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Shape of an Evaporating Completely Wetting
Extended Meniscus
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The microscopic details of fluid flow and heat transfer in the contact line region of an evaporating
curved liquid film were experimentally and theoretically evaluated. The evaporating film thickness profiles
were measured optically using null ellipsometry and image analyzing interferometry. These thickness
profiles were analyzed using the augmented Young-Laplace equation to obtain the pressure field. Using
the liquid pressure field, the evaporative mass flux profile was obtained from a Kelvin -Clapeyron model
for the local vapor pressure. A correlation for the local slope (apparent contact angle) at a film thickness
of 6 = 20 nm as a function of a dimensionless contact line heat sink was thereby obtained for a group of
completely wetting fluids. This change in local slope leads to a decrease in the maximum value of the
possible capillary suction at the base of the meniscus. A complementary macroscopic interfacial force
balance was also used to describe the effects of viscous losses and interfacial forces on the local values
of the apparent contact angle and curvature that are functions of the film thickness and heat flux. These
two perspectives give a complete description of an evaporating, nonpolar, completely wetting curved film
in the contact line region.

Nomenclature
A = 67rA, Hamaker constant
a, b = constants in Eq. (7), Eq. (8)
B = general form of dispersion constant
C = accommodation coefficient
K = interfacial curvature
k = thermal conductivity of the liquid film
L = length of control volume
M = molecular weight
M = dimensionless interfacial mass flux, Eq. (12)
m = evaporative mass flux
P = pressure
Q' = defined by Eq. (10)
q = heat flux
R = gas constant, radius of gap
T = temperature
x = coordinate distance along the substrate
r = mass flow rate per unit width
A = difference
Aftm = heat of vaporization per unit mass
8 = thickness of the liquid film
80 == reference interline film thickness
8' = slope of the liquid-vapor interface
e = defined by Eq. (3)
TJ = dimensionless film thickness, 8/80
K = dimensionless parameter, Eq. (13)
v = kinematic viscosity
£ = dimensionless distance
II = disjoining pressure
no = characteristic pressure, Eq. (11)
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o- = surface tension
f = average shear stress
<f> = dimensionless pressure difference, Eq. (11)

Subscripts
C
e
I
lv
s
V
0

=
=
=
=
=
=
=

over the regions 80 < 8 ̂  20 or 40 nm
over the region 0 < 8' — » oo
liquid
liquid-vapor
solid
vapor
at the interline

Superscript
id = ideal, defined by Eq. (12)

Introduction

THE microscopic details of fluid flow and heat transfer in
the contact line region of an evaporating curved liquid

film control the macroscopic performance of heat pipes and
probably many other change-of-phase heat transfer processes
(e.g., boiling). These transport processes depend on the tem-
perature and intermolecular force fields. Herein, we discuss the
results of an experimental and theoretical study of the micro-
scopic transport processes occurring in the evaporating menis-
cus formed in the circular experimental cell presented in Fig.
1. The interline thickness 80 represents the junction of the
evaporating and nonevaporating portions of the thin film. The
region 8 ^ 80 is kept from evaporating by the liquid-solid
intermolecular adsorption forces that reduce the vapor pres-
sure. The film thickness profile in the thickness range 8 < 4
fjim was measured optically using null ellipsometry and image
analyzing interferometry. Using the augmented Young-La-
place equation, the film thickness profile gives the pressure
field in the evaporating thin liquid film. Using a Kelvin-Cla-
peyron (KC) model, the pressure and temperature fields give
the evaporative heat flux profile. These analytical procedures
also give the local slope (apparent contact angle) as a function
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Fig. 1 Cross-sectional view of a circular capillary heat transfer
cell. The gap thickness at location 2 is 2 X 10~4 m.

of the heat flow rate. The results demonstrate that there are
significant resistances to heat transfer in a small meniscus due
to interfacial forces, viscous stresses, and thermal conduction
in the liquid. Therefore, the ideal heat sink based on kinetic
theory and a constant curvature meniscus cannot be attained.
To enhance this microscopic description of the transport pro-
cesses, a complementary macroscopic interfacial force balance
that relates the apparent contact angle to the interfacial forces
and viscous losses is also developed and presented. These two
perspectives give a complete description of an evaporating,
nonpolar, completely wetting curved film in the contact line
region.

