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Abstract-Values of contact angles for the systems benzene, carbon tetrachloride, methanol and aniline 
on P.T.F.E. measured under condensation conditions are presented. The results confirm the role of surface 
properties in controlling the mechanism of condensation on solid surfaces and with the exception of 
methanol the contact angles increased as predicted with decreasing pressure. The results indicate that under 
practical working pressures filmwise condensation of benzene and carbon tetrachloride will always take 
place on P.T.F.E. surfaces. The pressure at which the contact angle attained the critical value for transition 
from tilmwise to dropwise condensation agreed with previous experimental observations on this system. 

NOMENCLATURE tions. The application of polytetrafluoro- 
M = mass L = length ethylene, P.T.F.E., coatings for this was first 
T = time t = temperature reported by Topper and Baer [l]. It was shown 

to be effective for condensing water, ethylene 
7: temperature [t] ; glycol, nitrobenzene and aniline. P.T.F.E. has 
0, contact angle ; the advantage that it can be used up to 500°F 
“I 

*;I, 
surface free energy [ML-ZT-2] ; and the increase of the overall heat transfer 
critical surface tension [MT-2] ; coefficient for these systems is high enough to 

Zf 
equilibrium film pressure [MLe2] ; outweigh the cost of the coating. In evaluating 
spreading coefficient [MLp2TW2]. the use of P.T.F.E. with other systems however, 

Mizushina et al. [2] found that for carbon 
Subscripts tetrachloride, benzene and methanol, film con- 

L, liquid ; densation occurred and the coating was 
s, solid ; apparently ineffective. 
SL, solid-liquid ; It has been shown by Davies and Ponter [3] 
I! vapour. that the mechanism of condensation can be 

predicted from the surface properties of the 
INTRODUCTION solid and liquid phases. Thus by considering the 

THE USE of surface coatings to promote dropwise equilibrium of a droplet on a solid surface the 
condensation and thus increase the rate of heat surface free energies of the film free solid ys, 
transfer has been the subject of many investiga- liquid yL and solid-liquid interfaces ysL may be 
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related to the contact angle of the liquid droplet 
8 and equilibrium film pressure 71, 

Y’s - ;‘sr. = j’l. cos 8 + 71,. (1) 

The condition for the liquid to spread over the 
surface (the conditions for lilmwise condensa- 
tion) may be described by the spreading 

coefficient S. 

s = ;‘s - ^y’s/_ - ;,I_. (2) 

Introducing the contact angle 8 into equation (2) 

s = n, + ~,(COS0 - 1). (3) 

When S < 0 dropwise condensation results. 
Since Fox and Zisman [4] have shown that 

on low energy surfaces such as P.T.F.E. the 
equilibrium film pressure for pure liquids is 

negligible, S now becomes 

S = ~JCOSQ - 1). (4) 

That is, the spreading coefficient is controlled 

solely by the contact angle and the surface free 
energy of the liquid. For this to be zero (the 
limiting condition for dropwise condensation) 

then since yL must always be finite, the mechanism 
of condensation for a particular system on any 
low energy surface is controlled by the contact 
angle alone. 

Analysing the results of previous workers 

[ 1,2,5] it is apparent that dropwise condensation 
of most organic systems on P.T.F.E. can only 
be achieved under reduced pressure conditions. 
From this it was suggested [3] that for condensa- 
tion of pure vapours of benzene, carbon 
tetrachloride and methanol the contact angle 
would increase as the pressure was reduced 
and might even reach the limiting value for 
dropwise condensation. Other factors influenc- 
ing contact angle, surface roughness and 
temperature have already been discussed by 
Ponter and Davies [6, 73. To test these predic- 
tions it is necessary to have information on 
contact angles under conditions prevailing 
during condensation and as no data is available 
a programme of work was undertaken. 

APPARATUS 

The apparatus used is illustrated in Fig. 1 and 
consists of a 1 litre still with a cell mounted 
vertically above it in which the P.T.F.E. specimen 
was mounted. The still is fitted with a thermo- 
meter pocket, condensate return line and liquid 
feed line. The cylindrical cell (15 cm x 10 cm 

o.d.) is split into two sections, the bottom 
section being fitted with two optical flats 

situated on opposite sides of the cell for viewing 
the surface of the specimen. The P.T.F.E. 

