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Abstract

The present work investigates the evaporation process from a liquid meniscus formed in capillary tubes

of various sizes. A very strong convection within the liquid phase is observed; it is proposed that the non-

uniform evaporation from the meniscus leads to a temperature gradient along the interface causing a

surface tension gradient, which is the driving mechanism for the convection. The observed convection is

shown to be clearly correlated to the evaporation rate and the volatility of the liquid. Unlike Marangoni

convection observed by imposing a temperature gradient, this is a self-induced driving gradient caused by
evaporative cooling effect.

The Marangoni roll in the liquid phase has been visualized and characterized using seeding particles. It is
shown in the present study that the observed convection contribute in enhancing the heat–mass transfer

from the pore. The experimental results show that when the meniscus recedes inside the pore, the con-

vection slows down and eventually stops. A theoretical model is developed to describe the temperature

gradient, which establishes due to the evaporative cooling effect between the centre and the wedge of the

meniscus. The results of the model show a good qualitative agreement with the experimental observations.

� 2004 Elsevier Ltd. All rights reserved.

Keywords: Microsystems; Confinement; Evaporation; Heat transfer; Convection; Diffusion; Thermocapillary; PIV

1. Introduction

In recent years, there has been an increasing interest for the phenomena involved in the
evaporation of thin films because of potential applications in many two phase heat transfer
*
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devices involving phase change. Although a lot of works have been done in the area (Chu, 1986;
Mirzamoghadam and Catton, 1988; Swanson and Herdt, 1992; Pratt and Hallinan, 1997; Hall-
inan et al., 1998; Lee et al., 1999; Wei and Ma, 2002a,b; Wei et al., 2002), many open questions
remain to be addressed because of the difficulties encountered in resolving and quantifying the
micro-flows involved. Exploring this area and understanding the basic mechanisms involved is a
key to improve the heat transfer capability of devices involving phase change in confined envi-
ronments. In an early work Potash and Wayner (1972) investigated the transport processes that
occurred in a two-dimensional evaporating meniscus and adsorbed thin film on a superheated flat
glass plate immersed in a liquid. It was assumed that the local heat flux across the meniscus is fixed
by the thermal resistance of the liquid. The work was able to conclude that a change in the profile
of the meniscus brings about a pressure drop that is sufficient to circulate the fluid replacing the
liquid that has evaporated and hence allows the evaporation to continue. It was also shown that in
the intrinsic meniscus region fluid flow is brought about by thermocapillarity while in the evap-
orating thin film region the fluid flow is entirely caused by the disjoining pressure gradient between
the film and the vapour. This is the force resulting from the pull of the adhesion forces between the
adsorbed liquid molecules in the thin liquid film and the tube wall, i.e. liquid–solid interfacial
forces, and it leads to the motion of liquid in the thin liquid film region. This result is backed up by
previous research by Potash and Wayner which showed that, depending on the magnitudes of the
heat and mass transfer coefficients, thermocapillary flows are unimportant in the upper region of
the meniscus. Cook et al. (1981) were concerned with the heat transfer characteristics of the
contact line region of an evaporating extended meniscus, given its large and efficient heat sink
capabilities which could be made use of in industrial applications. Wayner and Tung (1985)
studied how the bulk composition of a liquid mixture affects stationary, steady-state evaporating
thin films. It was found that even small changes in the bulk composition could lead to significant
changes in heat and mass transfer in the contact line region, and hence that the profile of the
contact line is a strong function of both the evaporation rate and composition. It was also noted,
however, that gradients in either temperature or concentration can lead to shear stresses at the
interfaces and recirculation flows in the liquid which improve the stability of the meniscus in the
contact line region. Khrustalev and Faghri (1994, 1996) investigated thermocapillary convection
using grooved plates heated on the bottom. They set about establishing the influence of the liquid
and vapour flows resulting from this effect on heat transfer from the meniscus formed by
the liquid in the groove. They found that the convection currents formed in the liquid just below
the meniscus could increase the heat transfer coefficient by up to 30%. This is presumably due
to the assistance that the convection currents give in bringing liquid from the bulk region right
up to the interface where the heat transfer occurs, and then removing it again. They also found
that if there are very large temperature differences between the wall and the vapour satura-
tion temperature, then recirculation of the vapour could appear above the meniscus in the
region where the meniscus meets the container wall. This is a very important factor in the
design of micro-heat pipes because of the effects it will have on heat transfer capacity from
the meniscus.