Near liquid-vapor and liquid-solid interfaces, changes in
the stress field occur within the liquid because of changes in
the intermolecular force field. Interfacial free energies have
been used to describe these changes. When the film thickness
becomes extremely thin, additional changes occur because of
the proximity of the two interfaces. The disjoining pressure
concept has been used to describe these additional effects. For
nonpolar systems the primary cause of the disjoining pressure
is the van der Waals forces. In heat transfer, this description
of the interfacial forces led to the development of the extended
evaporating meniscus concept by Potash and Wayner,1 which
has been used to describe evaporative heat transfer in thin films
(e.g., Refs. 2-7). Khrustalev and Faghri8 and Swanson and
Peterson9'10 have used these models to analyze the microheat
pipe. Recent use of the extended meniscus concept to describe
portions of the microlayer in the related field of boiling11'14

has also produced promising results. Previously, Pasamehme-
toglu et al.14 demonstrated that dominant evaporation at the
contact line is required to match the boiling curve quantita-
tively. Therefore, we anticipate that these concepts will be of
general use in change-of-phase heat transfer.

Herein, we obtain additional insights concerning the evap-
orating meniscus by analyzing new data and by obtaining a
correlation for the local slope (apparent contact angle) at a
particular film thickness (8 = 20 nm) as a function of a di-
mensionless contact line heat sink for a group of completely
wetting fluids. In addition, we present and use a macroscopic

force balance for some of the new data to complete the de-
scription of the effect of transport processes in the contact line
region.

Macroscopic Interfacial Force Balance
For a complete description of the evaporating meniscus, we

use both the macroscopic (integral) and microscopic (differ-
ential) viewpoints. A macroscopic horizontal force balance for
the completely wetting (A < 0), nonpolar, meniscus presented
in Fig. 2 gives

o-lv cos 8 + (7ls + o-lvK8 + (-Aid2) + rL

= OM, + orls0 + cr}v0K080 + (-A/8%) (1)

f is the average shear stress over the length L. Background for
the interfacial forces that led to this result can be found in
literature.15'17 Equation (1) can be simplified using the follow-
ing assumptions: crls = a-ls0, cr}v = crlvo, K0 = 0, in which the
subscript 0 refers to the location of the interline 80. The first
two assumptions restrict the contact line thickness to approx-
imately 60 > 1 nm and the third assumes that the substrate is
smooth. The resulting Eq. (2) applies to the experimental con-
ditions discussed as follows:

<rlv(l - cos 6) = fL + crlvK8 + (A/So) - (A/52) (2)

We find that the apparent contact angle 6 at the thicker end is
a function of the downstream viscous losses and interfacial
forces. The curvature at this location can approach a constant
asymptotic value if the thickness 8 is sufficiently large so that
the upstream viscous stresses are relatively minor. Previously,
Wayner18 used this change in apparent contact angle in the
contact line region to define a percent decrease in fluid flow
(relative to that in a constant curvature meniscus) to the base
of an evaporating meniscus in a capillary as

e = 100(1 - cos 0) (3)

The symbol e is a measure of the decrease in the available
capillary suction at the base of the meniscus.

Microscopic Theory and Experiments
Only a very brief description of the experiments using the

circular capillary feeder system presented in Fig. 1 is given
herein. The experimental details are given elsewhere by
DasGupta et al.5'19 and Kim.20 The experimental substrate was
a single crystal silicon with a native oxide of about 3 nm.
Liquid flowed from a reservoir as a result of a difference in
capillary and disjoining pressure (caused by intermolecular
forces) and formed an extended meniscus at the edge of the

T, AVG. SHEAR

CONTROL VOLUME

Fig. 2 Control volume for macroscopic horizontal force balance
due to interfacial free energy with A < 0.
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thinner gap at position 3. The temperature in the contact line
region, area 3, governed the critical initial film thickness con-
dition 80 for the behavior of the evaporating meniscus. Because
of adsorption, evaporation did not occur in the thinnest portion
of the meniscus represented by 8 = 80. The details of the liquid
film thickness profile in the contact line region were measured
as a function of the evaporation rate using ellipsometry for 80
and microcomputer enhanced video microscopy based on in-
terferometry for 8 > 80.

