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The variation of long-range intermolecular forces near interfaces profoundly affects
the performance of change-of-phase heat exchangers. Starting with the fundamental
electromagnetic force between molecules (dielectric properties), the effects of shape
(Kelvin effect), temperature (Clapeyron effect) and concentration on the heat-transfer
characteristics of thin films and larger systems are reviewed and connected. A judicious
selection of literature gives a consistent set of models of particular use in heat transfer.
Examples of experimental verification of these interfacial models in this rapidly develop-

ing field are also presented.

Introduction

Experimental observations and theoretical simulations of
the effects of long-range intermolecular forces have demon-
strated that the properties of small liquid systems (such as an
evaporating drop) deviate from those of a bulk liquid. Devia-
tions also occur near the junction of a liquid film with a sub-
strate. Still additional deviations occur as the thickness of a
thin liquid film decreases (such as near the “contact line”
where the liquid-vapor interface intercepts the “substrate”).
These regions have received extensive study because of their
fundamental importance in nature. Herein, this broad lit-
erature is reviewed and connected for the purpose of dem-
onstrating its efficacy in modeling change-of-phase heat
transfer (such as boiling, heat pipes, grooved evaporators and
condensers, rewetting of heated surfaces, and so on). An
evaluation of the literature leads us to the conclusion that it
is possible to start with two of the four fundamental forces of
nature (gravity and electromagnetic (intermolecular)) and ob-
tain the effects of shape (thickness and curvature), concen-
tration, and temperature on the interfacial heat-transfer co-
efficient and stability of a thin liquid film. This basic under-
standing has led to important developments in heat-transfer
systems.

There is an extremely rich literature concerning equilib-
rium and nonequilibrium curved liquid films. Therefore,
judicious choices are made so that a coherent and consistent
understanding of the phenomena of particular use to change-
of-phase heat transfer can be discussed. For example, al-
though computational molecular dynamics is extremely use-
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ful in analyzing the dynamics of molecules in small systems
(for example, see the review by Koplik (1995)), additional de-
velopment of this field to emphasize interfacial mass transfer
is still needed to have an impact on change-of-phase heat-
transfer systems. The gradient theory of fluid microstructures
is not covered for the same reason (for related material see,
for example, the Rowlinson (1979) translation of van der
Waals, Davis and Scriven (1981), and Evans et al. (1986). In-
stead, models based on classical interfacial kinetic theory,
quasi-thermodynamics, and continuum concepts are used to
simulate the area averaged results that are experimentally
observed. However, additional simulation at the molecular
level will be needed as systems become smaller and opti-
mized. In essence, the literature on the effect of a nonuni-
form thin liquid film with shape dependent properties on
phase-change heat transfer is reviewed and connected. There
have been experimental evaluations of the applicability of the
Kelvin equation to highly curved interfaces. For example,
Fisher and Israelachvili (1981) demonstrated the validity of
the Kelvin equation with systems as small as 4 nm. Use of the
bulk viscosity in extremely small thicknesses is still open to
question. For example, conflicting results have been pre-
sented by Klein and Kumacheva (1995) and Knudstrup et al.
(1995). Although roughness can have an additional effect in
some cases, roughness greater than that at approximately the
molecular level is not addressed. Concerns about using con-
tinuum models with ultra-thin films are partially alleviated by
averaging over a sufficiently large surface area and time so
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that the theoretical results can be experimentally evaluated
for confirmation. Confirmed results can then be used for en-
gineering designs.

Since a liquid is deformable, the shape of a liquid film is a
function of the three-dimensional (3-D) intermolecular force
field. Therefore, the transport processes in a thin film are a
function of the liquid-solid system, temperature, concentra-
tion, and the shape which is a measure of the varying internal
pressure (intermolecular force) field. The optical measure-
ment of shape gives the otherwise difficult measurement of
relative pressure in small systems. Two powerful optical tech-
niques based on reflectivity to measure the change in the thin
film profile (intermolecular force profile) with heat transfer
are discussed herein: image analyzing interferometry (IAI)
(DasGupta et al., 1995) and ellipsometry (Kim and Wayner,
1996). Other optical techniques are discussed by Oron et al.
(1997).

As outlined in many recent texts, intermolecular and sur-
faces forces are the result of the electronic structure of atoms
and molecules (see, for example, Israelachvili, 1992). At equi-
librium, these forces cause the adhesion of one substance to
another, the cohesion in bulk liquids, the free energy associ-
ated with interfaces, and the liquid-vapor phase distribution
in a closed system. An early example of the effect of dielec-
tric properties on change-of-phase heat transfer is given by
Wayner (1978). The many noncovalent intermolecular inter-
actions can be broadly classified as follows: (1) electrody-
namic Lifshitz-van der Waals (LW) forces (comprising the
sum of the London dispersion interaction between two apo-
lar molecules or atoms; the Debye induction interaction and
the Keesom orientation interaction); (2) polar forces (hydro-
gen bonding and Lewis acid-base interactions); and (3) purely
electrostatic forces. The London dispersion forces are always
present and control transport processes in very thin films with
apolar systems. These dispersion forces are long-range forces,
vary inversely with the film thickness raised to a power, and
can be effective over large distances: from approximately 100
nm, at which an extremely small change from the bulk vapor
pressure over a thin liquid film occurs, down to interatomic
spacing ( = 0.2 nm) where the vapor pressure of an adsorbed
monolayer can be extremely small. As described by the ad-
sorption isotherm, the thickness of an adsorbed film is a
function of the surrounding vapor pressure and substrate
temperature. Herein, completely wetting apolar systems will
be used as examples because, with simple systems, the van
der Waals intermolecular force field can be easily modeled
and experimentally studied. Using the insights thereby gained,
these concepts can be extended to include more complicated
systems.

