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Marangoni-driven instabilities of a liquid-vapor interface of ethanol formed in a horizontally oriented cap-
illary tube of 600mm diameter are described. Instabilities of the interface are reported as well as instabilities
of the liquid flow underneath the meniscus. The experimental results consist of visual observation of the
interface, microscale particle image velocimetry measurements of the liquid flow and ir temperature measure-
ments of the interface. The instabilities are found in both the flow structure and the interfacial temperature
which present a periodic oscillatory pattern with a characteristic frequency of about 5 Hz. The interface also
oscillates periodically, having a characteristic frequency of about 1.4 Hz. The differential evaporative cooling
along the extended meniscus in the triple-line region produces a temperature difference which sustains the
liquid-thermocapillary Marangoni-driven convection. A linear stability analysis based on a one-sided model,
modified to take into account evaporation, is used to show that the self-induced temperature difference at the
triple-line region is responsible for the observed interfacial instabilities. The instabilities in the flow pattern are
due to competition between the surface tension driving force and gravity and are also found to be influenced
by the meniscus instabilities.
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I. INTRODUCTION

It is well established that the role of surface tension be-
comes important at the microscalef1g. One important param-
eter characterizing the competition between surface tension
and gravitational forces is the capillary lengthlc=Îs /rg.
Here, lc is the capillary length,s the surface tension,r the
liquid density, andg the gravitational acceleration. When the
characteristic dimension of the system drops below 1 mm
stypical value for the capillary length of organic liquidsd sur-
face tension forces dominate.

Usually thermocapillary driven problems are studied in
cases where a temperature gradient along a liquid-vapor in-
terface is created by imposing a lateral temperature differ-
ence between the two end walls of a shallow liquid layer
f2–4g. The present work is somewhat different as the tem-
perature difference at the interface is self-induced because of
differential evaporation.

In a previous workf5g it was demonstrated that for a
liquid undergoing evaporation in a horizontally oriented cap-
illary tube the liquid flow pattern is distorted in the vertical
diametrical sections of the tube with respect to the axisymet-
ric patterns found in horizontal diametrical sections and it
was argued that this is presumably due to the action of grav-
ity. The flow pattern was characterized by the use of micros-
cale particle image velocimetrysm-PIVd, and it was shown
that the flow changes periodically. In this workf5g various
tube sizes and two liquids are investigated. It is observed that
for a particular tube size and using ethanol, the oscillations
of the flow pattern are accompanied by macroscopic oscilla-
tions of the liquid-vapor interface. In the following we will

also refer to the liquid-vapor interface as a meniscus because
it is formed in a capillary tube. Buffoneet al. f5g and Buf-
fone and Sefianef6g argue that thermocapillary flow is
driven by temperature differences established along the me-
niscus because of differential evaporative cooling. The exis-
tence of an operating contact-line region at the tube wall
causes the evaporation rate and consequently the heat flux to
peak in that region rather than in the meniscus center. This
difference in evaporation rate provokes a self-induced tem-
perature difference along the meniscus and consequently of
surface tension that drives the observed liquid convection.
Buffone and Sefianef7g also performed temperature mea-
surements using ir measurements to corroborate this idea of
temperature differences. This work demonstrated through a
systematic investigation involving various capillary tube
sizes and different volatile liquids that the evaporative cool-
ing effect near the triple line is higher for the smaller tube
size and the use of more volatile liquids. The temperature
measurements clearly demonstrated that the liquid-
thermocapillary convection is sustained by the heat-transfer
mechanism set through the capillary wall allowing heat to
come into the system from the external environment sur-
rounding the capillary tube.

Marangoni instabilities arise from temperature variations
established towards the liquid-vapor interface that provoke
the appearance of waves on the meniscus, ultimately causing
the interface to oscillatef8g. Thermocapillary convection in-
stabilities are due to hydrothermal waves appearing on the
interface that provoke unsteadiness of the liquid flow as re-
ported by Rileyf4g, Smith and Davisf9,10g for liquid layers,
and Carotenutoet al. f11g for liquid bridges. It has been
demonstrated in past studies that these oscillations are gen-
erated if a temperature threshold is reached. Different cases
have been experimentally analyzed for instabilities of evapo-
rating shallow filmsf12,13g and of heated meniscus in ver-
tically oriented capillary tubesf14g. In the present investiga-
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tion a capillary tube made of borosilicate glass with an
internal diameter of 600mm sand wall thickness of 100mmd
was partially filled with ethanol, having its axis horizontally
oriented; one of the two menisci formed is positioned at one
of the two capillary mouths, and the other meniscus is left
free to move inside the tube, while evaporation is taking
place from both menisci. After initial filling, the tube is no
longer refilled to account for the mass lost during evapora-
tion. The attention is focused on the meniscus fixed at the
capillary mouth.

