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ADSORPTION AND CAPILLARY CONDENSATION 
AT THE CONTACT LINE IN 
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P. C. WAYNER, Jr. 
Department of Chemical and Environmental Engineering, Rensselaer Polytechnic Institute, 

Troy, NY 12181, U.S.A. 

Abstract-A modet based on adsorption and capilhtry condensation which describes the wetting 
characteristics of the contact line m change of phase heat transfer is proposed. A relationship between the 
equilibrium shape of a thin film at the contact line, superheat, and interracial forces is derived for both zero 
and fmite contact angle systems on “smooth” surfaces. Contact line boundary conditions which are a 
function of temperature, superheat and interfacial forces are presented. Homogeneous and heterogeneous 

nucleation at the minimum film boiling temperature is discussed. 

NOMENCLATURE 

see equation (9) [ml”] ; 
dispersion constant [.Ij ; 
Hamaker constant [J] ; 
see equation (IO), [T- “1; 
fugacity [N f m-“] ; 
molar heat of vaporization [J mol-‘] ; 
Plan&s constant [J * s] ; 
curvature [m-r] ; 
pressure [N . m-“1 ; 
heat flux [W * mm2]; 
universal gas constant [J *mol-’ ‘K-i}; 
temperature [K] ; 
molar volume [m” * mol- “f ; 
x coordinate distance Em]. 

Greek symbols 

surface tension [N * m-“] ; 
difference ; 
film thickness [m] ; 
dimensionless film thickness; 
con tact angle ; 
chemical potential [N * m-‘f ; 
dimensionless distance; 
dimensionless temperature ; 
see equation (8); 
characteristic frequency for van der Waafs 
interaction. 

Subscripts 

a, apparent ; 
ai, apparent for isothermal condition; 
c, critical ; 
ca, atmospheric critical; 
cal, atmospheric critical, limiting value; 
e, evaporative; 
k, evaluated with y(S) = yiV 
I, liquid; 
1~, liquid side of liquid-vapor interface; 

11, liquid-Iiquid interaction ; 
1% liquid-solid; 

lv* liquid-vapor; 

0, contact line, interline; 
Oi, contact line for isothermal condition; 

a, solid ; 
v, vapor. 

Superscripts 

d, dispersion ; 
* I differentation with respect to r; 

, differentation with respect to X. 

INTRODUCTION 

THE ~~~~N~~~whereby the stationary leading edge of 
a steady state thin ~aporating filmcan stay in contact 
with a superheated surface is discussed herein. it is of 
interest to many heat transfer processes such as steady 
state evaporation from stationary thin films, evap- 
oration from the leading edge of a rewetting film and 
evaporatian at the Leidenfrost point. Due to interfacial 
forces, the liquid-solid system can either be spreading 
(zero apparent isothermal contact angle) or non- 
spreading (finite apparent isothermal contact angle). 
The modifier apparent is used to emphasize the fact 
that we cannot see the real contact angle which is at the 
molecular level. The zero apparent contact angle case 
has been extensively discussed using the disjoining 
pressure concept which is based on the London-van 
der W&s dispersion force [l-5]. Segev and Bankoff 
used a model based on the Langmuir adsorption 
isotherm to discuss the minimum film boiling tempera- 
ture [6], Rewetting finite contact angle systems have 
been discussed using simple macroscopic models 
based on the contact angle, e.g. [7712]. Herein we make 
use of recent insights concerning isothermal finite 
contact angle systems to generalize and extend pre- 
vious microscopic results El-51 to include systems 
which have apparent isothermal contact angles in the 
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range 0 I O,i < 90’. Since we are primarily concerned 
with presenting a simpleconceptual view ofthecontact 
line, we restrict our analysis to simple systems that 
interact primarily by the London-van der Waals 
dispersion force. On the other hand, it should be 
possible to extend this approach to include other 
phenomena. We emphasize that we are primarily 
concerned herein with the leading edge at equilibrium 
which might be viewed as having negligible extent. 
However, we note that this edge is critical because it 
represents the boundary condition for flow in the 
adjacent film where evaporation occurs. 

For a zero apparent contact angle system, it has 
been proposed that the leading edge is kept from 
evaporating by muitilayer adsorption [l-6]. A reason- 
able assumption is that the principal interaction is due 
to the London-van der Waals dispersion force. This 
leads to a chemical potential which decreases with 
thickness and an equilibrium film thickness at the 
leading edge which decreases with an increase in 
superheat. For a non-isothermal system, fluid flow and 
evaporation in the adjacent film results from an 
increase in the film thickness relative to its equilibrium 
value. The cu~ature at the contact line is taken to be 
equal to zero. As the thickness in the adjacent evap- 
orating film increases the curvature also increases until 
a maximumvalue is reached. From this region on, fluid 
flow is due to a curvature gradient. 

