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Marangoni-driven instabilities of an evaporating liquid-vapor interface
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Marangoni-driven instabilities of a liquid-vapor interface of ethanol formed in a horizontally oriented cap-
illary tube of 600um 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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[. INTRODUCTION also refer to the liquid-vapor interface as a meniscus because
) ) , it is formed in a capillary tube. Buffonet al. [5] and Buf-

Itis yveII established that the role of gurface tension befone and Sefiand6] argue that thermocapillary flow is
comes important at the microscéld. One important param-  driven by temperature differences established along the me-
eter characterizing the competition between surface tensiofiscus because of differential evaporative cooling. The exis-
and gravitational forces is the capillary lendf=Vo/pg.  tence of an operating contact-line region at the tube wall
Here, | is the capillary lengthy the surface tensiorp the  causes the evaporation rate and consequently the heat flux to
liquid density, andy the gravitational acceleration. When the peak in that region rather than in the meniscus center. This
characteristic dimension of the system drops below 1 mndifference in evaporation rate provokes a self-induced tem-
(typical value for the capillary length of organic liquidsur-  perature difference along the meniscus and consequently of
face tension forces dominate. surface tension that drives the observed liquid convection.

Usually thermocapillary driven problems are studied inBuffone and Sefian¢7] also performed temperature mea-
cases where a temperature gradient along a liquid-vapor irfurements using ir measurements to corroborate this idea of
terface is created by imposing a lateral temperature differlemperature differences. This work demonstrated through a
ence between the two end walls of a shallow liquid |ayersystemat|c investigation m_vol_vmg various capllla_ry tube
[2-4]. The present work is somewhat different as the temSiZ€S and different volatile liquids that the evaporative cool-

perature difference at the interface is self-induced because J19 effect near the triple line is higher for the smaller tube
differential evaporation size and the use of more volatile liquids. The temperature

In a previous work[5] it was demonstrated that for a measurements  clearly demonstrated that the liquid-
thermocapillary convection is sustained by the heat-transfer

liquid undergoing evaporation in a horizontally oriented CaP-echanism set through the capillary wali allowing heat to

|Illary tupe the Ilqwd flow pattern is distorted in the vgrtlcal come into the system from the external environment sur-
diametrical sections of the tube with respect to the axisymet:

. X . . : : ~rounding the capillary tube.
ric patterns found in horizontal diametrical sections and it g priary

d that this i blv due to th i ¢ Marangoni instabilities arise from temperature variations
was argued that this 1S presumably dué 10 the action of graVgiajished towards the liquid-vapor interface that provoke

'ty'l The ftl.O\IN pattern walts qhartacteglz\t/ad by(;h.? use thm'crosfhe appearance of waves on the meniscus, ultimately causing
fﬁ?tﬂar 1:IC € |rr;]age Ve ocw_nt(aj.rwli | )’tﬁ.n ! vréas SNOWN e interface to oscillatB8]. Thermocapillary convection in-

at the flow changes periodically. In this WO_[  various stabilities are due to hydrothermal waves appearing on the
tube sizes and two liquids are investigated. It is observed thfﬁtuterface that provoke unsteadiness of the liquid flow as re-

for a particular tube size and using ethanol, the oscillation?)orted by Riley[4], Smith and Davi$9,10] for liquid layers
of the flow pattern are accompanied by macroscopic oscillay Carotenutcet’ al. [11] for liquid ’bridges. It has beén
tions of the liquid-vapor interface. In the following we will

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-
*FAX: 00 44 (0) 131 6506551. Electronic address: rating shallow filmsg[12,13 and of heated meniscus in ver-
ksefiane@ed.ac.uk tically oriented capillary tubegl4]. In the present investiga-
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FIG. 1. Schematic of the experimental setup for the meniscus visual obser@aitbaut lasey and u-PIV flow investigation.

