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a b s t r a c t

The influence of macroscopic curvature on evaporation of the meniscus between parallel glass plates
standing on purified water pool has been quantified experimentally. The gap distance between the plates
was short compared to the capillary length, so the surface curvature increased with decrease of the gap
distance. The meniscus was not heated and the thermal relaxation time of the plates estimated to be
small. The evaporation rate and flux, obtained from time-evolution of vapor pressure in an experimental
enclosure, could increase with increase of the curvature between the plates. Based on the comparison
among the existing data including ours, it was clear the evaporation rate and flux could be organized
by a curvature, not a perimeter (a contact-line length).

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The thermal-hydraulic characteristics accompanying the phase
change phenomena in a micro-channel are of interest due to the
higher heat-transfer augmentation and applicability to the micro-
scale cooling devices. If we can assume that liquid wets solid wall
perfectly, liquid film near a contact line can be divided into three
regions characterized by two different forces: a disjoining pressure
and a capillary force. The macroscopic region of a meniscus, which
is called an ‘‘intrinsic meniscus” [1] or ‘‘macro region” [2], is
defined by both an apparent contact angle and a macroscopic cur-
vature, and the capillary force due to the macroscopic curvature is
dominant in there. The perfectly wetted solid wall is covered by a
very thin liquid layer at thermodynamically equilibrium, so-called
an ‘‘equilibrium thin film”, where water could not evaporate due to
the dispersion force between the liquid molecules and the atoms of
wall material. The interface pressure which deviates from the sat-
uration one due to the intermolecular force is called the disjoining
pressure. The disjoining pressure is inversely proportional to the
cube of the film thickness in the case of planer film [3,4]. A transi-
tion region between the macro region and the equilibrium thin
film is called a ‘‘micro region” [2,5]. The effect of disjoining pres-
sure is weak and the thermal resistance to heat conduction is so
small [6], so the evaporation is high at this region. These divided
regions are often applied to the scene of the nucleate boiling. In
this case, as well as the evaporation of the meniscus, the contact
line may play an important role for the heat transport from the

heating wall to the vapor-liquid interface, called a ‘‘microlayer”
[7]. In addition, the micro region also appears at the scene of the
evaporation of liquid droplet which partially or completely wets
the substrate [8]. Therefore, it is important to understand the hid-
den fundamental physics behind such phenomena for further
improvements of the engineering design of the evaporator etc. as
well as the theoretical and numerical models which predict heat
and mass transfer in two-phase systems.

While the macroscopic curvature of the interface at the macro
region is regarded as an inverse of the radius of the system (i.e.,
an inner radius of the channel, a distance of the gap, etc.), the cur-
vature varies near the contact line due to the existence of the equi-
librium thin film. The phase change phenomena is strongly
dependent on the curvature of the interface from the point of view
of the thermodynamics [9–11] and the heat and mass transport
process near the contact line. It was reported that the pressure gra-
dient due to the change of the meniscus shape could be sufficient
to suck the liquid required for evaporation [1]. The liquid flow was
driven by the capillary pressure gradient and the disjoining pres-
sure gradient. In order to describe the heat flow from the super-
heated wall to the evaporating meniscus, two independent
models were presented [12]: one was derived from the heat con-
duction equation, and the other was from the free boundary prob-
lem. The heat transfer coefficient in the liquid film could be derived
from Hertz-Knudsen-Schrage equation [13], where the gradient of
the disjoining pressure was assumed to be sufficient to suck the
liquid. The models of the evaporating meniscus using the modified
Young-Laplace equation have been proposed by many researchers
[14–20], on the other hand the dynamics of the triple contact line
has not been clear in those models because they assumed a static
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meniscus. It was pointed out in [15] that those models were defi-
cient in the three-phase interaction at the contact line. The exper-
imental studies on the evaporation of the liquid in the mouse of the
funnel [21–23] and capillary tubes [24–28] were reviewed in [29].
It was discussed that the thermocapillary convection could occur
underneath the interface driven by the evaporation. The evapora-
tion rate and flux from the meniscus of the volatile liquid in the
capillary tubes of various diameters were obtained [24], and also
the temperature distributions at the outer surface of the capillary
tubes were measured by an IR camera [25]. It was found that the
evaporation rate linearly decreased and the flux increased as the
diameter decreased. They argued that this trend confirmed that
the evaporation from the micro region was large, and suggested
that the linearity of the evaporation rate with the tube diameter
was due to the variation of the contact-line length. Based on the
IR measurements, they also showed that the smaller tube diameter
led the stronger evaporation.