The material presented in this article covers the details of
only a very small portion of the rapidly expanding field of
phase change in thin liquid films. There are numerous topics
like condensation, two-phase flow, Marangoni flows, and sta-
bility that are not emphasized. To obtain additional back-
ground information in these areas, the following recent books
and reviews are suggested: for a further description of inter-
molecular forces in thin liquid films (Israclachvili, 1992); for
a description of aqueous thin films (van Oss, 1994); for a gen-
eral description of phase change phenomena (Carey, 1992);
for a review of the dynamics and tendency toward rupture of
thin liquid films (Bankoff, 1990, 1994; Khanna et al., 1996;
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Oron et al., 1997); for a recent discussion of the equilibrium
and dynamics of evaporating and condensing thin film do-
mains (Sharma, 1998); for additional insights on the modeling
of the details of the contact line region (Mitrovic, 1998; Mor-
ris, 1997, 1999); for Marangoni flow (see Wayner et al., 1985;
Parks and Wayner, 1987; Hallinan et al., 1994; Swanson and
Peterson, 1995; Oron et al., 1997); for an extensive discussion
of heat pipes (Faghri, 1995).

For a specific example, we start with the description of a
constrained vapor bubble (CVB) heat exchanger with trans-
parent quartz walls which embodies many of the concepts that
will be subsequently discussed. The CVB, which is presented
in Figure 1 for a nonisothermal microgravity environment,
has various thin film regions that are of both basic and ap-
plied interest. It is formed by underfilling an evacuated small
container with liquid. For a completely wetting system at
equilibrium, liquid will coat all the walls of the container. For
a finite contact angle system, some of the walls can have only
an extremely small amount of adsorbed vapor, which changes
the substrate properties. Liquid will fill a portion of the cor-
ners in both cases. Since the solid walls constrain the shape
of the vapor bubble and, therefore, the equilibrium liquid
film, the intermolecular force field in the thin liquid film is
different from that in a bulk liquid. Both equilibrium, with a
uniform temperature field, and nonequilibrium 7', > T stud-
ies have been made using the CVB (see, for example, Das-
Gupta et al., 1995; Karthikeyan et al., 1998). Although the
thermal conductivity of quartz is small, transparent walls re-
move the uncertainty concerning liquid shape and are highly
desirable in basic research. When heat is supplied at one end
and removed at the other end, the effective thermal conduc-
tivity due to the evaporation/condensation process can be or-
ders of magnitude greater than that of copper. Vapor flows
to the cold end and liquid flows to the hot end due to the
shape-dependent intermolecular force gradient. As pre-
sented for a relatively large width (=3 mm), the cross-sec-
tional area for vapor flow is much larger than that for liquid
flow. As a result, the pressure in the vapor space is nearly

(B)
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Pyo>Py>Py>Pp<Py,
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Liquid Film, Thickness = 5(x,0)
Vapor

Condensation
Vs V2

Figure 1. Constrained vapor bubble concept for a com-
pletely wetting system in a microgravity field
with heat in at End 2 and heat out at End 1.
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constant even with high imposed heat fluxes. In this case, the
high interfacial heat-transfer coefficient keeps the liquid-
vapor interface nearly isothermal, except where the film is
extremely thin. In the ultrathin film region where deviations
in the intermolecular force field control the transport pro-
cesses, large interfacial temperature gradients are sustain-
able. When sufficiently stressed, dry regions with contact lines
occur. At the other extreme, the isothermal system is well
suited to the study of interfacial thermodynamics. Before dis-
cussing the details, the genesis of this particular field of in-
terfacial heat transfer in thin liquid films and examples of a
few recent applications will be presented in the next para-
graph as an introduction.

In 1965, Derjaguin et al. demonstrated that liquid flow in a
thin film on the walls of a capillary tube can enhance by sev-
eral times the rate of evaporation of moisture from capillar-
ies. The liquid flow, due to long-range intermolecular forces,
was analyzed using the disjoining pressure concept for the
pressure gradient in the thin liquid film. In 1972, Potash and
Wayner analyzed evaporation from a 2-D extended meniscus
in which the pressure gradient for liquid flow was due to
both capillarity and disjoining pressure. The presence of
an adsorbed superheated thin film gave a smooth transition
between evaporating and nonevaporating portions of the
extended meniscus. The variation of heat flux and local
“apparent contact angle” with thickness was calculated as a
function of the average heat flow rate. These concepts are of
obvious importance to the simpler device presented in Figure
1 and the more complicated systems presented in Figures 2
and 3. In 1973, Raiff and Wayner experimentally and theo-
retically studied the porous flow control element design pre-
sented in Figure 3 which foreshadowed two heat pipe de-
signs: the inverted meniscus heat pipe and the loop heat pipe.
In 1984, Cotter used these concepts in proposing a micro heat
pipe with a triangular cross-section and side width between
10 and 500 wm. The micro heat pipe has been extensively
studied: for example, by Ha and Peterson (1998), Wu and
Peterson (1991), and by Khrustalev and Faghri (1993). In 1994,
Stephan and Hammer successfully used the interfacial mod-
els discussed herein to evaluate the influence of meniscus

BOILING WITH EVAPORATING MICROLAYER

VAPOR
LIQUID

r

Figure 2. Boiling on a horizontal surface.

Many aspects of the macroscopically observed transport
processes in boiling are functions of the interfacial force field
in the microscopic extended menisci formed at the base of
bubbles. Although the large bulk system is highly turbulent,
the thickness of the microlayer region in the oscillating ex-
tended meniscus is sufficiently small so that this region can
be modeled using laminar principles.
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\HEAT SOURCE EVAPORATING MENISCUS
Figure 3. Cross section of meniscus heat pipe concept.

In this case, the vapor exhaust channel perpendicular to the
cross-section can be viewed as a steady-state vapor bubble
constrained on two sides by a heat source and on two sides
by liquid filled porous material. Evaporating extended
menisci are formed in the corners at the heat source and
supplied with liquid from the porous flow control element
by the intermolecular force gradient. At high heat flow rates,
the liquid-vapor interface can migrate into the porous ele-
ment. For a particular example of an application, the heat
source could be a microscale electronic device which is
cooled by the passive evaporating menisci.

shape, adhesion forces, interfacial thermal resistance, and
wall thermal resistance on nucleate boiling heat transfer us-
ing the refrigerant R114/Cu, (C,Cl,F,)/Cu, system. For the
single bubble and microlayer presented in Figure 2, they cal-
culated realistic temperature and heat flux profiles for boil-
ing heat transfer which agreed with macroscopic experimen-
tal results. In an earlier article, Stephan and Busse (1992)
successfully used the same type of modeling to analyze the
heat-transfer coefficient of grooved evaporator walls. These
and many other developments have demonstrated the engi-
neering utility of the material presented herein.