tion a capillary tube made of borosilicate glass with anbased on the model developed in Peitial. [14], modified
internal diameter of 60@m (and wall thickness of 10@m) here in order to take into account the evaporation, is also
was partially filled with ethanol, having its axis horizontally adopted to show that the stability criterion is violated and the
oriented; one of the two menisci formed is positioned at onemeniscus oscillation justified for the present c&60 um

of the two capillary mouths, and the other meniscus is leftube and ethangl but not for the other cases presented in
free to move inside the tube, while evaporation is takingBuffone et al. [5].

place from both menisci. After initial filling, the tube is no

Ipnger refilled to account for the mass Ios; during evapora- Il. EXPERIMENTAL FACILITIES AND SETUP
tion. The attention is focused on the meniscus fixed at the
capillary mouth. Visual observation of the meniscus oscillations is under-

The present work is a study investigating further the metaken by the use of a high-speed cam@®hantom camera
niscus oscillations as they are presumably the experimental4.3) necessary in order to quantify the fast meniscus move-
evidence of what is referred as either Marangoni or hydroiment. Theu-PIV investigation is carried out with the use of
thermal instabilities. We wish here to give more insight intoa similar setup with the addition of a laser to uniformly illu-
the meniscus instabilities and see if there is any couplingninate the flow inside the capillary. The experimental setup
effect with the flow instabilities. The characterization of suchfor visual observation ang-PIV is outlined in Fig. 1 and
instabilities is of paramount importance because many indussomprises the microscogé), the high-speed came(@), a
trial applications(heat pipes, porous media, boiling and con-PC for data acquisition and storaf®, the sample tubé4),
densation in microchannels, welding, stem cell culkuedy ~ and the argon-ion green lighk =532 nn) laser(5); this lat-
on the phase change in confined spaces. We will use differeitér is used instead of white light for the PIV analysis as the
techniques for this investigation, starting with the meniscusxpected scattering from the particles is of a better quality
visual observation by the use of a high-speed chargewhen illumination with coherent light is used. For visual
coupled-devicéCCD) camerau-PIV is used to characterize observation of the meniscus oscillations also a different setup
the liquid-flow structure, and the ir technique is employed towas used to prove that the oscillations are not caused by the
map the interfacial temperature. A linear stability analysisaser; for this test microscope ordinary light was employed
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FIG. 2. Sketch of the experimental setup for ir
measurements.
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and an ir filter was used between the microscope light anc®
condenser to avoid external heating of the system. The ex§
perimental setup for the ir investigation is sketched in Fig. Z'E
and is composed of the ir cameiB, a PC for image acqui- =
sition and post-processin@), the tube samplé3), and the -10
microstage(4). The ir camera is equipped with an ir micro-

scope close-up lens. Both these setups and techniques a
extensively explained in two other wors,7]. The flow and
temperature investigations are carried out separately because

of the small tube sample involved. In fact, to visualize the F|G. 4. Meniscus position a=0 with respect to thé-A refer-
liquid flow inside the tube a microscope is required, andence line of Fig. 3.

because of the microscope design used, no space is left to fit . o

in the ir camera. However, extensive preliminary tests werdlistance from the reference liid-A) versus time is plotted.
made to show the experimental reproducibility. A vector spalVeniscus positions are considered positive at the right-hand
tial resolution of 0.64um is obtained for theu-PIV study Side of lineA-A as shown in Fig. 3. The meniscus oscilla-
and a temperature spatial resolution of 31,28 is achieved tions appear to have a periodic pattern with an average fre-
with the ir camera. The ir camera has a thermal sensitivity ofiuéncy of about 1.4 HeAt~0.7 S.