For a non-spreading system, this simple model does 
not describe a stable system because the chemical 
potential of a flat ultra-thin film based on a 
London-van der Waals model increases with a de- 
crease in film thickness and an additional physi- 
cochemical effect is needed at the contact line for 
stability. We propose that this additional effect can be 
con~ptualized as simpty a curvature effect which has 
been extensively used in adsorption in porous media 
and which is known as capillary condensation. Al- 
though its application to a very rough surface is more 
obvious, we apply it herein to “smooth” surfaces. 
However, we note that all surfaces are non-uniform at 
sufficient magnification. A physicochemical model for 
the superheat dependent curvature at the contact line 
which leads to a stable nonisothermal finite contact 
angle system is presented. This gives a clearer con- 
ceptual view of the contact line of an evaporating film 
and leads to a consistent model for systems with 
apparent isothermal contact angles in the range 0 I 
Bai < 90’. For oZi > 0, the maximum curvature is 
located at the contact line. For the non-isothermal 
case, fluid flow towards the contact line is due to a 
curvature gradient in the adjacent liquid film. 

The use of a curvature effect is partially supported by 
two recent publications. Adamson and his colleagues 
have been optically measuring the adsorption iso- 
therms for vapors near their saturation pressure on 
“smooth” surfaces [ 13- 151. They have also measured 
the contact angles for the corresponding liquids on the 
same surfaces. In one of their latest publications, [ 151, 
they suggest the possibility that the adsorption they 

measure is mainly due to capillary condensation in 
surface “dimples.“In thisvein, we note that all surfaces 
have some type of non-uniformity on the microscopic 
level where condensation can occur. In another recent 
publication, the Young-Laplace equation of capil- 
larity augmented by disjoining pressure concept 
of Deryagin was used to obtain the interfacial profile in 
the contact line region of a finite contact angle system 
on a “smooth” surface [16]. An initial liquid-vapor 
interfacial slope identical to zero and an initial effective 
film thickness of the order of interatomic spacing led to 
substantial initial curvature and a finite apparent 
contact angle. The theoretical results based on this 
model agreed with published data on the measured 
apparent contact angles for the alkane-PTFE system. 
We note that these results were based on a continuum 
model and applied in a regime with some dimensions 
of the order of a molecular diameter. This has been 
accomplished in closely related analyses by the in- 
clusion of a critical cut-off parameter which is closely 
related to the molecular diameter. Considerable physi- 
cal insight and (at least) apparent experimental verifi- 
cation has been attained by this approach in [ 161 and 
in the past, e.g. [17-191. In addition, this approach 
allows us to use the wealth of previous results which 
are given in terms of macroscopic measurements and 
models like the apparent contact angle. 

CONTACT LINE MODEL 

A conceptional drawing of the contact line region of 
a thin film of liquid in contact with a solid substrate is 
shown in Fig. 1. Spreading (esi = 0) and non-spreading 
(0 < 8,, < 90”) contact line regions are presented for 
both equilibrium (4, = 0) and evaporating conditions. 
In the non-spreading model there is a non-spreading 
contact “line” of small but finite extent (molecular size) 
with a thickness of 6,. In the spreading case, the 
concept of an interline thickness, 6,. which is the 
thickness at the junction of the evaporating and 
non-evaporating segments of a thin film has been used 
in [l-5]. Herein, this is also called the contact line. The 
contact line is at equilibrium in all cases. The substrate 
is non-uniform on at least the molecular level. However, 
the exact nature of these surface non-uniformities is 
unimportant at the present time. For the Sai > 0 
system, net evaporation or condensation does not 
occur at the contact line becuse of the interfacial forces 
associated with both surface curvature and film thick- 
ness. For the spreading system, interfacial forces 
associated with film thickness are sufficient to reduce 
the vapor pressure so that evaporation does not occur. 
Outside this contact line region of interest, evap- 
oration or condensation can occur when I’, > TV 
because of a change in curvature, thickness and/or 
temperature. Herein, we are not particularly con- 
cerned with this outer region and focus on the 
characteristics of the contact line. The analysis is 
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FIG. 1. Conceptual view of contact line represented by 
thickness 6,. Since the surface inhomogeneities are extremely 
small, the substrate appears “smooth” to the unaided eye. 

restricted to simple non-polar, liquid-solid systems 
which have an isothermal apparent contact angle (as 
given by the Young-Dupre equation) in the range 0 2 
oai < 90”. 