Basic Concepts
Clapeyron effect

Using kinetic theory and the Clausius-Clapeyron equation,
an ideal liquid-vapor interfacial heat-transfer coefficient /i
can be defined by Eq. 1 as the heat-transfer coefficient asso-
ciated with the surface of a bulk liquid due to a temperature
jump at the liquid-vapor interface (see, for example, Carey,
1992; Wayner, 1991). In Eq. 1, T}, is the temperature on the
liquid side of a planar liquid-vapor interface and 7, is the
temperature on the vapor side. In Eq. 2, Ah,, is the heat of
vaporization and the value of the coefficient can be C = 2 for
simple systems with an accommodation coefficient of unity.
For the reference system, 7, is also the equilibrium tempera-
ture of a bulk fluid which has an equilibrium vapor pressure
of P,. This interfacial temperature jump gives a “vapor pres-
sure” difference for evaporation and vapor flow away from
the interface or for condensation with vapor flow towards the
interface. As discussed extensively by Carey (1992), extremely
high interfacial heat-transfer coefficients are possible. Addi-
tional experimental research on C is reviewed in Maa (1983).
Values for the ideal interfacial heat-transfer coefficient for
pentane as a function of bulk vapor pressure are given in
Figure 4. These large values can be compared with the ther-
mal conductance of the liquid film to determine the thickness
at which it becomes important. As an example, for conduc-
tion across a liquid pentane film with a thickness of & =24
nm, h = k/8 = 4.8x10° W/m?- K. This level was selected, be-
cause it is equal to the value of ¢ at the atmospheric vapor
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Figure 4. Ideal value of liquid-vapor interfacial heat-
transfer coefficients hi¢ for pentane as a func-
tion of the vapor pressure of the bulk liquid.

pressure of 10° N/m” We note that significantly larger val-
ues of 41 are attainable with many other systems.

g" ="M, = WS(T,, ~ T,) (1)
, cm " mMPAR2,
hif, = 2
27TR7-}U RTUY-}U

Kelvin effect

Since the values of /4i¢ and the thermal conductance for
thin liquid films are so large, other resistances may limit the
heat flux in the contact line region. Three possibilities are
the resistance to conduction in the solid, the resistance to
fluid flow, and a resistance associated with a change in the
vapor pressure of the liquid film due to a change in the inter-
molecular force field. It is well known that a change in the
arrangement of molecules in the interfacial region gives a
capillary pressure jump at the interface (such as the interfa-
cial pressure jump associated with the curved meniscus cited
above). We find that this shape-dependent change in the in-
termolecular force field can have a significant, if not control-
ling, effect on the heat flux in the contact line region.

An example of the variation of chemical potential with film
thickness for a thin film is given for a simple spreading case
and a simple finite contact angle case in Figure 5a. In the
limit § = 0, u — —oo for both cases, but this is not shown for
6 > 0 due to the extremely small amount of adsorption. The
variation for a complicated system which includes a fluid like
water on a polar substrate is given in Figure 5b. This repre-
sents an adsorbed ultra-thin film in equilibrium with a thicker
film at the “contact line.” A discussion of various isotherms is
given by Dzyaloskinskii et al. (1961). This early reference is
recommended for an understanding of the general theory of
van der Waals forces, the DLP (Dzyaloskinskii et al., 1961)
thin film continuum model, and the effect of thickness on the
vapor pressure.

The enhanced Young-Laplace interfacial pressure jump
model represented by Eq. 3 which includes both capillary,
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Figure 5. Variation of chemical potential with film thick-
ness (Dzyaloskinskii et al., 1961).

(a) Simple spreading and nonspreading systems; (b) compli-
cated system (such as water on a polar substrate).

oK, and disjoining IT pressure jumps, leads to a change in
the vapor pressure over the interface relative to that of a
planar interface of a bulk liquid (see, for example, Wayner,
1991). For a completely wetting system, both terms reduce
the vapor pressure in the contact line region from that of a
bulk liquid. This reduction is given by Eq. 4 in which P;, is
the changed vapor pressure of the curved thin film and P,, is
the reference vapor pressure. The interface of the bulk fluid
is used as an ideal reference where the vapor pressure is the
well-known thermodynamic pressure

P, —P=0cK+II (3)

RTur ln(Plu/Pur)=_I/lM(H+UK) (4)
{IT=— A/8" (for a completely wetting system, A = A/6m <
0, where A is the fundamental Hamaker constant which is a
function of the dielectric properties of the system); for § <10
nm, n=3 with A= —1.28%x10"2 J for the pentane/quartz
system; for 6 > 15 nm, n =4, A=B=-11x10"%J-m}. In
Figure 6, values for the disjoining pressure jump at the inter-
face of a flat pentane film on quartz are given. Assuming only
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Figure 6. Equilibrium disjoining pressure for a flat film
of pentane on quartz IT, N/m?2 vs. equilibrium
film thickness 6, and the equivalent radius of
curvature r, m for the same pressure jump
across a meniscus assuming the absence of
disjoining pressure.
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capillarity without disjoining pressure for the purpose of dis-
cussion, the value of the equivalent radius of curvature for a
meniscus is also given for comparison. Large values are ob-
tained as the value of the film thickness approaches that of a
monolayer and/or the value of the radius of curvature, r =
1/K, becomes very small. We quickly note that both terms
should be included in Eq. 3.

A physical understanding of the effect of the interfacial
pressure jump on the heat flux can be obtained using the
following extended form of Eq. 1, which includes both the
Kelvin and Clapeyron effects on the vapor pressure (see, for
example, Potash and Wayner, 1972; DasGupta et al., 1994)

q”:m”Ahm=hil?J(TlU_TU)+h%(PI_PU) (5)

o VIMPuAhm
RT,,

C*M
27RT),

kl

lv

Q)

For pentane T =293 K, 4% = 4.25 (W/m?)/(N/m?). For a re-
duction of heat flux of ¢” =4.25%x10° (W/m?), (P,— P,))=
—10°% (N/m?), for which the radius of curvature would have
to be equal to » =16 nm. This large effect can be easily pre-
sent when fluid flows towards the contact line due to
intermolecular suction. For an adsorbed flat film with an
equivalent disjoining pressure, the equilibrium thickness of
the superheated adsorbed film would be §,= 0.88 nm.
Therefore, we find that interfacial forces can easily control
the heat flux in a superheated adsorbed film. In essence, the
Kelvin effect can remove the singularity associated with con-
duction across a liquid film of vanishing thickness. We also
suggest that phase change can remove the singularity usually
associated with the “no slip” boundary condition on an “iso-
thermal” or nonisothermal substrate in spreading (Wayner,
1994a,b; Reyes and Wayner, 1996). However, this is usually
neglected in current studies on spreading where slip and sur-
face diffusion mechanisms are used to relieve the infinite
stress (see, for example, the review by Kistler, 1993). Al-
though the correct model to use at the contact line is unre-
solved, it seems that both temperature and pressure should
be important.