20 mK at 30 °C and an accuracy of 1% for temperatures up 1€ two-dimensional2D) w-PIV measurements are per-
to 150 °C. 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 worl{5] that the flow pattern in horizontal sec-
Il. RESULTS AND DISCUSSION tions of the meniscus is closer to what one would expect for
purely thermocapillary driven flows. In fact, the toroidal-
The meniscus oscillations were analyzed through visuashaped Marangoni cell appearing in the liquid phase of the
observation. Figure 3 shows an image of the tube next to thgeniscus should have a symmetric pattern with respect to the
interface highlighting the meniscus position with respect to aube axis. However, what the horizontal and vertical dia-
reference line drawitA-A). Note the particles dispersed in metrical sections show is slightly different. In particular, the
the liquid scattering the laser light. It was observed that thehorizontal section(Fig. 5, frame 1 shows a symmetrical
meniscus moves and the interface oscillations are clearlfiow pattern, whereas the vertical off&g. 6, frame 1is not.
brought to light in the next figure, Fig. 4, where the meniscuspye have concludef5] 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-
lz_' 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-
meniscus cally with a average mean frequency of 5 Kxt~0.2 9.
From this figure it is also evident when the meniscus oscil-
lations take placdthe vorticity suddenly peaks just before
these evenis In fact, the tracers are first attracted towards
FIG. 3. Visual observation for the meniscus oscillatiomenis-  the meniscus, producing a compression of the roll structure,
cus centez=0 with respect to lingA-A). and consequently the vorticity strengthésse Fig. 5, frames
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FIG. 5. Time sequence of 12 PIV analysis franflesrizontal diametrical tube sectipn

1-5. In the subsequent frame 6 the tracers are pushed awasrtical diametrical sectiofC-C) and the asymmetric tem-
from the interface as the meniscus moves deeper inside thgerature map with respect to the horizontal diametrical sec-
tube and the roll structure is almost destroyfrdmes 6-7. tion (D-D). As explained in detail in Buffone and Sefiane
In the subsequent frames the roll structure is rebuilt as thg7], this is a consequence of the flow field struct(see also
meniscus moves back. In a previous wdi, through a Figs. 5 and & The ir system used allows for movie storage
systematic study involving various tube sizes and two evapowith a maximum time resolution of 750 Hz. It is worth men-
rating liquids, we had clearly shown that the flow pattern intioning that not the whole curved meniscus lies in the ir
vertical diametrical sections of the meniscus is oscillatorycamera depth of focUg]. We have seen from Fig. 4 that the
However, the flow in horizontal diametrical sections wasmeniscus movement is limited to +%#n; therefore, we can
found to be almost steady. The case being investigated hegssume that the points of interest close to the tube internal
is more interesting as the meniscus is also oscillating and theall lie in the ir camera depth of foc200 xm) at all times.
flow in the horizontal diametrical section is greatly affected.The temperature of poir in Fig. 8 is reported versus time
In addition, there is an important coupling between flow andin Fig. 9. Again, an oscillatory periodic pattern is present
temperature fields because the Prandtl number expressing thtso for temperature. The average main frequency is about
ratio of kinematics to thermal diffusivity is of the order of 5 Hz (At~0.2 9; again, the meniscus oscillations can be
~16. The large flow-temperature coupling is thereforeclearly spottedl, 2, and 3 events marked in Fig) @ith a
thought to be responsible for the oscillatory flow pattern ex-frequency of about 1.4 HeAt~0.7 9. These values of fre-
perienced also in the horizontal diametrical section becausguency are close to both the meniscus oscillation and flow
of the flow oscillations taking place in the vertical diametri- pattern oscillation frequency values found in Figs. 4 and 7.
cal section. The oscillatory pattern in the vertical diametrical We have mentioned earlier that the present case can be
section is a direct consequence of the competition betweecharacterized as either a hydrothermal or Marangoni instabil-
the surface tension driving force and gravity as explained inty. In the past many researchg#9,10 have predicted and
detail in Buffoneet al. [5]. reported the existence of hydrothermal waves propagating on
The ir results are presented in Figs. 8 and 9. Figure 8 is athe surface of shallow liquid films experiencing thermocap-
ir image of the meniscus surface showing the temperaturélary effects. However, the present case is somewhat differ-
map. The tube walls are clearly marked with dashed linesent from those. In fact, here the meniscus is not flat and it is
Note the axisymmetric temperature map with respect to thalso oscillating. In addition, the heat constraint imposed in
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Frame 8, t=350 ms

FIG. 6. Time sequence of 12 PIV analysis franfesrtical diametrical tube sectipn

those studies is replaced here by the self-created temperatwsgong nonlinear variation of temperature along the interface
difference because the interface is undergoing evaporatioms reported by previous ir measuremdnfs All these prac-