In this paper, the influence of the macroscopic curvature on the
evaporation rate of water from the meniscus was investigated. In
the previous experiments conducted by using capillary tubes
[24], they could not evaluate individually the effect of the curva-
ture and that of the contact-line length on the evaporation. This
is because they changed the tube diameter, i.e., the contact-line
length and the macroscopic curvature were simultaneously chan-
ged. The evaporation rate and flux could be affected by the macro-
scopic curvature of the meniscus, however, there is no
experimental study on how much the curvature of the meniscus
influences the evaporation rate in detail. Moreover, there are few
experimental studies on the evaporation rate and flux from the
meniscus in the vertically standing parallel plates, not the tubes,
as far as we know. In addition, many studies have not investigated
water, so the data acquisition of the water evaporation is not suf-
ficient till today. In this study, therefore, two parallel glass plates
were used to evaluate individually the effect of the curvature and
that of the contact-line length, and the purified water was chosen
as a working fluid. The influence of the macroscopic curvature on
the evaporation rate of water at the meniscus was discussed.

2. Experimental apparatus and procedure

Evaporation rates, evaporation fluxes and contact angles of the
meniscus between two glass plates have been experimentally
obtained. The test section as shown in Fig. 1(a) consisted of two
glass plates as the test plate and two Polystyrene transparent
plates as the edge-plate standing on a cylindrical pool filled with
a purified water. The size of the glass plate was the width of
26 mm, height of 76 mm and the thickness of 1.0 mm. In the exper-

iment, the gap distance between the parallel glass plates was
adjusted by a thickness gauge of 0.30–1.50 mm. In other words,
the macroscopic curvature of the meniscus was controlled. While
the macroscopic curvature could be set to the desired value, the
variation of the perimeter of the gap was so small (only a few%
of it) in this study, compared to the previous studies using the
tubes as the test section. Therefore, the effect of the curvature
and that of the contact-line length were evaluated individually.

Prior to the experiments, the oil molecules adsorbed on the
glass plates were wiped out by using ethanol, rinsed by the puri-
fied water, and then dried. The thickness gauge was inserted into
the gap between the glass plates to adjust the gap distance. This
test section was installed and stabilized in the cylindrical pool
which was cleaned by ethanol and rinsed by the purified water.
The purified water was poured to the pool gently, and then water
rose up to its equilibrium position in the gap between the glass
plates due to the capillary force. The purified water poured into
the pool was boiled in order to degas and then was cooled to the
room temperature, which was kept at 295 ± 1 K. After pouring
the purified water, the nonvolatile oil (rapeseed oil) was poured
on the water pool to prevent the evaporation of the water surface.
The oil was kept from coming into the meniscus. The test section
has no internal/external heater. This test section was installed in
an acrylic transparent enclosure covered with the thermal insula-
tor, so the systemwas thermally isolated from the outside environ-
ment. The enclosure was connected to an auxiliary tank for the
evacuation of air from the enclosure by a vacuum pump as shown
in Fig. 1(b). After evacuating air from the tank and setting the
desired pressure to it, the connecting valve was opened, and the
pressure between the enclosure and the tank was equalized. After
the equalization, the increase of the pressure in the enclosure
caused by the evaporation from the meniscus was measured by a
differential pressure gauge. The output of the differential pressure
gauge (KEYENCE Corp.) was logged by the data logger (KEYENCE
Corp.). The evaporation rate was evaluated by the time-evolution
of the differential pressure. In order to quantify the evaporation
rate, the evaporation process was assumed as a diffusion phe-
nomenon, and a kind of solution of the diffusion equation was used
as a correlation function:

f ðtÞ ¼ a� erfcðb=
ffiffi
t

p
Þ: ð1Þ

Here, a (Pa) and b (min1/2) are fitting parameters. t (min) is time
period after the reference time. In this study, the pressure time-
evolution data at 1 min after the start of the equalization in the
enclosure were used for getting the correlation. In this sense, this
point was set to the initial point for getting the correlation. The
pressure data were correlated by Eq. (1), as shown in Fig. 2(a).
The parameters (a and b) were used to obtain the evaporation rate
through the time-differentiation of Eq. (1):

Fig. 1. (a) Test section. (b) Experimental apparatus. Fig. 2. (a) Time-evolution of differential pressure. (b) Image of meniscus.
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