Interfacial free energy and the Hamaker constant

Equations 3-5 demonstrate the importance of surface ten-
sion and the Hamaker constant on the interfacial heat-trans-
fer coefficient. To overcome the theoretical difficulties asso-
ciated with intermolecular forces at interfaces, various useful
models have been developed. Gibbs (1961) developed the very
successful surface formalism of a 2-D dividing surface: the
Gibbs convention. At times, this convention and the resulting
interfacial free energy are extremely useful. In many other
situations, like transport processes in ultra-thin liquid films,
we find it more useful to include the thickness of the thin
film which is not easily described within the Gibbs conven-
tion. To include thickness, a 3-D model is needed. This re-
quires either the surface excess convention or the film excess
convention. Both the Gibbs and the surface excess conven-
tions are used herein, thereby showing the connection be-
tween the two conventions. The surface excess convention al-
lows the disjoining pressure concept, which is an effective
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pressure change due to intermolecular force changes in a pla-
nar thin film, to be introduced. A good discussion and com-
parison of the details of these two conventions are given by
deFeijter (1988). It is the first chapter in a recommended book
on thin films by Ivanov (1988).

When a liquid drop is placed on a substrate, the resulting
system can be classified as either completely spreading, par-
tially spreading, or nonspreading. For complete spreading, the
final equilibrium shape is one of a thin uniform film covering
the substrate (presuming that the vapor pressure in the sur-
roundings is sufficient to suppress evaporation). Simple dia-
grams of the completely spreading and partially spreading
cases in a gravitational field are presented in Figure 7. The
picture of the completely wetting case conceptually repre-
sents, for an extremely thin case, a monolayer or, at the other
extreme, a much thicker film. For the partially wetting case, a
deceptively simple quantitative measure of the complex inter-
molecular force field in the contact line region is the appar-
ent contact angle 6. The contact angle is defined as the angle
between the tangents to the liquid-vapor and liquid-solid in-
terfaces at a point where the film is sufficiently thick so that
the transition regions in the interfaces do not overlap. For
some cases, like a small drop on a substrate, this definition is
still inexact since the observable tangent angle constantly
changes. For the nonwetting case, 6 > 90°. At this point, it is
becoming obvious that mathematical interfaces and apparent
contact angles are relatively crude but useful (at times) de-
scriptions of the complex dynamic molecular world at inter-
faces and contact lines. For example, try to picture the real
contact angle in the contact line region of a moving contact
line using a molecular dynamic simulation model.

The interfacial free energy can be composed of dispersion
(London) d, polar (Keesom) p, induced dipole (Debye) i,
electrostatic e, and acid-base interactions AB

c=c%+aP+oi+o°+ "B @)

The first three terms in this equation are the Lifshitz-van der
Waals interactions o™V, Simple fluids like the alkanes have
only LW interactions. Some representative values for the
terms in Eq. 9 for polar fluids are given by van Oss (1994).
For apolar liquids like the alkanes emphasized below, o = g;
=0 LW.

To connect these concepts and the Hamaker constant with
experimental observations, we assume (at times) that there is
no practical difference between these processes of interfacial
formation occurring in a vacuum and an environment satu-

rated with vapor or gas (0; = 0y, 0y = g;, or g;,). However,

(a) Vapor (b) Vapor
5 Liquid Liquid
N/ A\X/ Solid \//A\\/ \//A\ Solid /A\\/

Figure 7. Simple macroscopic views of a liquid film on
a solid substrate.

(a) Partially wetting liquid drop; (b) completely wetting lig-
uid film.
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it is also important to realize that the interfacial free energy
values can, in some cases, be substantially different in labora-
tory air because of the adsorption of foreign vapor molecules
like water and hydrocarbons. At liquid-vapor interfaces, im-
purities may or may not concentrate at the surface and
thereby affect the value of the interfacial free energy. A fur-
ther complication can arise if the environment has a foreign
gas which can adsorb on the liquid substrate and change o
to oy,. Therefore, there are many practical complications
when these concepts are used in modeling transport proc-
esses. On the other hand, all these additional effects can be
experimentally measured and theoretically modeled. As ex-
amples, practical experiments on the effect of the environ-
ment on the surface tension of stainless steel are discussed by
Mantel and Wightman (1994) and a theoretical analysis of
the wetting of gold by water is given by Parsegian (1977). The
reader will find it necessary to use, as the situation dictates,
both practical and ideal concepts to understand and apply
the state of the art in surface transport processes. The cur-
rent trend towards smaller closed devices is a trend towards
more ideal systems.

Equation 8 is the Young equation for the contact angle of
a liquid on a substrate in its equilibrium vapor environment
(see, for example, Wayner, 1982, who also gives a continuum
model for the important details of the thickness profile in the
transition region using the disjoining pressure concept).

ap, COs 0= O5p — Oy (8)
This can also be written as
g cos 0 = Oy — Og — T, (9)

where 7, = 0, — g;, is the equilibrium film pressure which
accounts for adsorption on the solid substrate (Bangham,

1937).