Szymczyk (1991) and Molenkamp (1998) showed that in containers with diameter greater than
a few millimeters, Rayleigh convection or buoyancy dominates the convection process. Ma-
rangoni and Rayleigh convections are always coupled when a temperature difference exists inside
a media with a free surface in g-environment. However, Rayleigh convection plays a more
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important role when the flow characteristic dimension is large; instead, Marangoni convection is
predominant at smaller scales.

The evaporation of a liquid meniscus formed in a capillary tube is the case investigated in the
present paper. The liquid evaporates essentially in the thin film region of the meniscus in contact
with the tube wall and we tried to quantify the phenomena involved. The focus of the present
work is to investigate the evaporation in small capillary tubes with internal diameter ranging from
200 to 900 lm of volatile liquids (ethanol, methanol, acetone and n-pentane). The meniscus region
in the liquid phase has been the object of the study. The convection roll has been characterized
using tracers and the spinning frequency was measured. The evaporation rate was monitored
following the receding meniscus. The objective is to correlate the evaporation process to the
observed convection and to demonstrate how the latter contribute to the heat–mass transfer
enhancement from the pore.
2. Experimental apparatus and procedure

The borosilicate glass capillaries used in the present investigation were bought from Drum-
mund Scientific. These were cleaned using an ultrasonic bath with de-ionized water for 30 min at
65 �C and dried in an oven at 60 �C for 2 h. The tubes were stored in a clean vial and used within
few days. To avoid contamination, capillaries were filled from the end opposite to that where the
meniscus was positioned for observation.

The roughness of the internal tube surface was characterized using a profilometer (manufac-
tured by Zygo Corporation). The use of the profilometer allowed us to analyze surfaces with a
high curvature. Large pieces have been cut and the analysis was performed far away from the
edges to avoid edge effects. Two important parameters are used to characterize the surface
roughness, Ra and rms (Farshad et al., 2001). The Ra is defined as the average surface roughness.
The rms is defined as the root mean square average of the measured height deviation. The surface
roughness parameters are reported in Table 1. In order to compare the roughness of the present
case, it is more appropriate to normalize both Ra and rms with the pore diameter, following Li
et al. (2002), rather than with a surface length. From the analysis of the relative surface roughness
(defined as the ratio of Ra to internal tube radius) reproduced in Table 1, the tubes can be con-
sidered as smooth.

All liquids used were bought from Sigma-Aldrich; their physical properties are given in Table 2
from Yaws (1999). The experimental set-up sketched in Fig. 1 comprises an Olympus Research
microscope with an attached high-speed camera (Phantom v4.3) capable of 1000 frames per
second at 512 · 512 pixels. An acquisition computer is used to acquire sequences from the camera,
Table 1

Tube surface roughness analysis (samples dimensions 140 · 110 lm)

ID (lm) Ra (nm) Rms (nm) Relative roughness (%) ·10�4

200 1.354 1.741 6.77

600 3.479 4.588 5.79

900 4.105 5.094 4.56



Table 2

Liquids properties at 1 atm and 25 �C (from Yaws (1999))

Liquids Boiling

point

(�C)

Pv (Nm�2)

·103

DH
(kJmol�1)

cpl (J/molK)

·102

ql (kg/m
3)

·102

kl (W/mK)

·10�1

ll (N s/m2)

·10�8

r (dynes/

cm)