The present work is a study investigating further the me-
niscus oscillations as they are presumably the experimental
evidence of what is referred as either Marangoni or hydro-
thermal instabilities. We wish here to give more insight into
the meniscus instabilities and see if there is any coupling
effect with the flow instabilities. The characterization of such
instabilities is of paramount importance because many indus-
trial applicationssheat pipes, porous media, boiling and con-
densation in microchannels, welding, stem cell cultured rely
on the phase change in confined spaces. We will use different
techniques for this investigation, starting with the meniscus
visual observation by the use of a high-speed charge-
coupled-devicesCCDd camera.m-PIV is used to characterize
the liquid-flow structure, and the ir technique is employed to
map the interfacial temperature. A linear stability analysis,

based on the model developed in Prattet al. f14g, modified
here in order to take into account the evaporation, is also
adopted to show that the stability criterion is violated and the
meniscus oscillation justified for the present cases600 mm
tube and ethanold, but not for the other cases presented in
Buffone et al. f5g.

II. EXPERIMENTAL FACILITIES AND SETUP

Visual observation of the meniscus oscillations is under-
taken by the use of a high-speed camerasPhantom camera
v.4.3d necessary in order to quantify the fast meniscus move-
ment. Them-PIV investigation is carried out with the use of
a similar setup with the addition of a laser to uniformly illu-
minate the flow inside the capillary. The experimental setup
for visual observation andm-PIV is outlined in Fig. 1 and
comprises the microscopes1d, the high-speed cameras2d, a
PC for data acquisition and storages3d, the sample tubes4d,
and the argon-ion green lightsl=532 nmd lasers5d; this lat-
ter is used instead of white light for them-PIV analysis as the
expected scattering from the particles is of a better quality
when illumination with coherent light is used. For visual
observation of the meniscus oscillations also a different setup
was used to prove that the oscillations are not caused by the
laser; for this test microscope ordinary light was employed

FIG. 1. Schematic of the experimental setup for the meniscus visual observationswithout laserd andm-PIV flow investigation.
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and an ir filter was used between the microscope light and
condenser to avoid external heating of the system. The ex-
perimental setup for the ir investigation is sketched in Fig. 2
and is composed of the ir cameras1d, a PC for image acqui-
sition and post-processings2d, the tube samples3d, and the
microstages4d. The ir camera is equipped with an ir micro-
scope close-up lens. Both these setups and techniques are
extensively explained in two other worksf5,7g. The flow and
temperature investigations are carried out separately because
of the small tube sample involved. In fact, to visualize the
liquid flow inside the tube a microscope is required, and
because of the microscope design used, no space is left to fit
in the ir camera. However, extensive preliminary tests were
made to show the experimental reproducibility. A vector spa-
tial resolution of 0.64mm is obtained for them-PIV study
and a temperature spatial resolution of 31.25mm is achieved
with the ir camera. The ir camera has a thermal sensitivity of
20 mK at 30 °C and an accuracy of 1% for temperatures up
to 150 °C.

III. RESULTS AND DISCUSSION

The meniscus oscillations were analyzed through visual
observation. Figure 3 shows an image of the tube next to the
interface highlighting the meniscus position with respect to a
reference line drawnsA-Ad. Note the particles dispersed in
the liquid scattering the laser light. It was observed that the
meniscus moves and the interface oscillations are clearly
brought to light in the next figure, Fig. 4, where the meniscus

distance from the reference linesA-Ad versus time is plotted.
Meniscus positions are considered positive at the right-hand
side of lineA-A as shown in Fig. 3. The meniscus oscilla-
tions appear to have a periodic pattern with an average fre-
quency of about 1.4 HzsDt,0.7 sd.