Hamaker constant (apolar systems)

To relate the interfacial free energies to the dielectric
properties of the materials and to use the surface excess con-
vention for thin films, it is necessary to introduce the Hamaker
constant (see, for example, Israelachvili, 1992, for additional
details). The Hamaker constant A;;, which describes the LW
interaction between two bulk flat surfaces in a vacuum sepa-
rated by the van der Waals contact distance D, is, for a lig-

uid

Ay, =24mD20, (10)
The Hamaker constant is defined as
A=m>Cp, p, (11)

where p, and p, are the number of atoms per unit volume in
the two volumes and C is a coefficient describing the interac-
tion between two atoms. The theoretical value of the separa-
tion distance between two semi-infinite slabs when they are
in van der Waals contact is D, =1.65x 10~ m. For two bulk
solids and a solid-liquid interface, the comparable equations
are

A,,=24wDZ,

58

A, =24mD% /0,0 (12)
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The Hamaker constant between two like bodies is attractive,
A;;> 0. Exact procedures to obtain the Hamaker constant
from the frequency-dependent dielectric functions of the in-
teracting materials using the DLP theory are addressed by
Israelachvili (1992). For now, the following approximate
equation adequately demonstrates the connection between
the Hamaker constant and the dielectric constant €, the re-
fractive index in the visible range n,, and the plasma fre-
quency of the free electron gas v,

0’

L ~1)°
16V2 (n2 +1)”

3KT [ €,—1)°
A=—( ) (13)

4 \e +1

Using Eq. 13, 4, =3.8X1072° J for pentane and A4, = 6.3
x107% J for quartz. Since A, > A, this is a completely
wetting system. Wayner (1978) used these equations and the
combining rules below to evaluate the effect of the London-
van der Waals dispersion force on the interline heat flow rate.

In order to discuss surface and adhesion energies, Is-
raelachvili (1992) showed that, apart from the bulk cohesive
energy, the additional energy of two planar surfaces sepa-
rated by the distance & is

e AL 1
C 127\ D2 52

The interaction energy is

14

E-—~ 15
©12ms? (15)
Equation 10 is obtaining by taking E =20, at 8§ —»«. The
additional potential energy is removed when the two inter-

faces are brought into contact. The adhesive pressure in con-
tact F at D is

4o,

o 7F A ”
“\ 98 )s-p, 6mD} D, (16)

The intermolecular forces are very large and large energy
gradients can occur over very short separations. For two pla-
nar octane surfaces in van der Waals contact (D, = 0.165 nm),
Eq. 16 gives 0; = 21.9 mN/m, whereas the experimental value
is 0,=21.6 mN/m) and F is approximately 5,200 atmo-
spheres. For pentane, the experimental value of o is 14%
less than the value given by Eq. 16. There is an extremely
large change in the internal pressure due to cohesion and
adhesion over a very short distance at the liquid-vapor and
liquid-solid interfaces that effects phase change.

For a thin film on a solid, the repulsive force per unit area
between the bulk vapor and the bulk solid separated by a
liquid film is (for example, see Truong and Wayner, 1987),
for the nonretarded regime

Aslu
F(e)= 6md>

—1II, 6 <10nm

an

Vol. 45, No. 10 AIChE Journal



while for a thicker film (retarded regime using a dispersion
constant B),

lev
F(8)= 5 =-1I,

& > 15 nm (18)

Calculations of the van der Waals interactions between dif-
ferent materials using the DLP theory showed that A4, and
B,;, are not constant but, depending on conditions, a weak
function of film thickness in their respective regimes. Keep-
ing this in mind, we can still obtain approximate equations
for effective modeling. Caution is advised, because two sign
conventions are used in the literature. The sign convention
used herein makes A, <0 for completely wetting systems
and A, > 0 for partially wetting systems. The above equa-
tions also give the equivalence between the disjoining pres-
sure concept Il and the dispersion force per unit area. The
easiest description of disjoining pressure is given in Figure §,
in which an air/vapor bubble is captured by an inverted cup
and pushed down against the bottom surface of the container
holding the liquid. If the liquid completely wets the substrate,
a film of liquid disjoins the bubble from the substrate even
though the pressure in the bubble is greater than the pres-
sure in the liquid. The liquid in this film is under tension. For
completely wetting systems, the vapor is disjoined from the
solid by the liquid with a force/area, 1I.

Some of the approximate combining rules for the Hamaker
constant in Eq. 17 are (for example, Israelachvili, 1992)

AS[U:ASU+A1/_ASI_A/U (19)
Agy= (VA —VAR) (VAL —VAn) (20)

neglecting cohesion in the vapor gives
Agy= Ay —yApAg (21)
Using the previous values for the pentane /quartz system, Eq.

21 gives the approximate value A, = —1.1x10~2° J. Using
Egs. 10, 12 and 21 gives

Ay, =24mD} (0~ 010;) (22)

DISJOINING
FORCE

LIQUID

ADSORBED THIN FILM DISJOINS
BUBBLE FROM SUBSTRATE

SUBSTRATE

Figure 8. Disjoining pressure concept for completely
wetting liquid.

Thin liquid film of adsorbed vapor disjoins the air/vapor
bubble from the substrate against which it is being forced.
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A completely spreading system is one for which o, > ¢, and
A, <0. This means that, for spreading with a completely
wetting system, the liquid-solid intermolecular force field
causes the liquid to flow along the surface and thereby sepa-
rate the solid from the bulk gas-vapor mixture. This also
changes the local vapor pressure of the thin film. We note
that transport can, of course, occur through both the vapor
phase and along the surface. It is very difficult to determine
which one predominates at the contact line during spreading.

The following equations have also been developed for apo-
lar systems.

1
gl = ZUZ”(l +cos6), 6>0
using dispersion force only and w,=0 (23)

Therefore, the dispersion component of the surface tension
of a solid can be determined by measuring the contact angle
of an apolar liquid on the solid.

For completely wetting fluids, the following equation for
the interaction between a solid and vapor separated by a thin
liquid film can be obtained

A

slv

FDE=0'I+O}I_US (24)
With o, = 0y,
1 A, T
ol=—/|0,~ —12 , 0=0
oy, 247 D;

using dispersion force only (25)

Therefore, the dispersion portion of the interfacial free en-
ergy of solids for apolar completely wetting systems can be
obtained using the measured value of the Hamaker constant.
Since the above equations apply to both wetting and partially
wetting systems, Eqgs. 21 and 23 can be equated to obtain the
following equation for the contact angle in partially wetting
systems A, >0

slv

cosf=1— e
1270, D;

m,=0, 6>0 (26)

There are many additional complications associated with
acid-base systems like water (see, for example, van Oss, 1994).