Ethanol 78.4 7.61 40.3 0.798 7.88 2.01 5.45 23.6

Methanol 64.7 16.2 38.0 1.073 7.88 1.69 10.7 23.5

Acetone 56.5 29.8 32.2 1.274 7.86 1.62 3.09 23.1

n-Pentane 36.3 66.8 26.7 1.635 6.22 1.48 2.46 15.5

Fig. 1. Schematic of the experimental set-up.
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which are analyzed using specialized software. An IR filter has been placed between the light and
the condenser of the microscope to avoid transfer of heat via light into the capillary. Preliminary
tests showed how the meniscus oscillates when receding inside the pore and the evaporation rate is
higher without the filter. All the experiments have been performed with the tubes in horizontal
position and making horizontal optical section with the microscope on an optical low vibration
table. Particles have been used as tracers in the liquid phase to visualize and characterize con-
vection motion (see Fig. 2a). The tracers were nylon spherical particles with mean diameter of 20
lm. For PIV measurements, borosilicate glass particles (spherical particles from Potters Industrial
Inc.) with 7–26 lm diameter (depending on the capillary size) were used. Fig. 2b shows an
example of PIV analysis results where two counter-rotating vortices are observed. For the PIV
plot, the velocity vector map, streamline and superimposed vorticity map are reproduced in each
image.

Two types of experiments have been performed. In Experiment (1) (see sketch in Fig. 3), the
meniscus has been positioned at the capillary mouth using a micro-syringe, then was left free to
move inside the pore. When the capillary was filled with the volatile liquids, particular care has
been taken to avoid the formation of bubbles along the system syringe/polyamide tube/capillary.
In fact, it has been noticed that the presence of bubbles strongly influences the results. Each
capillary was used only once. In Experiment (2) (see Fig. 3) both ends of the capillary were open



Fig. 2. Visualization of the liquid flow pattern using seeding tracers: (a) optical section of the capillary tube; (b) PIV

analysis with superimposed vector map, streamlines and vorticity map.
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allowing the formation of two menisci: one meniscus was stuck at the capillary mouth (where
convection motion was monitored) while the other recedes inside the pore (used to evaluate the
evaporation rate) as evaporation takes place.

In both experiments the evaporation is self-sustained because of the liquid volatility. The
necessary heating for this process comes from the capillary tube’s surrounding environment and
no extra heating is provided by any means. In fact, the liquid evaporating cools down the
meniscus interface bringing its temperature below the room one setting about an heat transfer
mechanism through the conductive tube’s wall.



Fig. 3. Experimental sketch: Experiment (1) with one receding meniscus; Experiment (2) with two menisci.
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During each experiment, the environmental conditions (temperature, relative humidity) were
monitored. The room temperature and relative humidity were of 25± 2 �C and 50± 5% respec-
tively. Preliminary tests made at different times showed that the environmental conditions play a
marginal role; the largest difference found on the evaporation rate was 3–4%. A motion analysis
software (MAStudio) for tracking and analysis was used. For PIV analysis a specialized software
(FlowMap from Dantec Dynamics) was used.
3. Results

In Experiment (1) (see Fig. 3) the meniscus moves inside the pore as evaporation takes place.
The meniscus moves in two distinct stages; first, it changes shape but remains stuck at the cap-
illary mouth due to the strong adhesion forces. When the receding apparent contact angle is
reached, it starts to recede inside the pore. As the meniscus recedes evaporation continues how-
ever, vapour has to diffuse to the mouth of the capillary. As a result, the partial vapour pressure at
the liquid–vapour interface builds up as the meniscus recedes inside the pore. The difference
between the vapour partial pressure and its saturation value is the driving force for evaporation.

The distance of the meniscus measured from the tube mouth (L) is reported in Fig. 4 as a
function of time for n-pentane and various capillary sizes. This would allow us to evaluate the
evaporation rate. In order to emphasize the difference between different volatile liquids, Fig. 5
shows the meniscus position vs. time for 600 lm pore size for various liquids. From Figs. 4 and 5
it is clear that the slope of the curves (corresponding to the evaporation rate) increases noticeably
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Fig. 4. Experiment (1): meniscus position from the tube mouth (L) for n-pentane and various tube sizes (experimental
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with smaller tube size and with the use of more volatile liquids. The slope of each curve decreases
also as the meniscus recedes inside the tube for the reason pointed out earlier about the partial
vapour pressure rise.