The thermodynamic equation for the change in 
liquid fugacity with liquid pressure and temperature is 

dlnf,=$dP,+$dT, 
I I 

where H is the molar heat of vaporization for an 
adsorbed liquid expanding into a vacuum. Integrating 
equation (1) first along an isobaric path between the 
vapor phase temperature, T, = T,, and a new 
liquid-vapor interfacial temperature in the liquid, T, 
= T,,,, and then along an isothermal path between the 
vapor phase pressure, P, = P,, and the effective liquid 
phase pressure P, = P,,, gives 

,J- = WI,” - pvj + MT,,” - 7-J 
fv RT,,v RTvT,,, ’ 

(2) 

Equilibrium at the contact line requires that l;,” = f,. 
Therefore, 

HAT 
vAP+T=O 

” 

where AP = P,,, - P, and AT = T,,, - TV. 

HMT 25:s - H 

(3) 

The effective pressure change across a liquid-vapor 
interface due to interfacial forces for a thin curved film 
adsorbed on a solid substrate is a function of both the 
curvature of the liquid-vapor interface, K(x), and the 
thickness of the adsorbed film, 6(x), e.g. [16] : 

Equation (4) is the Young-Laplace equation of capil- 
larity modified to include the effect of film thickness on 
the effective pressure. This equation states that for a 
non-spreading system at isothermal equilibrium, the 
vapor pressure increase due to interfacial forces has to 
be offset by an equal vapor pressure change of opposite 
sign due to capillarity. For a non-spreading system, 0 
> 0 is a “characteristic frequency” for this interaction. 
For the non-isothermal spreading case, W < 0, the 
second effect in equation (4) is sufficient for stability 
until a critical superheat is reached. Various forms of 
equation (4) have been used in the literature on 
isothermal films, e.g. [16,20-231. Herein, we take 7,” to 
be a constant. 

Using equations (4)-(6) equation (3) is expanded 
and made dimensionless to obtain equations (7)-( 10) 

K = S”[l + (6’)Z]-1.5 (5) 

in which 6’ = dfildx and 6” = d26/dx2. Taking 

x = (1.5)“.5 S,l; 6(x) = so; AZ = g (6) 
Y 

in which 5, represents the thickness at the contact line, 

a,L$,b - q 3 - EAT = 0. (7) 

The non-dimensional curvature is given by 

y = q** [l + $(q*)2]-1.5 (8) 

in which $’ = dq/d& r)** = d2q/dt2 and 

b= 
87T2H6,3 

hCGV, 

(9) 

(10) 

At the contact line, r) = 1 and equation (7) leads to 
equation (11) for the non-dimensional curvature at the 
contact line, Y(0): 

1 + bAT 
Y(O) = 7 

k 0 

(11) 

Equation (11) relates the equilibrium shape of a thin 
film at the contact line to the superheat and interfacial 
forces. 
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FIG. 2. Reciprocal of adsorbed liquid film thickness cubed vs substrate reduce superheat for a zero apparent 
isothermal contact angle. Numerical values were obtained from the reviews in [3,4]. However, the values for 

CH,-PTFE were adjusted to be consistent with results presented in [17]. 

For a superheated contact line, At > 0, equation 
(11) describes the following two physical systems. 
Non-spreading systems : 90” > 6ai > 0, (r, > 0, a,& > 
0 and Y(0) > 0. In this case, the vapor pressure 
decrease due to curvature offsets the vapor pressure 
increase due to superheat and interfacial forces, there- 
by giving stable contact between the liquid and solid 
at the contact line. Spreading systems: oai = 0, ti<O, 
a, < 0 and Y(0). In this case, curvature is not 
needed at the contact line since the vapor pressure 
increase due to superheat is offset by the vapor 
pressure decrease due to the London-van der Waals 
dispersion force. However, curvature could be present 
in some systems as an additional effect. These results 
are discussed below and given in graphical form in 

Figs. 2 and 3. 

0.1 02 03 04 

REDUCED SUPERHEAT, A T 

FIG. 3. Non-dimensional contact line curvature vs reduced 
substrate superheat for a tinite contact angle system. 

