reported condensation curves [l, 2, 191. The 
comparison results are shown in Fig. 4. In the present 
investigation, the diameter of the electroplated con- 
densation surface was 10 mm and its condensation 
curve was located between those for 5 and 15 mm 
diameter surfaces having similar steam velocities 
obtained by other researchers. 

The difference reflected the effect of the diameter 
size and confirmed the accuracy of the measuring 
system. 

(ii) Heat-set treatment effect for dropwise con- 
densation of a polyvinylidene chloride surface. To 
eliminate internal stress in the film, the coated surface 
was heated to about 105°C for 83 h. This process 
is called the heat-set treatment. Figure 5 shows the 
condensation curves for the 0.50 pm thick film before 
and after the heat-set. If heat-set treatment was not 
carried out, the film peeled or cracked in the region of 
small surface subcooling, allowing water to condense 
between the copper surface and film and decreasing 
the heat flux in the curve. Finally, the film was broken. 

However, if the heat-set treatment was used, the 
data showed fairly good dropwise condensation was 
provided. Holden et al. [18] reported that the coating 
film was peeled and cracked after their heat transfer 
test, but in the present test no peeling or cracking 
occurred. 

The heat-set treatment time required was shorter 
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Nusselt theory 
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FIG. 4. Condensation curve (comparison with other experiments) 

for thinner films than thicker ones. If the film thick- 

ness was 0.05 pm, the treatment time was about 17 h 
at 100°C. The film’s mechanical strength has been 
suggested to increase, if the heat treatment tem- 
perature is increased [21], but we found that a satis- 
factory heat-set temperature was that equal to the 
highest temperature used during the condensing tests. 

Figure 6 shows the photographs of the con- 
densation at each surface subcooling temperature, 
where the film thickness was 0.50 pm. The dropwise 
condensation for a polyvinylidene chloride coated 
surface showed the same transition character. drop- 
wise-filmwise-glacial-filmwise-dropwise as other 

chemical promoters, gold deposited surface and elec- 
troplated gold surface show. 

(iii) The e@ct of polyvinylidene chloride thickness 

on promotion of the dropwise condensation curve of’ 

steam. Figure 7 shows the effect of the thickness of 
polyvinylidene chloride coatings for promotion of 
dropwise condensation of steam, in which four thick- 

105 I ,111 t SOI 
100 2 4 6 alo 2 46alo22 4 

Surface subcooling,ATsub K 

FIG. 5. Effect of heat-set treatment for condensing curve. 

nesses, 0.05, 0.10, 0.25 and 0.50 pm, were examined. 
The coating thickness of 0.05 pm showed a dropwise 
condensation heat transfer performance as high as 
gold or oleic acid promoting surfaces in the large 
surface subcooling region. However, the other thick- 
nesses did not have such a high heat transfer per- 
formance, because of their large thermal resistance. 
The 0.05 /irn coating showed heat transfer per- 
formance much higher than the gold or oleic acid 
promoting surface for surface subcooling of up to 8 
K. The 0.1 pm thick coating also gave good results. 

These could be attributed to the lowered surface 
energy of the coated condensing surface, which is 

mentioned in the next section. Holden et al. [18] 
reported that a 0.5 pm parylene-N coating increased 
the heat transfer coefficient 6-7.5 times, but with a 1 .O 
pm coating, the thicker film increased the coefficient 
only 4.5-6 times. Transition from the filmwise to 
dropwise condensation had a tendency to occur at 
larger surface subcooling with greater thickness. Close 
inspection of the 0.5 pm coating surface after the heat 
transfer tests revealed small areas in which the coating 
layer showed signs of peeling or crack initiation. 

Heat flux decreased in the region of surface sub- 
cooling above the maximum heat flux point. Therc- 

fore. that maximum point should be one of the upper 
limits in designing condensers. 

The maximum heat flux vs coating thickness is 
shown in Fig. 8. An almost linear relationship with 
negative slope was seen between heat flux and the 
coating thickness. 