In Experiment (1) the liquid adjacent to the interface was seeded with particles as tracers to
reveal the flow pattern. The frequency of the convection roll has been measured as the menis-
cus recedes inside the capillary. Fig. 6 shows the tracers’ spinning frequency for ethanol and
methanol and various tube sizes vs. the meniscus position (L) from the tube mouth. The trac-
ers’ spinning frequency increases as the tube size decreases for both liquids and decreases dra-
matically as the meniscus recedes inside the capillary; the frequency also increases with the liquid
volatility. For the case of ethanol in 900 lm tube, the PIV analysis was performed and shown in
Fig. 7. Note that a reference vector is plotted at the top left corner of each PIV image. As the
meniscus moves deeper inside the pore the strength of the convection (indicated by the vorticity) is
weakened.

The results for the evaporation rate and spinning frequency demonstrate the strong link be-
tween the evaporation process and the observed convection. The rolls shape and dimensions and
their evolution have also been monitored. As the meniscus starts to move changing first its shape,
the rolls are stretched in the direction of the movement. When the meniscus detaches starting to
recede, the roll shape and dimensions do not further change noticeably. Therefore it can be stated
that the roll shape and dimensions vary in accordance with the change of the meniscus profile. As
the meniscus detaches from the capillary mouth, its profile remains unchanged although the
driving force for evaporation changes because of the vapour pressure rise; this do not appreciably
influences the roll shape and dimensions, but only its spinning frequency.
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Fig. 7. Experiment (1): roll frequency and PIV analysis for the case of ethanol and 900 lm tube size.
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The second Experiment (2) consists of partially filling a tube and leave both ends open. In this
case two menisci are formed along the pore (see Fig. 3). The evaporation takes place at both
menisci inside the capillary tube; one meniscus remains stuck at the pore mouth due to the
stronger adhesion forces while the other recedes inside the capillary. However, the evaporation at
the receding meniscus is of less importance; in fact, Experiment (1) demonstrated how the
evaporation dramatically weakens as the meniscus moves far from the pore mouth. Following the
receding meniscus along the pore, experiments conducted on each tube size and for each liquid
confirm the assumption that evaporation from the receding meniscus is negligible. The evapo-
ration rate measured changes of less than 5–7% over a length of 5–25 times the internal tube
diameter (depending upon the tube size); then, the difference is reduced with smaller tube size and
with the use of more volatile liquid. Therefore the velocity of the receding meniscus is exactly the
rate of evaporation taking place in the meniscus stuck at the capillary mouth. The liquid on
the meniscus stuck at the capillary mouth was seeded with particles to characterize convection.
The evaporation rate and the spinning frequency of convection rolls have been correlated. In
order to compare the average evaporation flux, the results on evaporation rate have been referred
to the spherical cap area rather than to the tube cross-section area. The assumption of considering
the meniscus as a spherical cap is a good approximation when gravity can be neglected as shown
by Kim (1994). Fig. 8 shows both the evaporation rate and its averaged flux for different liquids
and tube sizes. The overall evaporation rate increases for all liquids with increasing the tube size
and with the use of a more volatile liquid; this is essentially due to a larger available surface area
for evaporation for bigger tube size. On the contrary, the average evaporation flux decreases with
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Fig. 8. Experiment (2): evaporation rate and average evaporation flux vs. tube size.
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increasing the tube size. In order to point out the strong link between the evaporation process and
the observed convection, the average evaporation flux and the tracers’ spinning frequency have
been correlated in Fig. 9 for the case of ethanol; both of these parameters are found to increase
when the tube size decreases. Note that in Fig. 9 for completeness the evaporation heat flux is also
reported. PIV analysis is presented and looking at the magnitude of vorticity confirms the
stronger convection at smaller tubes sizes. Note that for 200 lm size, only the upper roll section is
shown.
4. Theoretical model

The thermocapillary motion observed in our experiments is due to a thermal gradient estab-
lished along the meniscus interface, which takes its origin in the strong evaporation occurring at
the triple line region while the centre of the spherical cap undergoes a weaker evaporation.
Evaporation takes place at the interface then vapour diffuses to the mouth of the capillary. In the
following, we will attempt to calculate the temperature at the triple line region by a heat diffusion
model. The temperature at the apex of the spherical cap, where evaporation is much less intense
than in the wedge, is assumed equal to the temperature of the bulk liquid; this last is taken equal
to the ambient temperature (see Fig. 10).