Based on the London-van der Waals equation of 
state, the reduced limit for superheating a homo- 
geneous liquid at pressures well below the critical 
pressure is T,/T, = 0.84, e.g. [24]. Spiegler et al. [25] 
suggested that this is the minimum film boiling 
temperature for a liquid. The Berthelot equation of 
state leads to T,/T, = 0.92 [24]. For the purpose of a 
reference point it is desirable to relate the results in 
Figs. 2 and 3 to the reduced limit for superheating a 
liquid. For our model, the vapor is at the saturation 
temperature. Therefore we use the approximation 
T,zO.6 T,, which applies to lower molecular weight 
liquids at atmospheric pressure along with 7;/T, -2. 
0.84 to obtain a limiting value of the atmospheric 
critical reduced superheat, Ar,,, z 0.4. This reference 
line is given in Figs. 2 and 3. Values of ATE, are also 
given in which T, is equal to the atmospheric boiling 
point and 7; z 0.84 T,. As indicated below, we note 
that some of the values of ak and 6 were calculated at 
temperatures below the atmospheric boiling 
temperature. 

THEORETICAL ESTfMATtON OF PHYSICAL PROPERTIES 

Spreading systems 
Bai = 0, Crs < 0, a, -c 0 and Y(0) = 0. Using equa- 

tion (11) 

(12) 

Equation (12) can also be written in the following form 

[3,41: 

(13) 
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Table 1. Numerical values for Fig. 3 
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From [17] 

Jm-:‘k lo* J x?Ozo a& b 

GH14 1.67 1.84 3.83 15.0 47.0 
Go% 1.59 2.38 4.14 1.88 4.9 
G6H34 1.57 2.75 4.33 1.09 2.6 

The theoretical estimation of the value of the equilib- 
rium film thickness, a,, using equation (13) has been 
discussed in [2-41. Results based on these methods are 
given in Fig. 2. 

Nonspreading systems 
90” > eai > 0, ti > 0, a& > 0 and Y(0) > 0. The 

variation of the non-dimensional contact line curva- 
ture with superheat is obtained using equation (11). 
Substituting equation (14) from [3] and A,, = 24&ylV 
from [26] with r = 6, into equation (9) gives equation 
(15): 

3hG 
~ = A,, - A,,, 
47c 

a& = 47%& 
24ny,,6,2 - A,,’ 

(15) 

Results based on these equations are given in Table 1 
and Fig. 3 for a series of alkanes on PTFE. To 
calculate b, bulk values for V, and N at a consistent 
temperature, TV = 293K, were used. 

Although the availability of complete sets of data is 
limited, the above procedures demonstrate the use of 
the model and the need for additional data at higher 
temperatures. 

HOMOGENEOUS VS HETEROGENEOUS NUCLEATION 

In the above model the contact line occupies a 
particularly stable reference position on the surface 
because the interfacial forces are sufficiently flexible 
along this line to maintain equilibrium. The local 
thickness and/or curvature can vary to offset the local 
superheat. For the spreading case as the superheat 
increases the contact line thickness as represented by 
the thin film thickness in Fig. 2 decreases. For the non- 
spreading case as the superheat increases the effective 
curvature at the contact line as represented by the 
curvature of a film in Fig. 3 increases. In an adjacent 
region where the interfacial effects are less because of 
either the basic heterogenity of all solid surfaces or the 
longer distance to an interface, instability in the form 
of nucleation can occur with superheating before it 
occurs along the contact line. If the increase in free 
energy associated with the formation of a bubble 

attached to the solid is greater than that associated 
with a detached bubble, homogeneous nucleation 
occurs. If the reverse is true, heterogeneous nucleation 
occurs. A review of the past research on nucleation is 
given in [27]. 

For the spreading case, the results presented in Fig. 2 
demonstrate that for those systems with films present 
above AZ,, nucleation should occur first in the thin 
film if the effect of non-condensibles in surface cavities 
is relatively small. In this case, the bond of adhesion is 
si~ificantly stronger than the bond of cohesion. As a 
result past researchers have been able to correlate the 
Leidenfrost temperature and the minimum film boil- 
ing temperature for the spreading case with either the 
thermodynamic limit of superheat or values close to it 
[6, 25, 28, 291. The results presented in Fig. 2 
numerically emphasizes the point that superheats 
greater than this value are needed to prevent the first 
few monolayers of an adsorbed film from forming on 
the solid substrate because the solid-liquid intermole- 
cular bond is significantly stronger than the 
liquid-liquid bond. The ~ermodyna~~ limit of 
superheat is an upper limit for rewetting with a liquid 
film in these systems. Those systems in which the 
thickness at the contact line decreases to the mono- 
layer level before the homogeneous nucleation 
temperature is reached are controlled by both a change 
in thickness and curvature. 