Water /quartz polar system

After reviewing the state of the art of contact angles and
surface forces, Churaev (1994) concluded that the theoretical
prediction of contact angles is still an unsolved problem. This
is particularly true for water as demonstrated by the follow-
ing discussion of the water/quartz system given by Churaev
(1994). We note that we are using a sign convention opposite
from that used by Churaev. Thin liquid films are asymmetric
systems with liquid-solid and liquid-vapor interfaces, and an
additional electrostatic disjoining pressure due to the electri-
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cal double layer which can be present. The 3-D disjoining
pressure model for a thin liquid film is

1(8) =11,,(8) +I1.(8) + TI,(8) @7

in which the subscripts m, e, and s refer to the molecular
(dispersion), electrostatic, and structural components of the
disjoining pressure. The structural forces causing the struc-
tural component are short-range forces at the liquid-solid in-
terface.

Frumkin and Deryaguin used the theory of long-range
forces to obtain the following relationship between the con-
tact angle and the disjoining pressure

1 G(5.)
cos=1+—| II(8)dés=1+

Ty 78, gy,

(28)

For 6 > 0, G <0 is an excess surface free energy. The charac-
teristic thickness of the adsorbed thin film at [T=0 is §,.
The prediction of the contact angle in polar systems is partic-
ularly complicated because, depending on the system, each of
the components of the disjoining pressure may be either posi-
tive or negative.

As an example of a particular application, Churaev (1994)
presented the following equation for estimating the contact
angle on hydrophobic surfaces when all three components of
the disjoining pressure are important

1 - Aslv 60(‘1’1 - \1,2 )2 60(
cosf=1+— >~ + KAexp ——)
o, | 1276, 88, A

(29

where K and A are parameters, ¥, and V¥, are the surface
potentials, 8, is a film thickness, and ¢, is the permittivity of
the fluid. Obviously, the equation for the contact angle and
its subsequent use in heat transfer becomes very complicated
for water.

It is useful to look at the effect of the degree of hy-
drophilicity on the polymolecular adsorption of water vapor
on a quartz surface. In this case, it appears that the short-
range forces at the liquid-solid interface can make the film
more hydrophilic. Two experimental isotherms by Gee et al.
(1990) demonstrated that, with a completely hydroxylated
surface (4.6 OH groups per 100 A?), the system was com-
pletely wetting, whereas, using a quartz surface covered with
10% hydroxyl groups, the contact angle was 6 = 43°. The hy-
droxylated surfaces were obtained by using a mild etching
solution of 1.5% w/v NH,HF, for 2 h at room temperature.
Gee then removed the hydroxyl groups by heating the surface
to 1,323 K (which is higher than necessary) to obtain a dehy-
droxylated surface. Therefore, the contact angle can be var-
ied by varying the number of hydroxyl groups per unit area.
Although this might be difficult to achieve, maybe these sur-
faces of varying hydrophilicity could be sufficiently controlled
to produce heat-transfer systems of engineering importance.
However, as discussed by Vigil et al. (1994), the description
of this classical interface is still unresolved.
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Disjoining pressure

We can experimentally obtain the value of the disjoining
pressure and the Hamaker constant using the optically mea-
sured extended meniscus profile in the CVB and the follow-
ing set of boundary conditions for Eq. 3 which applies at
equilibrium for a constant interfacial pressure jump:

B C 1: For the uniform film thickness portion at the center
of a relatively large bubble: 6§ —» §,, II - 11, K — 0.

B C 2: For the curved thicker portion of the film: IT — 0,
K—-K,.

Using these two boundary conditions at equilibrium, Eq. 3
gives

oK,=—B/8} for §>15nm

oK,=— A/6m83 for § <10 nm (30)

The measured film thickness profile gives K, and 6, and,
therefore, the value of the constant B. As described below,
these measurements have been successfully made using the
CVB to obtain the value of the Hamaker constant. Earlier
references to this field are Derjaguin et al. (1988) and Read
and Kitchener (1969). For mass-transfer equilibrium m” =0,
Eq. 5 leads to Eq. 31 for the equilibrium thickness 6, of a
flat adsorbed film as a function of the substrate superheat
AT. Values for the pentane/quartz system at 293 K are given
in Table 1. Of particular significance is the superheat associ-
ated with a thickness of approximately a monolayer: AT = 40
K is approximately the superheat at the critical heat flux in
pool boiling when wetting of the substrate ceases. This will
be discussed in a later section.

s AT,

=— §,<10 31
¢ plmAhmAT’ ’ wm ( )

Completely wetting extended meniscus

In Figure 9, a vertical completely wetting extended evapo-
rating meniscus is presented with three regions (Potash and
Wayner, 1972; Wayner, 1991): (1) an evaporating intrinsic
meniscus, which is defined as that portion where the pressure
jump at the interface is described by the conventional equa-
tion of capillarity because the film thickness is relatively large
(> 100 nm); (2) an evaporating thin film region described by
both capillarity and disjoining pressure; (3) an equilibrium flat
thin film region. At equilibrium, using thermodynamics for a
gravitational field, the connection between the concepts of
gravitational pressure drop, capillarity, disjoining pressure,

Table 1. Equilibrium Film Thickness for Pentane on Quartz
at 293 K vs. Substrate Superheat Obtained Using Eq. 31 and
the Modified Hamaker Constant 4 = —6.8X10~* J

AT, K 8,, nm
1073 44

1072 4.4
0.1 2.04
1 0.95
10 0.44
40 0.28
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ADSORBED THIN FILM

VAPOR

INTRINSIC MENISCUS
EVAPORATION , m"

LIQUID Y

Figure 9. Vertical completely wetting extended evapo-
rating meniscus with a local liquid flow rate of
T (x).

vapor pressure, and adsorption become obvious (Wayner,
1991) and a better understanding of the effect of adsorption
due to van der Waals forces is thereby obtained.

Using the above concepts with the lubrication model for
laminar flow, Eq. 32 can be obtained for the film thickness
profile of a steady-state horizontal evaporating extended
meniscus (DasGupta et al., 1994). Although Marangoni ef-
fects are not included in this simplified form of the equation,
their relative importance has been evaluated by Parks and
Wayner (1987), Hallinan et al. (1994), and by Swanson and
Peterson (1995). The term ¢ is the dimensionless extended
Young-Laplace equation for small slopes which shows the
strong influence of surface tension and the Hamaker con-

stant.
1d do
— | nP—= 1+ 32
() e 32)
1 d*n 8 x2hiAT,
¢=__3_€_2, == §= _—
n d¢ 5, — AAh,,
hi,‘lj)So 0'1/80115‘1)1
Tk T T Anga

There are many uses for Eq. 32: for example, the righthand
side is the dimensionless interfacial heat flux. Examples of
theoretical studies of the evaporating meniscus are Potash
and Wayner (1972), Kamotani (1978), Holm and Goplen
(1979), Moosman and Homsy (1980), Swanson and Herdt
(1992), DasGupta et al. (1994), Khrustalev and Faghri (1995),
and Morris and Moreno (1997).