A sketch of the heat transfer paths for the present case is shown in Fig. 11. Evaporation takes
place along the meniscus interface producing a local drop in temperature. A heat transfer
mechanism is set in and heat is transferred from the environment outside the tube to the meniscus



Fig. 9. Experiment (2): tracer spinning frequency vs. evaporation flux with PIV analysis for ethanol and various tube

sizes.
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Fig. 10. Conduction–diffusion model from a receding meniscus.

C. Buffone, K. Sefiane / International Journal of Multiphase Flow 30 (2004) 1071–1091 1081
interface, passing through the tube walls and the thin liquid layer. For an order of magnitude
analysis, it is reasonable to neglect the heat conducted along the tube walls (QwallCond). The vapour
can be assumed to be ‘‘passive’’ (see Meyer, 1984; Shieh, 1985; Davis, 1987; Riley, 1996; Pratt,
1996) because it has negligible viscosity, density and thermal conductivity compared to the liquid.
The shear stresses at the interface due to surface tension gradients produce in the liquid phase the
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Fig. 11. Heat paths sketch for an evaporating-receding meniscus.
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motion observed in this study by dragging the viscous liquid along the interface from hot to cold
regions. Because of the very low vapour viscosity, the same stresses do not produce vapour re-
circulation. Therefore, in accordance with other authors (Meyer, 1984; Shieh, 1985; Davis, 1987;
Riley, 1996; Pratt, 1996) we can assume here that the mass transfer mechanism in the vapour
phase is dominated by diffusion. It is worth mentioning that a method namely the WIKEL-
MANN technique (Coulson and Richardson, 1999) adopting an experimental set up similar to the
one analyzed here, is widely used to determine the diffusion coefficient. In the WIKELMANN
method, a liquid is allowed to evaporate in a vertical glass tube closed at the bottom and open at
the top, and the rate of evaporation can be measured by following the falling meniscus. It is
advisable to use capillary tubes smaller than 500 lm (same order or magnitude as in the present
case) to ensure that the mass transfer to the tube top mouth takes place by molecular diffusion
alone (Berezhnoi and Semenov, 1997). Therefore, we can reasonably assume that what evaporates
from the meniscus interface is diffused in the gas phase (Qevap ¼ Qdiff ). In other words, the mass
flux at the wedge surface in the steady state is equal to the diffusion mass flux in the vapour.
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The diffusion mass flux ( _m) can be expressed as
_m ¼ MDrC ¼ MD
oC
oL

ð1Þ
where M is the vapour molecular weight, D is the diffusion coefficient, C is the vapour concen-
tration into air and L is the meniscus distance from the tube mouth. Eq. (1) becomes
_m ¼ M
L
DCsat ð2Þ
where the surface vapour concentration of the volatile liquid in air at the wedge corner is assumed
to be the saturation one (Csat) and the concentration at the mouth of the capillary is assumed to be
very small (¼ 0).

As will be discussed in the next section, along the meniscus interface most of the evaporation
takes place in the meniscus micro-layer region (see Fig. 10). This layer is of paramount importance
in the heat and mass transfer from a meniscus interface as shown by different authors (Dejaguin,
1965; Moosman and Homsy, 1980; Schonberg et al., 1995; Park and Lee, 2003); this layer has a
thickness of the order of h ¼ 5–15 lm and is extended for levap ¼ 17:5 lm (see Park and Lee,
2003). Because of its small thickness no convection can set in and the layer is commonly assumed
purely conductive (see Moosman and Homsy, 1980).

The local energy balance (Qevap ¼ Qliq cond) at the surface of the conducting layer region of the
meniscus reads
_m
DH
M

Adiff ¼ jl
~rTl �~1Aevap ð3Þ
where DH is the latent heat of evaporation, jl is liquid thermal conductivity, ~rTl is the temper-
ature gradient, ~1 is the unity vector, the Aevap ¼ 2pRilevap and Adiff ¼ pR2

i . Eq. (3) states that all
what evaporates at the meniscus wedge has to diffuse through the cross-section of the tube.