The non-spreading case is more involved because 
the interfacial force of adhesion is less than that of 
cohesion and heterogeneous nucleation can occur at a 
lower superheat as a result of surface roughness and/or 
variations in the interfacial forces along the 
solid-liquid interface. In addition, due to the shape of 
the resulting bubble and its effect on the relative size of 
the liquid-vapor and liquid-solid areas formed, past 
theoretieaf research has suggested the possibility that 
homogeneous nucleation can also occur in systems 
with moderate contact angles [27]. Further, the effect 
of solid surface contamination on the surface free 
energy varies with temperature. At this point, we 
neglect the effect of non-condensibles on nucleation. 
Again, the contact line can be viewed as a stable 
reference line for discussion using equation (11). In this 
case, the effective curvature at the contact line as given 
in Fig. 3 can vary with superheat to give added stability 
to the adhesion of a thin film. In the adjacent region, 
the physical situation at the liquid-slid interface can 
be sufficiently different so that heterogeneous nuc- 
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leation occurs at a lower superheat. A detailed surface these effects into the model is outside the scope of this 
description would be needed for a quantitative pre- paper. 
diction. However, qualitatively we would expect that 
for a series of liquids with finite contact angles, as the A c nowledgemenr-This paper is based on work supported k 
difference between the energy of cohesion and the by a U.S. Army Research Office Contract on Fundamental 

energy of adhesion increases (increase in W) hetero- Research in Tribology. (No. DAAG29-79-C-0204). 
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ADSORPTION ET CONDENSATION CAPILLAIRE A LA LIGNE DE CONTACT DANS LE 
TRANSFERT THERMIQUE AVEC CHANGEMENT DE PHASE 

Resume-On propose un modele base sur Tadsorption et la condensation capillaire qui dtcrit les 
caracttristiques de mouillage de la ligne de contact dans le transfert thermique avec changement de phase. 
Une relation entre la forme d’equilibre d’un film mince a la ligne de contact, la surchauffe et les forces 
interfaciales est ttablie a la fois pour les systemes a angle de contact nul ou fini sur des surfaces “hsses”. On 
presente des conditions aux limites de ligne de contact qui sont fonctions de la temperature, de la surchauffe et 
des forces interfaciales. La nucleation homogene et htterogtne a la temperature d’tbullition en film minimale 

est discutee. 

ADSORPTION UND KAPILLAR-KONDENSATION AN DER KONTAKTLINIE BEIM 
WARMEUBERGANG MIT PHASENWECHSEL 

Zusammenfassung-Es wird ein Model1 mit Adsorption und Kapillar-Kondensation vorgelegt, welches die 
Benetzungseigenschaften der Kontaktlinie beim Warmetibergang mit Phasenwechsel beschreibt. Es wird 
eine Beziehung zwischen der Gleichgewichtsform eines dtinnen Films an der Kontaktlinie, der Uberhitzung 
und der Grenzflachenkrafte fur Systeme mit endlichem Kontaktwinkel und dem Kontaktwinkel null an 
glatten Oberflachen abgeleitet. Die Randbedingungen an der Kontaktgrenzlinie, welche eine Funktion der 
Temperatur, der Uberhitzung und der GrenztIIchenkrlfte sind, werden vorgestelh. Die homogene und 

heterogene Keimbildung bei der kleinsten Filmverdampfungstemperatur wird diskutiert. 

AflCOP6HMII I4 KAIIMJIJDIPHAR KOHAEHCAHMR HA JIMHIIM KOHTAKTA HPM 
TEHJIOOJSMEHE C M3MEHEHMEM Al-PEI-ATHOIO COCTOIIHIDI 

AaaoTaunn - npCilJlOW2Ha MOP2Jlb IUIfl llCCJIenOBaHHR aflCOp6LWi A KUlMJlJlSipHO~ KOHLICHCaUHH, 

xoropaa y9nirblaae-r xapakrepncrnxn cbraqnaaebrocrn na nmmi xonraxra npn rennoo6Meue c naMeHe- 
HU’ZM +3. BbIBeAeHO COOTHOUleHAC MCXWy PaBHOBeCHOii f$OPMOti TOHKOB ,U,CHKIl Ha ,,HHAM KOHTaKTB, 

i,CpCr~BOM It M’SKt$a3HbIMH CAElMli KBK &“R CACTCM C Hy,,eBbIM, TBK H C KOHWHblM 3HaW2HlleM yr,,a 

CMa’lHBaCMOCTH Ha WJIanKHX)) nOBepXHOCTF,X. ~pQICTaBneHb1 rPaHA’,HbIe yC,,OBAI Ha ,,llHAM KOHTaKTP. 

KOTOPbIC JIBllCIlT OT TeMnC,,aTy,,bI, IICpCrpCBa H MeXR$aJHblX CAJI. 06cymnae’rca I-OMOEHHO‘Z H 

rereporenuoe 3apomnemie ny3btpbkoa. 