Neglecting curvature effects, Eq. 33 for the dimensionless
interfacial heat-transfer coefficient can be obtained from the
righthand side of Eq. 32 (Wayner et al., 1976). Therefore, we
quickly demonstrate that the evaporation rate vanishes when
8 = §,, the adsorbed equilibrium thickness, (see Table 1 for
values) and reaches 96% of the ideal interfacial evaporation
rate when 6 =36,. Using the above cited numbers for the

AIChE Journal October 1999

pentane/glass system as an example, mass-transfer equilib-
rium occurs at 6 = §, = 0.28 nm for AT = 40. Whereas, a very
large evaporative heat-transfer coefficient (see Figure 4) oc-
curs a short distance away at approximately 6 =0.84 nm
where adsorption effects essentially vanish. We note that it is
still possible to have a lower heat flux because of the effects
of capillarity on the vapor pressure and thermal conductive
resistances in the liquid and solid. Therefore, we find that
very large changes in the force field occur over the distance
of approximately a nanometer and that the disjoining pres-
sure concept allows the effects of both temperature and ef-
fective pressure in the liquid to be evaluated. A singularity is
thereby avoided.

h,, 1 y 8,\°
hT=1_F or hlu=hlu 1_(3) (33)

Fluid mixtures

Evaporative flow in an extended evaporating meniscus is a
distillation process if a second component is present. Since
the contact line region is extremely thin, even a very small
amount of a second component in the bulk fluid portion of
the system can significantly affect the contact line region. Al-
though some research has been done on this very broad topic,
these effects have not been sufficiently studied (see, for ex-
ample, Wayner et al., 1985; Parks and Wayner, 1987; Huang
et al., 1998).

Related Experimental Studies

There is a developing experimental literature that confirms
the above modeling: a few examples of this work follow. Us-
ing the quartz CVB cell presented in Figure 1, the film pro-
file near the corner of the cell was optically measured at
equilibrium using the setup presented in Figure 10. The nat-
urally occurring interference fringes were analyzed using an
image analyzing interferometer (IAI) to obtain the shape of

Microscope

Liquid

Vapor or

Vapor / air mixture K,

Figure 10. Microscopic view of the meniscus formed in
the corner of the CVB using an image ana-
lyzing interferometer IAI.
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A Pentane
B Heptane
@® Tetradecane

Disjoining Pressure (N/m?)

700 1000

5 (A)
Figure 11. DLP theory for an ideal surface vs. experi-
ments for the adsorption of pentane and

heptane on quartz (solid line) and tetrade-
cane on SFL6 (DasGupta et al., 1995).

the film (DasGupta et al., 1995). Equation 30 was then used
to obtain the value of the Hamaker constant, which charac-
terizes the interfacial properties of the experimental system.
Experimental results for the value of the disjoining pressure
are compared with theoretical predictions in Figure 11. Con-
sidering the use of the measured curvature and the fourth
power of the measured adsorbed film thickness, the agree-
ment is very good. Although an ellipsometer was not used in
these studies for the direct measurement of the adsorbed film
thickness, the interpretation of interferometer results was
aided by the use of both an ellipsometer and an interferome-
ter in DasGupta et al. (1993).

The experimental setup given in Figure 12 was used by
Karthikeyan et al. (1998) to study the nonisothermal CVB.
Figure 13 shows a plot of the experimentally obtained tem-
perature difference 6 between the outside surface of the CVB
cell and the room vs. the axial distance x for the CVB cell
operating both as a CVB heat exchange and as a dry evacu-

Experimental Cell Design
+X -X
<———:——>
- ~—2mm —~ i~5mm
AN — I
Coolers  CVB Cell Boron Insulation Heater
Nitride Wire
Rod

Figure 12. Experimental setup for studying the CVB.

CVB is placed on the stage of an optical microscope (not
shown) with a video camera for image recording and anal-
ysis.
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Figure 13. Temperature difference 6 between the out-
side surface of the CVB cell and the room
vs. the axial distance x for both the cell op-
erating as a CVB heat exchanger and as a
dry evacuated cell.

ated cell. The power inputs to the heater at one end of the
cell and the coolers at the other end were the same in both
cases. However, we see a dramatic difference between the
two temperature profiles showing the effect of phase change
on conductance. While the temperature profile in the dry cell
resembles that of a simple fin with convective losses to the
surroundings, the temperature profile in the CVB heat ex-
changer is more complex. In the intermediate region between
the evaporator and condenser, it is almost flat showing al-
most no phase change with a very large effective axial con-
ductivity. A small vapor pressure drop gives sufficient vapor
flow because the vapor space is relatively large. In the evapo-
ration region, large changes in the temperature gradient oc-
cur, thereby allowing the evaporation rate to be determined.
The return liquid flow in the corners of the intermediate re-
gion is driven by the curvature and the disjoining pressure
gradients. The corner radius of curvature profiles K, ob-
tained using the IAI for a slightly inclined cell are presented
in Figure 14 for both cases. Additional results for the CVB
are given in Karthikeyan et al. (1998) and, for other experi-
mental designs, in DasGupta et al. (1994) and in Kim and
Wayner (1996).

x10™

£ $

=5k 5 2 s 2

§ | 552%¢

=

z

S 3fF

2 ?

B o} 3

7]

= —— model

2r 5 & ¢ isothermal

o O © non-isothermal

L L L 1

00 0.005 0.01 0.015 0.02

Distance, x, m

Figure 14. Corner radius of curvature profiles obtained
using the IAl for both the cell operating as a
CVB heat exchanger and at equilibrium.
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Figure 15. Comparison of experimental and predicted
values of AT for polar and nonpolar flu-
ids obtained by Reyes and Wayner (1995)
using Eq. 34.