The development of the model, boundary conditions, and
the numerical solution scheme have been discussed in great
detail.5'19'20 We will only introduce the basic model equations
because the main objective of this article is to give an ex-
panded view of the resulting description of the physical phe-
nomena. The liquid pressure Pt is related to the vapor phase
pressure Pv by the following augmented Young-Laplace equa-
tion, which accounts for both the disjoining and capillary pres-
sures in the liquid film:

(4)

The first term on the right-hand side of Eq. (4) is called the
disjoining pressure II, and it is an effective pressure that rep-
resents the van der Waals body force on the liquid due to
dispersion phenomena. Using a lubrication model, the mass
flow rate per unit width of the film T(x) in a slightly tapered
thin film is

T(x) = 83 (5)

The nondimensionalized form of the governing equations
were solved numerically and compared with the experimental
data on the film profile and substrate temperature to obtain the
results presented next.15'19 Consistent and justifiable results
were obtained that we believe confirm the validity of the KC
model. We note that a successful heat balance was obtained
by Kim,20 which can be used as a measure of the overall ac-
curacy of the results. For one of the runs the measured mass
flow rate from the capillary feeder was found to be 26% higher
than the evaporative mass flow rate from the meniscus based
on the KC model. Considering the number of experimental and
modeling procedures associated with this type of microscopic
study, this represents good agreement. The errors in the meas-
urement techniques were discussed by DasGupta et al.5 The
final estimate was an error of about 0.4 nm for the adsorbed
thin film region measured by ellipsometry. The maximum error
in the capillary meniscus region was less than 0.01 /mi, based
on repeated measurements and the maximum value of the error
decreased (always within 5%) as the thin film was approached.

Experimental Results and Discussion
The experimental thickness profiles were evaluated and

compared with a model equation using the procedures outlined
by DasGupta et al.5'19 The measured values of 8m vs the rel-
ative distance x for octane are given in Fig. 3 as a function of
the total evaporative heat flow rates per unit width of the me-
niscus Q'e:

(10)e: = qfc

Equations (4) and (5) demonstrate that the mass flow rate is a
function of the thin film shape 8(x). The evaporative flux is
linked to the flow rate in the film through a material balance:

d£
'dx (6)

Wayner et al.2'17*21 developed a KC model for the evaporative
flux as a function of the temperature and pressure jumps at the
interface according to the expression:

ift = a(Tlv - b(Pt ~ Pv)

RTVTIV

(7)

(8)

According to Eq. (7) evaporation is promoted by superheat and
hindered by low liquid film pressure. Following Moosman and
Homsy,22 the one-dimensional heat conduction heat transfer
solution for the film is used to eliminate Tlv in favor of Ts in
Eq. (7), giving Eq. (9):

1
m = [a(Ts - Tv) + b(P, - Pv)] (9)

This equation clearly demonstrates the direct effect of film
thickness and intermolecular forces on the evaporation rate.
This model implies that the vapor and solid phases do not
present significant resistances to evaporation. We note that in
our experiments the thermal conductivity of silicon is very
large. We also note that, for additional insight, Stephan and
Busse6 have numerically evaluated the details of the effect of
substrate thermal conductivity on the evaporating meniscus.

