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Abstract—A model based on adsorption and capillary condensation which describes the wetting

characteristics of the contact line in change of phase heat transfer is proposed. A relationship between the

equilibrium shape of a thin film at the contact line, superheat, and interfacial forces is derived for both zero

and finite 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
a,  see equation (9) [m~?];
A,  dispersion constant [J];
A, Hamaker constant [J];
b, see equation (10), [T™'];
f fugacity [N -m~?];
H, molar heat of vaporization [J mol™'];
h2n, Planck’s constant {J 's];
K, curvature [m~'];
P, pressure [N -m~%];
¢,  heatflux [W-m™?];
R,  universal gas constant [J-mol™! -K~'];
T,  temperature [K];
Vv, molar volume [m?® -mol™*];
X,  x coordinate distance [m].
Greek symbols
7, surface tension [N -m™'];
A difference;
4, film thickness {m];
n, dimensionless film thickness;
6, contact angle;
i, chemical potential [N -m~%];
&, dimensionless distance;
T, dimensionless temperature;
¥, see equation (8);
5,  characteristic frequency for van der Waals
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(8) == y,,

i, liquid;

ilv,  liquid side of liquid-vapor interface;

1L, liquid-liquid interaction;

Is, liquid-solid;

v, liquid-vapor;

0, contact line, interline;

oi, contact line for isothermal condition;
s, solid;

v, vapor.
Superscripts

d, dispersion ;

* differentation with respect to &

’

s differentation with respect to x.

INTRODUCTION

Tue MECHANISMwhereby the stationary leading edge of
a steady state thin evaporating film can 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
evaporation 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 Waals dispersion force [1-5]. 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. [7-12]. Herein we make
use of recent insights concerning isothermal finite
contact angle systems to generalize and extend pre-
vious microscopic results [1-5] to include systems
which have apparent isothermal contact angles in the
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range 0 < 8,; < 90". Since we are primarily concerned
with presenting a simple conceptual view of the contact
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 multilayer adsorption [1-6]. 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 curvature 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 maximum value 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
conceptualized as simply 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 <
8, < 90°. For 0,; > 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 [13-15]. They have also measured
the contact angles for the corresponding liquids on the
same surfaces. In one of their latest publications, [15],
they suggest the possibility that the adsorption they
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measure is mainly due to capillary condensation in
surface “dimples.” In this vein, 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 spacingled 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 [ 16] and
in the past, e.g. [17-19]. 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 (8,; = 0) and non-spreading
{0 < 8,; < 90°) contact line regions are presented for
both equilibrium (g, = 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 §,. 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 [1-5]. Herein, thisis 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 8, > 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 T, > T,
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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ZERO APPARENT CONTACT ANGLE SYSTEM

l VAPOR Bai =0
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FiG. 1. Conceptual view of contact line represented by
thickness &,. 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 <
0, < 90°.

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

H

14
dinf, = - dP, + R
i

T, 1
RT, a7, (1)

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, 7,=7T,, 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

e WPw—P) HT.-T)
fv RTllv RTvnlv

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

HAT

v

where AP = P, — P,and AT =T, — T..

v

HMT 25:5 - H

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, d(x), e.g. [16]:

ho

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, &
> (s a “characteristic frequency” for this interaction.
For the non-isothermal spreading case, ® < 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. [ 16,20-23]. Herein, we take y,, to
be a constant.

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

K= 5”[1 + (51)2]—1.5 (5)
in which & = dd/dx and 8" = d28/dx?. Taking

AT

x = (15)°% 8,8; 8(x) = d.n(€); At = T

(6)

v

in which &, represents the thickness at the contact line,
adiy —n 3 —bAT =0. 7N

The non-dimensional curvature is given by
W= [+ 50770 (8)

in which #* = dn/d¢&, n** = d?y/dé? and

16n%y,, )
a =——ro0
T 3he
8n2H6?
b= R 10
hoV, (10)

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

1 + bAt

a0t

Y(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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F1G. 2. Reciprocal of adsorbed liguid 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°>6,,>0, &>0, a,62>
0 and W(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: 8,; = 0, @ <0,
a <0 and W(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.