Figure 9 shows the temperature fluctuations 1.00 
mm below the condensation surface. The coating 
thickness and the surface subcooling are shown in the 
figure. These temperature fluctuations were similar to 

those obtained by Takeyama and Shimizu [l]. The 
fluctuations increased with a decrease in the coating 
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~Ts,,=58.0 K dTsUb=72.9 K dTsub=98.1 K 

q=2.0x106 W/m2 q=l.9x106 W/m2 q=l-9X106 W/m2 

AT sub=138.9 K dTsUb=156.3 K dTsUb=177.0 K 1: 

q=8.8xl O5 W/m2 q=9.5x-l OS W/d q=7.5x10S W/m2 

FIG. 6. Appearance changes of dropwise condensation with subcooling (film thickness = 0.50 pm). 
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Surface subcooling,flaub K 

FIG. 7. Effect of coating thickness on heat flux. 

thickness, and the fluctuation interval was shortened 
in the small subcooling region. In addition, if com- 
pared at surface subcooling ATsub = 2 K, the tem- 
perature fluctuation of the surface of coating thickness 
6 = 0.05 pm was much larger than that of 6 = 0 pm 
(gold electroplated surface), which might have some 
relationship with the higher heat flux of the coated 
surface seen in Fig. 8. 

Figure 10 shows the maximum temperature fluc- 

1 x 0 0.1 0.2 0.3 0.4 0.5 0.6 
Coating thickness pm 

FIG. 8. Maximum heat flux dependence on coating film 
thickness. 

tuation ATsub = 34 K vs the coating thickness. The 
magnitude of the fluctuation decreased as the coating 
thickness increased and it was very large when the film 
was thinner than 0.10 pm. 

3.2. Drop departure diameter and heat transfer 
It has been reported by Tanasawa et al. 1221 that 

the heat transfer coefficient increased with a decrease 
in the departure diameter. 

Data in Fig. 7 showed that the surface with a film 
thickness 6 = 0.05 pm, had a larger heat flux enhance- 
ment than the case of 6 = 0 pm (gold electroplated 
surface). This could be attributed to the departure 
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FIG. 9. Temperature fluctuation change with subcooling and coating film thickness 

diameter on the surface of 6 = 0.05 pm being smaller 

than that on the gold electroplated surface at the same 
subcooling temperature. 

Figure 11 shows that as the departure diameter 

decreased, heat transfer was enhanced. Additionally, 
the experimental data fell on a straight line. In ex- 
amining dropwise condensation of propylene glycol 
vapor on the PTFE surface Utaka cf ul. [23] found 
the same tendency. Departure droplet size of dropwise 
condensation on the gold electroplated surfaze was 
about two times larger than that on the surface with 
a film thickness of 6 = 0.05 pm. This would explain 
the lower heat flux of the gold electroplated surface. 

There have been many investigations on the drop- 
wise condensation surface regarding its ability to pro- 
mote dropwise condensation for a long period of time. 

For example Holden ct al. [ 181 reported on endurance 
tests of a polymer coating surface under dropwise 
condensation. We observed how a 10 pm thick film 
was able to promote and sustain dropwise con- 
densation of steam for a long period of time while 

being exposed to steam at atmospheric pressure. 
Figure 12 shows the condensation after a period of 

8076 h (about 11 months). 
Figure 13 shows the appearance after 21 568 h 

(about 2 years and 5 months). 

d ,” 0 0.1 0.2 0.3 0.4 0.5 0.6 

2 
Coating thickness ,.Q m 

ii 
E-4 

FIG. IO. Temperature fluctuation change with coating film 
thickness. 

Polyvinylidene chloride is a stable polymer material 
and its monolayer thickness is about 1 A. If PTFE is 

used, the coating thickness by sputtering or deposition 
is generally thicker than 1.5 pm. Furthermore, it does 

not promote or sustain dropwise condensation of 
steam for a very long time [18]. There are a number 
of advantages to the polyvinylidene chloride coating. 
Its thickness can be controlled easily by changing its 
concentration in the coating solution. Adhesion of 
the material on the substrate is achieved simply. Its 
material cost is also less than the PTFE coating 
surface. Only a bath of sufficient size for the heat 
transfer surface and a heating device for the heat 
setting arc needed. 

et a 

Departure diameter,D mm 

FIG. 11. Heat flux dependence on departure diameter. 



Polyvinyhdene chloride coating and dropwise steam condensation 3053 

PIG. 12. Endurance test photographs of polyvinylidene chloride. 

PIG. 13. Endurance test photographs of polyvinylidene chloride. 

4. CONCLUSION 

Noble metals of gold or silver, etc., as el~~oplated 
or deposited surfaces, are very expensive to use for 
producing dropwise condensation, especially in the 
case of sputtering or deposition on large heat transfer 
surfaces or large inner surfaces of pipes. 