As discussed in Buffone and Sefiaf@], this self-induced

tical difficulties make it difficult for the present case to show

temperature difference is due to the stronger evaporatioif there are hydrothermal waves traveling along the meniscus
close to the meniscus triple line with respect to the meniscusurface from the cold region at the meniscus wedge to the
center that experiences a lower evaporation. This leads to fzot region at the meniscus center. For an evaporating drop as
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shown by Kavehpouet al. [8], when the drop height has
fallen below a certain value Marangoni instabilities arise

C

Temp (K)
295.08
294.49

293.89 y

293.30
292.71
202.12
29153 | ¥ 7

290.93

45 C5 55
mm

FIG. 8. ir image of capillary tube mouth cross sectitime two
dashed circles are the tube walls



BUFFONE, SEFIANE, AND EASSON PHYSICAL REVIEW F1, 056302(2005

[14] the meniscus becomes unstable when it is pushed down
the tube beyond a threshold of an imposed temperature gra-
w’u dient. In the present case we regard as instabilities the me-

R LR I 2 UL 3 L Another important difference between the case of Rriatt
292 2 al. [14] and the present one is that the meaning of meniscus
B instability in their study is different from ours. In Pragt al.
201.9F

2918 F

I niscus oscillations.

‘N The stability analysis developed in Prai5] starts from

f the conservation equations of mass, momentum, and energy.
i 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

291.7

201.6

Temperature (K)

291.5

201.4 combined to get an evolution equation for the meniscus film
thickness which depends on both time and position, this lat-

201.3 1 ter in the direction of the tube axis. Upon some assumptions
st b b b b this evolution equation is then perturbed and a stability con-

dition is obtained. Details can be found in Pritb]. Here,
we will summarize the procedure and focus on the conclu-
FIG. 9. Temperature evolution of poiftin Fig. 8. sions. For the system under investigation, we can concentrate
on the liquid side only(one-side modglas the physical pa-
from temperature variations established normal to the quuidi[amet?rs for the.rmocapnlary driven phenomena lead to the
i ollowing [15,18:
vapor interface that provoke the appearance of waves on the
liquid surface, eventually causing the interface to oscillate. K
Kavehpouret al. [8] show that these instabilities are not &,ﬂ,—” =0. (1)
present in droplets of nonvolatile liquids. Therefore, for the P K
time being we conclude that the present study is a case of . L )
Marangoni-driven instabilities, although we cannot rule out'1€re,p stands for density. for dynamic viscosity, and for
the existence of hydrothermal waves, and refer to this as §'€'mal conductivity, and the subscriptsand | stand for
case of evaporative-driven hydrothermal instability convecYaPor and liquid, respectively.

tion. More experimental work is certainly needed to clarify  Without reproducing all the calculations shown in Pratt
this point. [15] we report here only their conclusions. Basically, Pratt

[15] concludes that the stability criterion for an evaporating
meniscus lying on a temperature gradient is expressed as

Time (s)

IV. LINEAR STABILITY ANALYSIS Ma
A linear stability analysis based on the model developed ﬁrz I, (2)
by Prattet al.[14] is employed here to describe the meniscus
oscillations observed experimentally. Their stability analysisyhere Ma is the Marangoni number, Pr the Prandtl number,
has been developed for a heated meniscus formed in vertindII the disjoining pressure.
Cally oriented Capillary tubes. Although that case seems to be Equation(z) says that the System becomes unstable when
different from the present one where a horizontally orientedhe thermocapillary effects overcome the disjoining ones.
tube was investigated, the model can still be applied becaugsyatt [15] also suggests rewriting the above inequality in

it concerns only the meniscus region close to the contact lingerms of the physical variables, obtaining the following sta-
(what Prat{15] calls the extended menisqués pointed out  pjlity condition:

by Buffoneet al.[5], Pratt[15], Potash and Wayn¢t 6], and

Swanson and Herdtl7], the meniscus region close to the 12\ 2/3
. o i . 2 [ 2AY“o
triple line is of paramount importance to describe the heat AT=—+| ——| (3)
and mass transfer from a curved liquid-vapor interface. In (5_U> r
fact, most of the evaporation takes place in this region of the ar

meniscus where the disjoining forces are balanced by the

thermocapillary ones. In order to describe the stability of anwhereT is temperatureA the Hamaker constans; the sur-
evaporating meniscus formed in capillary tubes, again thisace tension, and the tube radius.