S
>
E‘g 4F (1) CigHsgPTFE,G, =469 ATy,
= (2) CoHps PTFE 8= 35
> . -
£ 5| (3) CoHigPTFE, Bai= (22
[
3 ¥ AT,
& 2r
Z 0
2 @
g 1/(3)
=z
o
= /

L | I\

oN 02 03 04

REDUCED SUPERHEAT,AT

Fi1G. 3. Non-dimensional contact line curvature vs reduced
substrate superheat for a finite 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 Ty/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,~0.6 T,, which applies to lower molecular weight
liquids at atmospheric pressure along with T/T, =
0.84 to obtain a limiting value of the atmospheric
critical reduced superheat, At & 0.4. This reference
line is given in Figs. 2 and 3. Values of Ar,, are also
given in which T, is equal to the atmospheric boiling
point and T, ~ 0.84 T_. As indicated below, we note
that some of the values of g, and b were calculated at
temperatures below the atmospheric boiling
temperature.

THEORETICAL ESTIMATION OF PHYSICAL PROPERTIES

Spreading systems
8, =0, <0, g <0 and ¥({O0) = 0. Using equa-
tion {11)

haV,

At=b' = — ,
‘ 8§72 H3

(12)

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

[3,4]:

52— i

° T HAT (13)
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Table 1. Numerical values for Fig. 3

From [17]
° Yiv Asl
mx 10" Jm~%x10? J x 10%° a2 b
CeH 4 1.67 1.84 383 15.0 470
CioHz2 1.59 2.38 4.14 1.88 49
CiHis 157 2.75 433 1.09 26

The theoretical estimation of the value of the equilib-
rium film thickness, d,, using equation (13) has been
discussed in [2—4]. Results based on these methods are
given in Fig. 2.

Nonspreading systems

90° > 6,; > 0, > 0,a,82 > 0and W(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 4,; = 24nr?y,,
from [26] with r = §, into equation (9) gives equation
(15):

3hes
D du— Ay, (14)
47
4my, 62
2. T ilvile
akéo h 247[ylvéc2’ - Asl‘ (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 ¥, and H at a consistent
temperature, 7, = 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 Ar_, 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
significantly stronger than the bond of cohesion. Asa
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, 29]. 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 thermodynamic 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 ata
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
theoretical 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. 3can vary with superheat to give added stability
to the adhesion of a thin film. In the adjacent region,
the physical situation at the liquid—solid interface can
be sufficiently different so that heterogeneous nuc-
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leation occurs at a lower superheat. A detailed surface
description would be needed for a quantitative pre-
diction. However, qualitatively we would expect that
for a series of liquids with finite contact angles, as the
difference between the energy of cohesion and the
energy of adhesion increases (increase in @) hetero-
geneous nucleation should occur at superheats further
below the thermodynamic homogeneous limit. This
point is emphasized by the decrease in the value of b in
Table 1 and Fig. 3 with an increase in contact angle.
Therefore, past researchers have demonstrated that the
Leidenfrost point and the minimum film boiling
temperature are less than the homogeneous nucleation
temperature for these systems and are a function of the
liquid-solid interfacial free energy [28-30].

BOUNDARY CONDITIONS FOR FLOW WITH
EVAPORATION IN THE CONTACT LINE REGION OF AN
ADSORBED FILM

Using the above model of the contact line, it is now
possible to develop a unified view of the zero and finite
contact angle systems. Previous theoretical work on
the zero apparent contact angle system demonstrated
that liquid flow with evaporation in the contact line
region was primarily due to the local liquid-vapor
interfacial slope and the extreme thinness of the film
[1-5]. The minimum thickness occurred at the contact
line and was found to be a function of temperature.
This thickness and a small interfacial slope are the
boundary conditions for the zero contact angle case.
On the other hand, analyses of experimental results on
the zero apparent contact angle system indicated that
the curvature increased as the contact line was ap-
proached [31]. However, thickness below 10~ "m were
not analyzed in [31] and a model which includes the
concepts associated with equation (7) leads to the
conclusion that the curvature reaches a maximum in
the region around & = 10~ 7 m and decreases from that
point to the contact line [31].