We then write for the normal component of the heat flux:
_m
DH
M

Adiff ¼ jl

Ta � Tc

h
Aevap ð4Þ
where h is the mean thickness of the conductive layer (assumed for calculation purposes in the
model as h ¼ 10 lm), Tc is the temperature at the meniscus wedge and Ta is the wall temperature,
this last being assumed to be the ambient air temperature for a conducting wall. Combining Eqs.
(2) and (4) we get
D
Csat

L
DH

Adiff

Aevap

¼ jl

ðTa � TcÞ
h

ð5Þ
The saturation concentration can be written as
Csat ¼
P

RTc

xðTcÞ ð6Þ
where P is the total pressure in the gas phase, R is the gas constant and x is the mole fraction.
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Clausius–Clapeyron relation is used to find the mole fraction as function of temperature:
Table

Temp

(Ta ¼eL ¼

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.01

0.00
xðTcÞ ¼ exp

�
� DH

R

1

Tc

�
� 1

Tb

��
ð7Þ
where Tb is the liquid boiling temperature. We can thus re-write Eq. (5) as follows:
D
P

RTc

DH
L

exp

�
� DH

R

1

Tc

�
� 1

Tb

��
Adiff

Aevap

¼ jl

ðTa � TcÞ
h

ð8Þ
Solving the above equation will give us the temperature of the interface at the meniscus wedge.
This would allow us to estimate the variation of the temperature gradient ðTa � TcÞ as a function
of the distance of the meniscus from the capillary mouth L.

If we define the dimensionless length eL ¼ h
L, and substitute Adiff

Aevap
¼ Ri

2levap
Eq. (8) is written as

follows:
DDHP
Rjl

Ri

2levap
eL exp

�
� DH

R

1

Tc

�
� 1

Tb

��
¼ TcðTa � TcÞ ð9Þ
Table 3 shows the results giving the temperature difference (Ta � Tc) between the wedge and the
centre of the meniscus as the meniscus recedes inside the capillary (eL diminishes). This indicates
that the temperature difference between the apex and the wedge diminishes as the meniscus re-
cedes inside the capillary. According to Table 3, the temperature difference (Ta � Tc) is drastically
reduced after eL ¼ 0:01 (corresponding to L ¼ 1 mm), therefore the driving force is weakened as
the meniscus moves deeper inside the tube and the convection slows down; this is in agreement
with the experimental results shown in Fig. 6.

The temperature that sets in at the corner Tc is lower than the temperature Ta at the centre of the
cap and the Marangoni number (ratio between surface tension and viscous forces) is then defined
as
3

erature gradient and Marangoni number as a function of the dimensionless distance computed from the model

298 K)

h=L Ethanol Methanol

Ta � Tc (K) Ma Ta � Tc (K) Ma

6.138 3308.32 10.235 9802.02

5.66 3050.68 9.527 9123.97

5.161 2781.72 8.776 8404.97

4.637 2499.29 7.974 7636.67

4.087 2202.85 7.115 6814

3.507 1890.24 6.19 5928.14

2.893 1559.3 5.187 4967.57

2.241 1207.88 4.091 3917.93

1.547 833.817 2.881 2759.12

0.802 432.27 1.531 1466.23

0.083 44.736 0.163 156.104

1 0.008 4.31192 0.016 15.3231
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Ma ¼ or
oT

rTl

qlcpl
lljl

d2 ¼ � or
oT

ðTa � TcÞ
qlcpl
lljl

Ri

p
2
� h

� �
cos h

ð10Þ
where r is the surface tension, rTl the liquid temperature gradient along the meniscus interface,
ql, cpl, ll and kl are the liquid density, specific heat capacity, dynamic viscosity and thermal
conductivity respectively, and h is the steady apparent contact angle. As characteristic dimension,
the meniscus arc length d is taken:
d ¼ Ri