We found a thin coating layer of polyvinylidene 
chloride provided excellent dropwise condensation 
and its cost was much cheaper even when coating a 
large dropwise condensation surface. The heat trans- 
fer coefficient was more than 20 times that obtained 
for filmwise condensation. In addition, it was found 
that use of poIyvinylidene chloride films in industrial 
condensers was possible, based on endurance tests. 
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EFFET DE L’EPAISSEUR DU REVETEMENT DE CHLORURE DE POLYVINYLIDENE 
SUR LA PROMOTION DE LA CONDENSATION DE VAPEUR D’EAU EN GOUTTES 

Rksumi-Le revttement de polyvinylidene est propose comme promoteur de la condensation de la vapeur 
d’eau en gouttes. On etudie I’effet de l’epaisseur de la couche sur la condensation. Quatre epaisseurs 0,05, 
0.10, 0,25 et 0.50 ,um sont deposees sur un bloc de cuivre. Chaque recouvrement est chauffe pendant 83 
heures, apres quoi elle est evaluee. La couche de 0,05 pm donne des performances thermiques comparables 
i celles des recouvrements d’or ou d’acide oleique. La couche de 0.10 pm realise une bonne condensation 

en gouttes pendant une periode de 21 568 heures. 

DER EINFLUSS EINER PVC-BESCHICHTUNG UND DEREN DICKE AUF DIE 
TROPFENKONDENSATION VON WASSERDAMPF 

Zusammenfassung-Es wird eine PVC-Beschichtung als Promotor fur die Tropfenkondensation von Was- 
serdampf vorgeschlagen. Der EinfluD der Schichtdicke wird im Hinblick auf das Verhalten der Kon- 
densation untersucht. Hierbei wird ein Kupferblock verwendet, der mit vier unterschiedlichen Dicken 
beschichtet wurde: 0,05; 0,l ; 0,25 und 0.5 pm. Jede beschichtete Oberflache wurde 83 Stunden lang 
betrieben. Die Beschichtung mit einer Dicke von 0,05 am zeigte ein Warmeiibergangsverhalten Bhnlich 
dem, das man von Oberflachenbeschichtungen mit Gold oder ijlsaure kennt. Auf der 10 pm Beschichtung 

blieb die Tropfenkondensation iiber einen Zeitraum von 21 568 Stunden erhalten. 

BJIHRHME TOJIuMHbI TIOKPMTW~ ki3 ITOJIHBHHHJIH~EHXJIOPH~ HA 
AKTHBH3AHHIO KAHEJIbHOn KOHflEHCAHHH BOAflHOFO HAPA 

.hmoTa~B KagecT*e aKTrrBaTOpa KanenbHol KoHAeHcaum3 BOARHOI'O napa npennoxceao IIOICpblTHe 

113 ~OnHBHHllnH~eHXJIOpLIJIa. &CAeAOBaJIOCb BnanHaeTOnUlllHbInOKPbITWIl Ha aKTBBH3aWWOnpOueCCa. 

Ha MeAHJd TenJIoo6MiHHbd 6nOK HaEiOCHnEICb 110Kpbl~1l51 seTbIpex IIpoueCCa. Ha MenHbIii Tennoo6- 

MeHHbIk 6noK HaHOCAnBCb noKpbITHn WTbIpex TonJ.UHIi,paBHbIX0,05;0,10;0,25 B O,~OMKM.H~ KaXUOfi 

nosepxIiocTa npowx ~~OT~K~JI B TeqeHae 83 'IacoB, IIOCne VerO npOBOJVV,llCb COOTBeTCTBYIOUIHC 

OUeHKB, KOTOPbIe IlOKXX3JIll, ‘IT0 “PM TOJIIIWX ,IOKbtTUII, COCTaBJIxHx4efi 0,05 MKM, XapaKTepHCTkiKH 

"‘ZDeHOCa COnOCTaBWMbl C nOJ,~WHHbIMH Ll,‘K IIOKPbITllii Ii3 3OJIOTa HJlU OJIeHHOBOir KIiCJIOTM. npH ---r -~~ 

TOJIU&IHerIOKpbITHK, paBHOii 10MKM, KaEenbHaR KOHAeHCaLW‘npOHCXOAHna AOCTaTO=OHHTeHCHBHO B 

TeyeHxe 21568 sacoB. 