specimen (5 cm x 3 cm) is supported horizon- 
tally on glass mounts fused into the walls of the 

cell. Above this a small reservoir is positioned 
and liquid from the still is fed into this through a 
stainless steel capillary tube (0.093 in. i.d.) using 
a D.C.L. micropump. The still and cell are 
heated electrically, the power input being 
controlled by two Variacs. The whole apparatus 
is lagged with asbestos rope to minimize heat 

losses. Vapour from the cell is condensed in a 
glass helical coil condenser and returned to the 
still. Vacuum is applied on the vapour line, two 
cold traps are inserted between the condenser 
and vacuum pump to condense out traces of 
vapour passing from the condenser. The operat- 
ing pressure is measured using a mercury 
manometer. The P.T.F.E. specimen was care- 

fully prepared. The surface was first smoothed 
and then pressed between two plate glass 
surfaces. The surface roughness, measured by a 

Talysurf meter, was of the order of 1 x lo-(’ in. 
The specimen was then washed in boiling 
distilled water, degreased with acetone and 
finally again thoroughly washed with boiling 
distilled water. The glass apparatus was all 
washed in chromic acid, distilled water and 
dried before assembly. Care was taken to 
ensure that the plate was horizontal. To achieve 
this, the vertical cross wire in a travelling 
microscope was aligned against a thin plumb line. 
The goniometer eyepiece was then rotated 
through 90” and the specimen plate adjusted 
until its surface lay parallel to the new position 
of the cross wire. Variations of plate inclination 
of up to + degree to the horizontal did not 
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FIG. 1. Contact angle cell. 

affect the value of contact angle obtained. The 
liquids used were “Analar” grade and were 
redistilled before use. The physical properties, 
density and surface tension were measured and 
compared with tabulated data. 

The apparatus was allowed to reach equili- 
brium. The contact angle 8 of a drop condensed 
on the surface of the specimen was then 
measured using a travelling microscope fitted 

with a goniometer eyepiece. Liquid could be 
added to the drop from the reservoir using an 
Agla Syringe fitted through the serum cap. 
Sufficient liquid was added, if necessary, to 
establish an equilibrium drop height on a flat 
surface [S]. Measurements were taken of drop- 
lets formed well away from the edge of the 
P.T.F.E. specimen to avoid edge effects. This 
procedure was repeated several times under 
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each set of conditions. Values were reproducible 
to f 1 ‘. 

RESULTS AND DISCUSSION 

The variation of contact angle with applied 
pressure is shown in Figs. 2 and 3. With the 
exception of methanol, in the systems studied 
the contact angle increased with decreasing 
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FIG. 2. Condensation on P.T.F.E 
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FIG. 3. Condensation on P.T.F.E. 

pressure. For methanol it was impossible to 
form a sessile drop on the surface during 
condensation, a film of condensate being formed 
at all pressures studied down to 60 mmHg, i.e. 
the contact angle was zero over this range. For 
benzene and carbon tetrachloride the contact 
angle increased to 47’ and 35” respectively at 
100 mmHg and therefore in practice filmwise 
condensation would still take place in these 
systems. In aniline however H increased to the 
limiting value for transition to dropwise con- 
densation at a pressure of 80 mmHg. This 
agrees well with the data of Topper and Baer 
who reported dropwise condensation of aniline 
on P.T.F.E. at 68 mmHg pressure thus confirm- 
ing the determining role of surface properties on 
the mechanism of condensation. Furthermore 
the results establish that dropwise condensation 
could never be attained for methanol, benzene 
and carbon tetrachloride on P.T.F.E. at realistic 
working pressures extending the previous data 
which was measured only at atmospheric 
pressure. 

The results allow an insight into the 
comparative effects of temperature and pressure 
on this phenomenon. The effect of temperature 
on contact angle has been well documented 
[7, 91, the most recent review being given by 
Petke and Ray [lo]. Accepting a temperature 
coefficient of contact angle on smooth low 
energy surfaces to be to.06 degrees/K the 
increase in contact angle attributable to tempera- 
ture alone, represents at most only 30 per cent 
of the total measured change. Thus the main 
effects must be due to the variation in pressure 
on surface properties with a small contribution 
due to temperature on the surface free energies 
of solid and liquid interfaces. 
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MESURE DES ANGLES DE CONTACT SOUS DES CONDITIONS DE CONDENSATION. 
LA PRf?DICTION DE LA TRANSITION GOUTTES-FILM 

R&urn&-On donne les valeurs mesurbes des angles de contact pour les systemes benztne, tetrachlorure 
de carbone, mCthano1 et aniline sur le P.T.F.E., sous des conditions de condensation. Les rCsuftats con- 
firment le r8le des propriCtCs de surface dans le contrble du mCcanisme de condensation sur des surfaces 
solides et, B l’exception du mCthano1, les angles de contact croissent comme pr&u quand la pression 
diminue. Les rCsultats indiquent que sous des pressions de travail usuelles, la condensation en film du 
bendne et du tttrachlorure de carbone aura toujours lieu sur des surfaces P.T.F.E. La pression pour 
laquelle I’angle de contact atteint la valeur critique pour la transition film gouttes de la condensation 

est en bon accord avec les observations exptrimentafes antkrieures sur ce systbme. 