The two-dimensionals2Dd m-PIV measurements are per-
formed on a horizontal and vertical diametrical section of the
meniscus as shown in the insets of Fig. 1. We have shown in
a previous workf5g that the flow pattern in horizontal sec-
tions of the meniscus is closer to what one would expect for
purely thermocapillary driven flows. In fact, the toroidal-
shaped Marangoni cell appearing in the liquid phase of the
meniscus should have a symmetric pattern with respect to the
tube axis. However, what the horizontal and vertical dia-
metrical sections show is slightly different. In particular, the
horizontal sectionsFig. 5, frame 1d shows a symmetrical
flow pattern, whereas the vertical onesFig. 6, frame 1d is not.
We have concludedf5g that the flow asymmetry in the ver-
tical diametrical sections could be due to the action of grav-
ity. Figures 5 and 6 are two time sequences of velocity vector
maps with superimposed vorticity map and streamlines. The
tube walls and axis and the meniscus are also drawn as in-
dicated in frame 1 of Fig. 5. In what follows, we will assume
as a measure of flow strength the vorticity value defined as
the curl of velocity; vorticity is assumed positive for an an-
ticlockwise vortex. Note that the vorticity in Figs. 5 and 6 is
scaled with the extreme values of each frame. Figure 7 re-
produces the peak vorticity values for both horizontal and
vertical diametrical sections versus time. A portion of Fig. 4
is included in Fig. 7 to show the meniscus oscillations. It is
evident from Fig. 7 that the flow strength also varies periodi-
cally with a average mean frequency of 5 HzsDt,0.2 sd.
From this figure it is also evident when the meniscus oscil-
lations take placesthe vorticity suddenly peaks just before
these eventsd. In fact, the tracers are first attracted towards
the meniscus, producing a compression of the roll structure,
and consequently the vorticity strengthensssee Fig. 5, frames

FIG. 2. Sketch of the experimental setup for ir
measurements.

FIG. 3. Visual observation for the meniscus oscillationssmenis-
cus centerz=0 with respect to lineA-Ad.

FIG. 4. Meniscus position atz=0 with respect to theA-A refer-
ence line of Fig. 3.
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1–5d. In the subsequent frame 6 the tracers are pushed away
from the interface as the meniscus moves deeper inside the
tube and the roll structure is almost destroyedsframes 6–7d.
In the subsequent frames the roll structure is rebuilt as the
meniscus moves back. In a previous workf5g, through a
systematic study involving various tube sizes and two evapo-
rating liquids, we had clearly shown that the flow pattern in
vertical diametrical sections of the meniscus is oscillatory.
However, the flow in horizontal diametrical sections was
found to be almost steady. The case being investigated here
is more interesting as the meniscus is also oscillating and the
flow in the horizontal diametrical section is greatly affected.
In addition, there is an important coupling between flow and
temperature fields because the Prandtl number expressing the
ratio of kinematics to thermal diffusivity is of the order of
,16. The large flow-temperature coupling is therefore
thought to be responsible for the oscillatory flow pattern ex-
perienced also in the horizontal diametrical section because
of the flow oscillations taking place in the vertical diametri-
cal section. The oscillatory pattern in the vertical diametrical
section is a direct consequence of the competition between
the surface tension driving force and gravity as explained in
detail in Buffoneet al. f5g.

The ir results are presented in Figs. 8 and 9. Figure 8 is an
ir image of the meniscus surface showing the temperature
map. The tube walls are clearly marked with dashed lines.
Note the axisymmetric temperature map with respect to the

vertical diametrical sectionsC-Cd and the asymmetric tem-
perature map with respect to the horizontal diametrical sec-
tion sD-Dd. As explained in detail in Buffone and Sefiane
f7g, this is a consequence of the flow field structuressee also
Figs. 5 and 6d. The ir system used allows for movie storage
with a maximum time resolution of 750 Hz. It is worth men-
tioning that not the whole curved meniscus lies in the ir
camera depth of focusf7g. We have seen from Fig. 4 that the
meniscus movement is limited to ±12mm; therefore, we can
assume that the points of interest close to the tube internal
wall lie in the ir camera depth of focuss100 mmd at all times.
The temperature of pointB in Fig. 8 is reported versus time
in Fig. 9. Again, an oscillatory periodic pattern is present
also for temperature. The average main frequency is about
5 Hz sDt,0.2 sd; again, the meniscus oscillations can be
clearly spotteds1, 2, and 3 events marked in Fig. 9d with a
frequency of about 1.4 HzsDt,0.7 sd. These values of fre-
quency are close to both the meniscus oscillation and flow
pattern oscillation frequency values found in Figs. 4 and 7.