p
2
� h

� �
cos h

ð11Þ
The temperature gradient is taken as
rTl ¼
ðTa � TcÞ

Ri

p
2
�hð Þ

cos h

ð12Þ
One can describe the variation of the Marangoni number as a function of the distance of the
meniscus from the mouth of the capillary tube, using the corresponding thermophysical properties
of the appropriate liquid (Table 2). The profile of the Marangoni number versus the normalized
length eL can be obtained by solving Eq. (9) to find the temperature difference (Ta � Tc) and then
use it to calculate the Marangoni number (also reported in Table 3). Results for a meniscus of
ethanol and methanol receding in a 600 lm capillary tube are presented in Fig. 12 and show that
Marangoni number decreases as the meniscus recedes inside the pore (eL diminishes). Another
important trend found is that methanol (more volatile) exhibits higher Marangoni numbers.
Again, this qualitatively agrees with our findings reproduced in Fig. 6 in terms of tracer spinning
frequency.
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Fig. 13. IR measurement of 900 lm tube from the side and methanol as liquid (adapted from Buffone and Sefiane (in

press)).
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The temperature close to the meniscus triple line has been measured using an infrared camera
for Experiment (2) and the procedure and results have been discussed in Buffone and Sefiane (in
press). Fig. 13 reproduces the typical infrared measurement of the evaporating meniscus taken
from the tube side and Fig. 14 shows the temperature profile extracted along the tube axis A–A
(for clarity a sketch of the tube section is shown and the meniscus position location is indicated).
Note that the temperature in Figs. 13 and 14 is the difference between the liquid and the ambient
ones (the temperature deep gives (Ta � Tc)). In Fig. 14, the tube mouth is on the right side. The
deep in temperature close to the tube mouth is the experimental evidence of the strong evapo-
ration at the meniscus wedge. In Table 4, we show (Ta � Tc) as measured by the infrared camera
for methanol and ethanol and two tube sizes; note that no infrared measurement is available for
200 lm tube. It is clear that the temperature difference (Ta � Tc) is larger for the more volatile
liquid (methanol) and the smaller tube. There is a good qualitative agreement between these
infrared measurements and the order of magnitude of the model presented in this section.
5. Discussion

The evaporation along the meniscus formed inside a confined space such as a pore is not
uniform. It is larger near the wall than in the middle of the capillary (Sartre et al. (2000)). The
results about the evaporation rate reproduced in Fig. 8 confirm this assumption. Indeed if
the evaporation was uniform along the meniscus, we should have a linear relation between the
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Fig. 14. Axial section (A–A) of the IR image in Fig. 12 (adapted from Buffone and Sefiane (in press)).

Table 4

Ambient temperature (Ta) menus temperature at the meniscus wedge (Tc) (InfraRed measurements taken from Buffone

and Sefiane (in press))

Liquid Tube size (lm) Ta � Tc (K)

Methanol 600 11.96

900 7.20

Ethanol 600 8.09

900 3.59
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evaporation rate and the meniscus surface area, the latter being proportional to the square of the
tube radius. The evaporation rate is linearly proportional to the tube radius and therefore is non-
uniform along the meniscus, being stronger near the wall. The meniscus region close to the tube
wall is usually (Potash and Wayner, 1972; Swanson and Herdt, 1992; Schonberg et al., 1995)
divided in three different sub-regions. In the adsorbed layer of constant thickness the van der
Walls forces dominate and no evaporation takes place. In a very tiny region (usually few percents
of the entire meniscus length) most of the evaporation takes place because the adhesion forces are
balanced by the capillary ones; this sub-region is called micro-region. As the meniscus thickness
increases in the macro-region, the thermal resistance of the layer increases accordingly and the
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heat transfer coefficient weaken as reported by Kim (1994). In the macro-region, the capillary
forces dominate and set about a flow to re-supply the liquid evaporated in the micro-region.
Bigger tube sizes have larger micro-region; in particular, the micro-region increases linearly with
the tube radius. This is believed to be one of the possible reason of a linear increase in the
evaporation rate with the tube radius shown in Fig. 8.