MESSUNG VON RANDWINKELN BE1 KONDENSATION. BESTIMMUNG DES 
UBERGANGS voN TR~PFEN- zu FILMKONDENSATION 

Lusammenfassung-Es werden Messwerte von Randwinkeln unter Kondensationsbedingungen 
wiedergegeben. Die untersuchten Stoffe sind Benzol, Tetrachlorkohlenstoff, Methanol und Anilin auf 
Polytetrafluor%thyfen Die Ergebnisse bestltigen die entscheidende Rofle, die Oberfllchemeigenschaften 
beim Mechanismus der Kondensation an festen OberflIichen spiefen Die Voraussage, dass die Randwinkel 
mit faflendem Druck steigen, wurde fiir alfe Stoffe mit Ausnahme von Methanol bestltigt Die Ergebnisse 
zeigen, dass bei praktischen Arbeitsdriicken Benzof und Tetrachlorkohlenstoff auf Polytetratluorlthyfen 
stets als Film kondensieren 

Der Druck, bei dem der Randwinkef den kritischen Wert fiir den Obergang von Film- zu Tropfen- 
kondensation annimmt, stimmte iiberein mit friiheren experimentellen Beobachtungen, 

l,I:%MEt’l~:HI1f~: KOHT.1KTHC)l’O Yf’. IL\ 13 ~c:,lOf~r;l>lX ~Olf,~f:ffC~\l~1lfl, 
f’:\(:‘IET IT~:f’I~;NO&\ OT K.~fflXIf,HOII I’iOH~~~HC;\f~~11I K fI.lfSHO~fffOf~ 

.\HHoTaq~~--IIpe;lcTaB;~e~~LI pe3yJbTaTL-I lt:~s~epe~I~ii tio~~‘raICT~~oro yrna ~;rn CTCT~‘~I i%tr:lllt1, 

~IeTLIpeXXJIO~~llCTLIii yr”epOA, MeTaHOJI II aHlI~~llH IIa IIOBe~)XHOCTC1 II:3 nO.71iTeT~,ac)TO~~:,Tli~t~~l~l, 

110.7VcIt?HllLIe II Y(‘;IOBMHX KoH~eIK~aIIliIi. k3y.rIbTaThI no;[TBepi.rIaIoT p0.x~ (‘nOii(,l’n 
nonepxnocrn n f)erynkroonariIu1 MexaIui:sMa rtoH~etIca~,lrr tia Tut’pxblx nonepsnocrnx, ii 
‘raIiwe rIpe;~llo;roitteIIile 0 TOM, YTO aa wwIwIeI~rle~ MeT;lH0~~;1 tiOlITaI~TIILIir y-on yIle.wlvll- 

IlaeTCn II~II ynleHLuIetr~si fianJIeIIku3. 

Pt?:,).nbTkITLI IIOHa:ILIBaIOT, ‘IT0 IlpIl Oi)LI’llILIX j~a%IeHPlfIX, lll’T[)t’~iaIO”,IlxH H Il~‘a,iTlIItt?, ,I;, 

IIoIII’~~x~Iot”rII ll:l ~O~llTeT~,a~TO~,:,TIl~It~ll~I BCt’l-na IIPOHCXO~IIT II;IClIo’lIlaH IioIl~[t’IlcaII~lrl 

6~II:lIllI;l Cl ‘I~TI~Ip~xX~O~~IlCTO~O yrJIepOg;r. ~~t~.iIllYIlIIa ~aIl.7I~IIlIFl, Ilpll IiOTOponl Iit~IlTal~T~Iblii 

ylo:I .\ocTilraeT lipIlTIl’IeCl~OrO :iIIa’IetIlln &zrI IlepexoJa OT ll:IeIi0’l~loir 1~0II,ICtlt’~ItllI~l Ii 

li;lllt’;ILllOi~, VOI’,~~it’yt’Tc’H t’ :~l~t‘ll~~lll\ll’llT;L;II~If~~I~Ill ;~alIIILlvll. rlo.ly~It’IlllI,lv ll [j;I,lt’t’ .(.TfI :woii 

iii? (:II(‘Tt?M LI. 