Analyses of past experimental results on the finite
apparent contact angle system indicated that the fluid
flow with evaporation in the contact line region was
primarily due to the gradient of the interfacial curva-
ture 32]. For the non-spreading case, the maximum
curvature occurred at the contact line and was found to
increase with overall evaporation rate and tempera-
ture. This curvature along with the contact line
thickness are the boundary conditions for the finite
apparent isothermal contact angle case. The above
model describes the physical phenomena, adsorption
and capillarity, that lead to contact line stability and
boundary conditions which vary with superheat. In
addition, this model gives consistent contact line
boundary conditions for both the f,; = 0and 0 < 6,
< 90° cases. The relative effect of the various forces and
superheat can now be calculated using equation (11).
However, the relative stability of the adjacent field
depends in a complex way upon surface heterogeneity
and local nucleation sites. A complete integration of
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these effects into the model is outside the scope of this
paper.
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ADSORPTION ET CONDENSATION CAPILLAIRE A LA LIGNE DE CONTACT DANS LE
TRANSFERT THERMIQUE AVEC CHANGEMENT DE PHASE

Résumé—On propose un modéle basé sur I'adsorption et la condensation capillaire qui décrit les

caractéristiques de mouillage de la ligne de contact dans le transfert thermique avec changement de phase.

Une relation entre la forme d’équilibre d'un film mince 4 la ligne de contact, la surchauffe et les forces

interfaciales est établie a la fois pour les systémes 4 angle de contact nul ou fini sur des surfaces “lisses”. On

présente des conditions aux limites de ligne de contact qui sont fonctions de la température, de la surchauffe et

des forces interfaciales. La nucléation homogéne et hétérogéne 4 la température d’ébullition en film minimale
est discutée.

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

Zusammenfassung—Es wird ein Modell mit Adsorption und Kapillar-K ondensation vorgelegt, welches die
Benetzungseigenschaften der Kontaktlinie beim Warmeiibergang mit Phasenwechsel beschreibt. Es wird
eine Beziehung zwischen der Gleichgewichtsform eines diinnen Films an der Kontaktlinie, der Uberhitzung
und der Grenzflichenkrifte fiir Systeme mit endlichem Kontaktwinkel und dem Kontaktwinkel null an
glatten Oberflichen abgeleitet. Die Randbedingungen an der Kontaktgrenzlinie, welche eine Funktion der
Temperatur, der Uberhitzung und der Grenzflichenkrifte sind, werden vorgestellt. Die homogene und
heterogene Keimbildung bei der kleinsten Filmverdampfungstemperatur wird diskutiert.

AJCOPBLHUA N KAMWJIJIAPHAA KOHAEHCALMUSA HA JIMHUU KOHTAKTA IPU
TENJOOEMEHE C UBMEHEHUEM AIPETATHOI'O COCTOSAHHUA

Aunorauns — [IpeutokeHa MoJenb 118 MCCIENOBAHUS aacopOuMM W KamWwUIApHOH KOHIeHcalluH,

KOTOpas yYMThbIBAET XapaKTEPHCTHKH CMauyHMBAEMOCTH Ha JINHUHM KOHTAKTa NpH TENJI00OMEHe ¢ H3IMeHe-

HHeMm (a3, BeiBeneHo cooTHoIEHHE MeXay paBHOBeCHOH GOPMOi TOHKOM MJIEHKH HA JIMHUM KOHTAKTA,

IEperpeBoM i Mex(da3HbIMU CHJIAMH KaK U1 CHCTEM C HYJIEBBIM, TAK M C KOHEYHBIM 3HA4Y€HHEM yria

CMaYMBAEMOCTH Ha «I/alkHX» nosepxHocTax. [IpeacrapieHbl rpaHUYHbIE YCIIOBUSA HA JIMHHYM KOHTAKTA,

KOTOpBIC 3aBHCAT OT TEMIEpaTypbl, meperpeBa M MexdasHeix cui. OO6CyXIOaeTcs IOMOTEHHOE U
reTeporeHHOE 3apOXK/IEHHE My3bIPLKOB.