We have mentioned earlier that the present case can be
characterized as either a hydrothermal or Marangoni instabil-
ity. In the past many researchersf4,9,10g have predicted and
reported the existence of hydrothermal waves propagating on
the surface of shallow liquid films experiencing thermocap-
illary effects. However, the present case is somewhat differ-
ent from those. In fact, here the meniscus is not flat and it is
also oscillating. In addition, the heat constraint imposed in

FIG. 5. Time sequence of 12 PIV analysis framesshorizontal diametrical tube sectiond.
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those studies is replaced here by the self-created temperature
difference because the interface is undergoing evaporation.
As discussed in Buffone and Sefianef6g, this self-induced
temperature difference is due to the stronger evaporation
close to the meniscus triple line with respect to the meniscus
center that experiences a lower evaporation. This leads to a

strong nonlinear variation of temperature along the interface
as reported by previous ir measurementsf7g. All these prac-
tical difficulties make it difficult for the present case to show
if there are hydrothermal waves traveling along the meniscus
surface from the cold region at the meniscus wedge to the
hot region at the meniscus center. For an evaporating drop as
shown by Kavehpouret al. f8g, when the drop height has
fallen below a certain value Marangoni instabilities arise

FIG. 6. Time sequence of 12 PIV analysis framessvertical diametrical tube sectiond.

FIG. 7. Vorticity values for horizontal and vertical diametrical
sections and meniscus positionsthis latter reproduced from Fig. 4d.

FIG. 8. ir image of capillary tube mouth cross sectionsthe two
dashed circles are the tube wallsd.
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from temperature variations established normal to the liquid-
vapor interface that provoke the appearance of waves on the
liquid surface, eventually causing the interface to oscillate.
Kavehpouret al. f8g show that these instabilities are not
present in droplets of nonvolatile liquids. Therefore, for the
time being we conclude that the present study is a case of
Marangoni-driven instabilities, although we cannot rule out
the existence of hydrothermal waves, and refer to this as a
case of evaporative-driven hydrothermal instability convec-
tion. More experimental work is certainly needed to clarify
this point.

IV. LINEAR STABILITY ANALYSIS

A linear stability analysis based on the model developed
by Prattet al. f14g is employed here to describe the meniscus
oscillations observed experimentally. Their stability analysis
has been developed for a heated meniscus formed in verti-
cally oriented capillary tubes. Although that case seems to be
different from the present one where a horizontally oriented
tube was investigated, the model can still be applied because
it concerns only the meniscus region close to the contact line
swhat Prattf15g calls the extended meniscusd. As pointed out
by Buffoneet al. f5g, Prattf15g, Potash and Waynerf16g, and
Swanson and Herdtf17g, the meniscus region close to the
triple line is of paramount importance to describe the heat
and mass transfer from a curved liquid-vapor interface. In
fact, most of the evaporation takes place in this region of the
meniscus where the disjoining forces are balanced by the
thermocapillary ones. In order to describe the stability of an
evaporating meniscus formed in capillary tubes, again this
region becomes the focus of attention. As shown by many
authorsf15,16g, the gravitational forces in this region of the
meniscus can be neglected; therefore, the same analysis per-
formed by Prattet al. f14g for a vertically oriented tube can
be applied to the present case where the tube was horizon-
tally oriented.

Another important difference between the case of Prattet
al. f14g and the present one is that the meaning of meniscus
instability in their study is different from ours. In Prattet al.
f14g the meniscus becomes unstable when it is pushed down
the tube beyond a threshold of an imposed temperature gra-
dient. In the present case we regard as instabilities the me-
niscus oscillations.

The stability analysis developed in Prattf15g starts from
the conservation equations of mass, momentum, and energy.
The system of governing equations with relevant boundary
conditions is transformed in a dimensionless system which is
then expanded in terms of the meniscus slope and a linear-
ization method is employed. The resulting system is then
combined to get an evolution equation for the meniscus film
thickness which depends on both time and position, this lat-
ter in the direction of the tube axis. Upon some assumptions
this evolution equation is then perturbed and a stability con-
dition is obtained. Details can be found in Prattf15g. Here,
we will summarize the procedure and focus on the conclu-
sions. For the system under investigation, we can concentrate
on the liquid side onlysone-side modeld as the physical pa-
rameters for thermocapillary driven phenomena lead to the
following f15,18g:

rv

rl
,
mv

ml
,
kv

kl
> 0. s1d

Here,r stands for density,m for dynamic viscosity, andk for
thermal conductivity, and the subscriptsn and l stand for
vapor and liquid, respectively.