where Le represents the length of the region where 0 < 8' -»
°°. The procedures for obtaining the value of this integral are
given by Kim.20 These results demonstrate that the thickness
of the adsorbed film 80 decreased with an increase in Q'e,
which increases with the substrate temperature. In an isother-
mal horizontal system of a spreading liquid on a solid substrate
at the exit of a capillary, the curvature should remain constant
in the region where dispersion forces can be neglected, so that
the film profile in this range approximates a parabola and a
plot of 8m vs x is a straight line. For the case where Q'e —> 0
W/m, 8m vs x is nearly a straight line, which means the system
was very close to isothermality. However, for the cases in-
volving evaporation, the lines bend downward, thereby show-
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0.0
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5.55xlO"^W/m
1.14xlO,W/m

---- Q'e= 7.74x10,W/m
W/m

0 100 200 300
RELATIVE DISTANCE, X , (jim)

Fig. 3 Experimental values of dl/2 vs the relative distance x for
octane for various heat flow rate per unit width: Q'e - 5.55 X
10"5 W/m, 8* = 1.9 X 10~8 m, H0 = 1.09 X 101 N/m2; Q'e = 1.14 X
10~3 W/m, 60 8.9 X 10~9 m, H0 = 4.11 X 101 N/m2; Q'€ = 7.74 X
1(T3 W/m, 50 = 4.5 X 10~9 m, H0 = 3.20 X 102 N/m2; and Q'e =
1.76 X 10~2 W/m, 50 = 4.4 X 10~9 m, H0 = 8.86 X 102 N/m2.
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ing the presence of a curvature gradient that causes fluid flow.
These results clearly demonstrate that the film thickness profile
and curvature are definitely functions of the heat flux. The
evaporative flux is connected to the viscous losses by Eqs. (5)
and (6). The suction at 80 is equal to n0 and is a function of
the substrate superheat.

In Fig. 4 an example of the dimensionless pressure <£ and
curvature, obtained from fitting the data with the KC model,
is presented as a function of the dimensionless film thickness
17 for octane in which

] = 5/60, n0 = - 4>=(Pi~ (1 1)

The dimensional interfacial pressure difference can be ob-
tained by multiplying </> by the reference disjoining pressure
HO. We find that, for a completely wetting system, the curva-
ture starts at zero and becomes a maximum due to a change
in the disjoining pressure and then decreases when it becomes
the dominant cause of fluid flow. We also find that, in the
thicker region, the curvature approaches a constant value be-
cause of the decrease in viscous losses.

The dimensionless interfacial flux M is related to <f> by

m q 1 + <f)
M = —JT = -|5 = -—;———

mid #id 1 + /CTJ

mid =

in which

( \ 1/2 / v
_A4_\ /P,MAAm\
27r/?rlv/ \ /?rvrlv /

K = a&hm8o/k

(12)
- rj

(13)

The parameter K is a measure of the importance of the resis-
tance of the film to thermal conduction. In Fig. 5 the dimen-
sionless interfacial evaporative flux profiles are presented for
various heat flow rates per unit width of the meniscus. In the
adsorbed thin film region, where the film thickness is 50, the
dimensionless pressure is <f> = —I. Therefore, the dimension-
less interfacial flux is equal to zero. This result is due to the
London van der Waals force, which keeps the superheated thin
film from evaporating. The absolute value of </> decreases as
the thickness increases. Therefore, the interfacial evaporative
flux increases due to the decrease in the effect of interfacial
forces. This increase is partially offset by the decline of the
interfacial flux resulting from the rise of the conductive resis-
tance that is due to the increase in the film thickness. There-
fore, a maximum is obtained in the flux profile. Additional
details concerning the numerical values of the conductive re-
sistances can be found in DasGupta et al.23

The apparent contact angle of the meniscus at the film thick-
ness 8 is

(14)

In Fig. 6 the slope of the meniscus at 8 = 40 nm is presented
as a function of the value of the evaporative heat flow rate per
unit width of the meniscus in the region 80 ^ 8 ^ 40 nm,
Q'c. We note that Q'c represents a much smaller region than
Q'e. These results clearly demonstrate that the slope at a par-
ticular thickness is a function of the evaporation rate. In Fig.
7 the slope of the meniscus at 8 = 20 nm is presented as a
function of a dimensionless contact line heat sink. Using this
data, a simple correlation for the slope at 8 = 20 nm can be
obtained