Due to the relatively large size of the above discussed CVB
with an inside width of 3 mm, the system is asymmetrical in
the earth’s gravitational field. However, since the viscous
forces are lower in thicker liquid films, the heat flux scales
with the inside characteristic length. Therefore, micro heat
pipes are better suited for the earth’s environment and larger
systems are well suited for a microgravity environment. To
study the high flux axisymmetric CVB system, a microgravity
experiment is planned for the year 2003. The axisymmetric
CVB system is also ideal for studying the stability of evapo-
rating thin films.

Using an extension of the above Kelvin-Clapeyron model,
Reyes and Wayner (1995) obtained Eq. 34 for the superheat
at the critical heat flux AT . Since the effect of the liquid-
solid experimental system on adsorption at the contact line
needs to be known in Eq. 34, the experimental intermolecu-
lar force for a particular system in pool boiling is character-
ized using the experimental measurement of the superheat at
one pressure level. Then, Eq. 34 can be used to predict the
value of ATy at other pressures. Results are presented in
Figure 15 in which the highest value of the superheat for a
particular system was used to obtain the constant in Eq. 34.
Exceptional agreement between predictions and experiments
is obtained for the higher pressures. Using additional as-
sumptions, Eq. 35 was obtained by Wayner (1994a) for the
ATcyp in which a calibration point is not needed. Although
Eq. 35 is based on basic interfacial concepts and simpler to
use, it is more approximate since the exact interfacial details
for an experimental system are assumed. 6, = D, = 0.165 nm
in these studies. However, an acceptable agreement with ex-
perimental results was obtained for systems at atmospheric
pressure in which the substrate surface was not excessively
modified from normal (that is, normal smoothness and
preparation)

ATcypAh,
CZ+TP] = constant (34)
ATcypAh,, pi 6,
SlenrAtn P1% _ o (35)
oT,
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Figure 16. Meniscus thickness profile in the micro re-
gion: R114/Cu, P, = 2.47 bar, T, ,;, — T,,; = 3.5
K, bubble radius r = 0.125 mm (Stephan and
Hammer, 1994).

Adsorbed film thickness at the contact line was 1 nm with
A=2x10"217.

Stephan and Hammer (1994) successfully used the above
interfacial models represented by Eq. 32 to evaluate the in-
fluence of meniscus curvature, adhesion forces, interfacial
forces, interfacial thermal resistance, and wall thermal re-
sistance on nucleate boiling heat transfer for the R114/Cu,
(C,Cl1,E,)/Cu system. For the single bubble and microlayer
presented in Figure 2, Stephan and Hammer calculated the
physical details of the boiling heat-transfer process presented
in Figures 16 and 17. Realistic temperature, liquid thickness
and heat flux profiles were obtained and the modeling results
agreed with the macroscopic experimental results. Additional
examples of studies on the effect of thin film evaporation on
boiling are Lay and Dhir (1995) and Sadasivan et al. (1995).
In an earlier article, Stephan and Busse (1992) successfully
used the same type of modeling to analyze the heat-transfer
coefficient of grooved evaporator walls.

The above models predict that the slope of the meniscus
interface 8’ at a particular thickness should be a function of
the dimensionless heat sink in the contact line region. An

—_
[¢2]
o

—_

N

o
T

0.80

0.40F

Interfacial Heat Flux, q", kw/cm?

0 0.10 0.20 0.30 0.40 0.50
Distance, &—£,4, um

Figure 17. Interfacial heat flux distribution in the micro
region: R114/Cu, P, =2.47 bar T,,, — T, =
3.5 K, r =0.125 mm (Stephan and Hammer,
1994).

Heat flow lines converge into the microlayer for an aver-
age input heat flux of g/, =1901 W/m?.
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Figure 18. Meniscus slope at 6 =20 nm vs. dimension-
less heat sink in the contact line region (Kim
and Wayner, 1996).

experimental confirmation of this prediction is presented in
Figure 18. In these studies, ellipsometry was used to measure
the thickness of the absorbed film §, at the contact line and
IAI was used to measure the thickness profile. The value of
the important Hamaker constant was obtained by fitting the
profile data with Eq. 32.

Concluding Remarks

Theoretical and confirming experimental studies have
demonstrated that models based on the disjoining pressure,
capillary pressure, Kelvin, and Clapeyron concepts describe
change-of-phase heat transfer and fluid flow in extremely thin
liquid films. The variation of long-range intermolecular forces
near interfaces profoundly affects the performance of heat
exchangers. Designs need to be optimized using these con-
cepts. Additional studies at the interfacial molecular level and
the evaluation of the effects of chemical composition and sta-
bility are needed.
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Notation

A=AA6m)

B =dispersion constant in Egs. 18 and 30

E =surface energy

F =interfacial force/area, potential energy/volume

h =enthalpy/mass or volume, heat-transfer coefficient, hydro-

static distance, Planck’s constant

k =thermal conductivity, Boltzmann’s constant

K =curvature, parameter
m" =interfacial mass flux

M =molecular weight
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n =index of refraction
q" =heat flux

QO =contact line heat sink

r =radius of curvature

R =gas constant

V' =molar volume

x =parallel to flow direction

Greek letters

I' =mass-flow rate per unit width of film, adsorbate per unit area
A =difference

8 =liquid film thickness

&' =slope of liquid-vapor interface
8, =defined by Eq. 28

€ =dimensionless group in Eq. 32, permittivity

1 =dimensionless film thickness defined in Eq. 32

6 =apparent contact angle

k =dimensionless group in Eq. 32

A=parameter in Eq. 29

n =chemical potential per molecule or mole, dynamic viscosity
v = kinematic viscosity

¢ =dimensionless position

I1 =disjoining pressure
7, =film pressure

p =fluid density, number density of molecules

o =surface free energy per unit area

¢ =dimensionless pressure difference defined in Eq. 32

W =electrostatic surface potential

Subscripts and superscripts

ad =adsorbed length
CHF =critical heat flux
d =dispersion
i =interaction, induced dipole
id =ideal based on superheat only, Eq. 2
kl = defined by Eq. 6
LW =Lifshitz-van der Waals
1M =liquid per mole
I =liquid
I =liquid-liquid
lv =liquid-vapor
m =unit mass, molecular component
o =contact line, reference, visible range
out =outside surface
p =polar
s =solid, structural component
sg =solid-gas
sl = solid-liquid
ss =solid-solid
sv = solid-vapor
slv = solid-liquid-vapor
ur =reference vapor
x =evaluated at x
» =derivative
o =infinity, Figure 10
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