Without reproducing all the calculations shown in Pratt
f15g we report here only their conclusions. Basically, Pratt
f15g concludes that the stability criterion for an evaporating
meniscus lying on a temperature gradient is expressed as

Ma

4 Pr
ù P* , s2d

where Ma is the Marangoni number, Pr the Prandtl number,
andP the disjoining pressure.

Equations2d says that the system becomes unstable when
the thermocapillary effects overcome the disjoining ones.
Pratt f15g also suggests rewriting the above inequality in
terms of the physical variables, obtaining the following sta-
bility condition:

DT ù
2

S ]s

]T
DS

2Ā1/2s

r
D2/3

, s3d

whereT is temperature,A the Hamaker constant,s the sur-
face tension, andr the tube radius.

The above inequality suggests that the meniscus is more
stable at smaller tube sizes and at lower temperatures—this
latter because for the majority of liquids, surface tension in-
creases decreasing the temperature. The above inequality
gives us a criterion to evaluate the stability of the evaporat-
ing meniscus lying in a self-induced temperature gradient.

FIG. 9. Temperature evolution of pointB in Fig. 8.
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Applying the above criterion to the present case gives a
temperature gradient of 1370 K m−1 above which Marangoni
instabilities set in. From the ir measurements performed it is
possible to evaluate the temperature gradient close to the
meniscus triple line to be 4965 K m−1. This value is more
than 3 and 1/2 times greater than the one given by the sta-
bility criterion; therefore, meniscus instabilities set in. Be-
cause of the ir systematic study involving various tube sizes
and two liquids previously undertakenf7g, it is possible to
compare the stability criterion with the measured tempera-
ture gradients. Table I reports the temperature gradient expe-
rienced during experiments and the one given by the stability
criterion. It appears evident that most of the cases investi-
gated in Buffone and Sefianef7g are supercritical apart from
the largest tube size. Therefore, all these cases should present
interfacial instabilities. However, this is not the case as
shown in the flow-field investigation presented in Buffone
and Sefianef6g.

It is evident that some new parameters must act to allow
supercritical conditions to be kept without exhibiting interfa-
cial instabilities. In addition, why does methanol, having a
larger ¹Texpt/ ¹Tstab ratio, not show interfacial instabilities?
It is worth remembering that as evaporation takes place at the
interface, a Poiseuille flow towards the interface is estab-
lished inside the tube to supply the liquid evaporated. This
flow is thought to have a stabilizing effect. The evaporation
mass flux is larger for an increased liquid volatility and re-
duced tube sizef5g. Therefore, the stabilizing effect of the
Poiseuille flow is larger for methanol and smaller diameters.
In order to take into account these effects we introduce a
dimensionless vapor pressureP* =Pn /rgr, which is the ratio

between the saturated vapor pressuresPnd and a hydrostatic
pressure.Pn takes into account the fact that more volatile
liquids have larger vapor pressure, andr takes into account
that, as we have demonstrated in a previous workf6g, the
evaporation mass flux is larger for smaller diameters. If we
multiply this dimensionless vapor pressure divided for an
accommodating coefficient of 1000, we get a new stability
limit value s¹Tstab

* d also reported in Table I. It is clear now
that methanol is undercritical for all tube sizes and ethanol is
supercritical at 600–900mm. This may explain the meniscus
instabilities experimentally observed in the present work for
600-mm tubes.

V. CONCLUSIONS

This work shows an experimental study of Marangoni-
driven instabilities arising from differential evaporative cool-
ing effects along the liquid-vapor interface of ethanol formed
in a horizontally oriented capillary tube of 600mm diameter.
Instabilities of the interface are accompanied by instabilities
of the liquid flow underneath the meniscus. Visual observa-
tion of the interface along withm-PIV measurements of the
liquid flow and ir temperature measurements of the interface
are presented and discussed. Instabilities are found in both
the flow structure and the interfacial temperature which
present a periodic oscillatory pattern with a frequency of
about 5 Hz. In addition, meniscus instabilities presenting an
oscillatory behavior with a characteristic frequency of about
1.4 Hz are observed. A standard linear stability analysis
shows that in the present case the meniscus is unstable but
fails to demonstrate why other cases investigated in Buffone
et al. f5g are stable instead. A modified linear stability analy-
sis taking into account evaporationsthrough the introduction
of a dimensionless vapor pressured is applied to show that
the temperature difference—self-induced because of differ-
ential evaporative cooling along the extended meniscus in
the triple-line region—is responsible for the observed menis-
cus instabilities. This modification clearly predicts that the
present case should be unstable whereas the others presented
in Buffone et al. f5g are stable.
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