6' = 0.021 A < 0, 8 = 20 nm (15)
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Fig. 6 Interfacial slope at 6 = 40 nm vs Q'e.

where Q'c is the value of the evaporative heat flow rate per
unit width of the meniscus in the region 60 < 6 < 20 nm. The
background for this dimensionless number is given by Way-
ner.24 This dimensionless group gives the effect of the system
properties (i/, A/im, A) on the heat flow rate. An increase in
viscous effects (v and flowrate associated with Q'c) gives a
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larger slope, whereas a higher heat of vaporization reduces the
need for fluid flow. We note that, since this number was the-
oretically developed for a much thinner film thickness, it can
only be used to correlate the data at this thickness. In Fig. 8,
the local slope obtained from the KG model is presented as a
function of film thickness for octane at various values of Q'e.
These results demonstrate that the slope starts from zero in the
equilibrium thin film region (8 = £0), increases rapidly, and
then becomes a weaker function of film thickness or distance
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Fig. 11 Average shear stress in the region 8 > 80 vs 5.

in the thicker film region. We find that, due to viscous losses,
the slope and the magnitude of the apparent contact angle 6
increases with an increase in the heat flow rate per unit width
of the meniscus Q'e. These results also indicate that for large
rates of heat transfer there would be a significant decrease in
the maximum attainable capillary suction at the base of the
meniscus due to viscous losses in the evaporating meniscus
[Eq. (3)]. It is important to note that there are two possible
viscous effects on the curvature at the base of the meniscus:
1) one upstream of the meniscus base in the supply line and
2) one downstream of the meniscus base in the curved evap-
orating film. We tried to keep the overall upstream total head
change constant by adjusting the reservoir height. Therefore,
the profile changes we report are due to viscous losses in the
meniscus. Using the model that agreed with the data, these
effects are described in the previous figures. Since the size of
the meniscus decreases with heat flux, the local radius of cur-
vature also decreases with an increase in the evaporative heat
flow rate per unit width of the meniscus. This is demonstrated
in Fig. 9 in which the radius of curvature at 8 = 1 ^m is
presented as a function of Q'e. This thickness is outside the
region presented in Fig. 4. Twice the minimum radius of cur-
vature in Fig. 9 is larger than the smaller gap width in Fig. 1 .

The previous description of the evaporating meniscus is en-
hanced by the following details associated with the macro-
scopic model. In Figs. 10 and 11, the values of the various
terms in Eq. (2) are compared. The change in crlv(l — cos 6)
vs film thickness is presented in Fig. 12 for various values of
Q'e. As described by Eqs. (2) and (3), the viscous losses in this
very thin film region have a significant effect on the curvature
at the base of the meniscus. For a constant curvature region,
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Fig. 12 Change in <rlv(l - cos 0) vs film thickness.

Oiv(l - cos 6) is a linear function of thickness. Therefore, we
find that there is a very small but very important region near
the interline where the curvature changes rapidly. The viscous
losses in the part of the evaporating meniscus have the dom-
inant effect on the base curvature. Upstream from this region
the curvature gradient is relatively small.

Conclusions
1) The augmented Young-Laplace and the Kelvin -Clapey-

ron differential models of the effect of interfacial forces on the
characteristics of an evaporating meniscus describe the micro-
scopic details of heat and mass transfer.

2) The macroscopic interfacial force model gives a comple-
mentary integral view of the evaporating meniscus.

3) The shape (thickness, slope, curvature, and apparent con-
tact angle) of the liquid -vapor interface is a function of the
evaporative heat flow rate per unit width of the meniscus,
which leads to a reduction in the maximum value of the pos-
sible suction potential at the base of an evaporating meniscus.

4) The viscous losses that are directly related to the flow of
the evaporating liquid in the thinnest part of the evaporating
meniscus have the dominant effect on the base curvature (if
supply side losses are neglected).
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