The non-uniform evaporation cools the liquid phase differentially along the meniscus interface
leading to a difference in interfacial temperature and thus in surface tension and density along the
meniscus interface. For small tubes (below 1 mm) the surface tension effect is predominant as
pointed out by Szymczyk (1991) and Molenkamp (1998). Therefore, the surface tension gradient
is expected to be the driving force for the thermal Marangoni convection roll visualized in the
liquid phase (see Fig. 2). It is worth mentioning that similar conclusions have been reached,
investigating the evaporation of sessile drops by Deegan et al. (2000). The analogy between the
present case and a sessile drop is justified. The strong evaporation that is taking place near the
triple line is governed by the same mechanism for both cases. Inside a pore, the convection roll has
a toroidal shape and looking at it from the side with a microscope two sections can be seen (see
Fig. 2). In the spinning movement, the particles are accelerated along the meniscus interface from
the centre to the wedge; from there they move back along the walls to the bulk phase returning to
the centre of the capillary and then are accelerated again along the capillary centre towards the
meniscus. PIV technique has been used to characterize the so observed convection. The velocity
field as well as the vorticity have been obtained. As mentioned in Section 3, the average evapo-
ration flux is found to increase when reducing the tube size essentially because the evaporation
rate increases linearly with the tube radius whereas the meniscus spherical cap area is proportional
to the square of the tube radius. At the same time, the intensity of the convection rolls increases
because of a higher temperature gradient along the meniscus interface. It is well established that
convection helps the heat–mass transfer. Also for the present case, the role played by Marangoni
convection is not negligible in bringing hot liquid from the bulk close to the meniscus interface
where the heat–mass transfer is taking place because of evaporation.

Although convection contributes to the enhancement of the average evaporation flux, a time-
scale analysis has shown that for the investigated system most of the energy (heat) necessary for
sustaining evaporation comes through the walls of the capillary. Another important effect must be
taken into account considering Experiment (1). The diffusion in the vapour phase plays also an
important role. With the meniscus stuck at the capillary mouth, the evaporation is limited by the
amount of heat brought from the surrounding environment. When the meniscus detaches from
the pore mouth and starts to move inside the tube, the limiting mechanism for evaporation is the
diffusion of vapour inside the pore. Results in Figs. 5 and 6, show that for various capillary sizes
and liquids, evaporation is reduced when the meniscus recedes inside the pore. Measurements on
convection (see Figs. 7 and 8), demonstrate that the spinning intensity decreases as well. The
model developed earlier attempted to demonstrate how the temperature gradient along the
meniscus interface responsible for the observed convection decreases as the meniscus recedes
inside the pore.

In order to evaluate the role of the strong evaporation occurring at the meniscus micro-region,
a comparison with an analytical model developed by Gamayunov and Lankov (1985) on a
receding evaporating meniscus inside a pore has been performed. Gamayunov and Lankov (1985)
model describes the evaporation rates in capillary tubes, without accounting for any convection
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and/or differential evaporation rate along the meniscus interface. The model of Gamayunov and
Lankov (1985) reproduces well the trend of the curve found in the present experimental investi-
gation (see Fig. 4) because the phenomena are diffusion controlled. However, Gamayunov and
Lankov (1985) model fails in describing the effect of the tube size (see Fig. 15). It is believed that
the discrepancy is mainly due to the observed enhancement because of the strong evaporation at
the meniscus micro-region and the observed convection that helps in enhancing the heat–mass
transfer at the meniscus interface.
6. Conclusion

Some fundamental aspects of the evaporation of volatile liquids from a meniscus formed in a
confined space such as a capillary tube have been experimentally investigated. This is critical for a
wide range of technological applications involving phase change in confined environment. The
complex phenomena taking place in such applications can be modelled investigating a far simpler
case such as the evaporation from a meniscus formed in a capillary tube. Four different liquids
(ethanol, methanol, acetone and n-pentane) and three tube sizes (200, 600 and 900 lm) have been
investigated in the present study. The non-uniform evaporation at the meniscus interface is
responsible for a strong convection in the liquid phase driven by surface tension gradient. This
paper describes the Marangoni convection in the meniscus liquid phase and how it enhances the
heat and mass transfer from a pore. The Marangoni roll has been visualized using seeding par-
ticles and its characteristics (i.e., frequency, shape) have been measured. The evaporation rate was
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also measured and correlated with the spinning frequency of convective patterns. Results show
how both the average evaporation flux and the spinning frequency increases when reducing the
tube size. Therefore, it was concluded that the heat and mass transfer from a pore is enhanced at
smaller scales because of stronger evaporation and Marangoni convection.
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