region becomes the focus of attention. As shown by many The above inequality suggests that the meniscus is more
authors[15,16|, the gravitational forces in this region of the stable at smaller tube sizes and at lower temperatures—this
meniscus can be neglected; therefore, the same analysis péatter because for the majority of liquids, surface tension in-
formed by Pratet al. [14] for a vertically oriented tube can creases decreasing the temperature. The above inequality
be applied to the present case where the tube was horizogives us a criterion to evaluate the stability of the evaporat-
tally oriented. ing meniscus lying in a self-induced temperature gradient.
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TABLE |. Experimental, stability, and modified stability tem- between the saturated vapor pressig and a hydrostatic

perature gradients. pressure.P, takes into account the fact that more volatile
liquids have larger vapor pressure, anthkes into account
Tube size i.d. Ve VTsab VT that, as we have demonstrated in a previous wWéik the
Liquid () (Km™?)  (Km?  (Km™ evaporation mass flux is larger for smaller diameters. If we
multiply this dimensionless vapor pressure divided for an
Ethanol 600 4965 1370 4495 accommodating coefficient of 1000, we get a new stability
900 2046 693 1516 limit value (VT also reported in Table I. It is clear now
1630 164 256 309 that methanol is underecritical for all tube sizes and ethanol is
Methanol 600 7447 1390 9709 supercritical at 600—90@m. This may explain the meniscus
900 2983 705 3283 instabilities experimentally observed in the present work for
1630 298 260 geg  000wm tubes.

V. CONCLUSIONS

Applying the above criterion to the present case gives a This work shows an experimental study of Marangoni-
temperature gradient of 1370 K'habove which Marangoni  driven instabilities arising from differential evaporative cool-
instabilities set in. From the ir measurements performed it isng effects along the liquid-vapor interface of ethanol formed
possible to evaluate the temperature gradient close to thie a horizontally oriented capillary tube of 6Qm diameter.
meniscus triple line to be 4965 Kth This value is more Instabilities of the interface are accompanied by instabilities
than 3 and 1/2 times greater than the one given by the st®f the liquid flow underneath the meniscus. Visual observa-
bility criterion; therefore, meniscus instabilities set in. Be-tion of the interface along with-PIV measurements of the
cause of the ir systematic study involving various tube size$§quid flow and ir temperature measurements of the interface
and two liquids previously undertakdi], it is possible to are presented and discussed. Instabilities are found in both
compare the stability criterion with the measured temperathe flow structure and the interfacial temperature which
ture gradients. Table | reports the temperature gradient expgresent a periodic oscillatory pattern with a frequency of
rienced during experiments and the one given by the stabilitgbout 5 Hz. In addition, meniscus instabilities presenting an
criterion. It appears evident that most of the cases investioscillatory behavior with a characteristic frequency of about
gated in Buffone and Sefiai@] are supercritical apart from 1.4 Hz are observed. A standard linear stability analysis
the largest tube size. Therefore, all these cases should preséhows that in the present case the meniscus is unstable but
interfacial instabilities. However, this is not the case asfails to demonstrate why other cases investigated in Buffone
shown in the flow-field investigation presented in Buffoneet al.[5] are stable instead. A modified linear stability analy-
and Sefiang6]. sis taking into account evaporatigthrough the introduction

It is evident that some new parameters must act to allowf a dimensionless vapor pressuis applied to show that
supercritical conditions to be kept without exhibiting interfa- the temperature difference—self-induced because of differ-
cial instabilities. In addition, why does methanol, having aential evaporative cooling along the extended meniscus in
larger Ve V Teap ratio, not show interfacial instabilities? the triple-line region—is responsible for the observed menis-

It is worth remembering that as evaporation takes place at theus instabilities. This modification clearly predicts that the
interface, a Poiseuille flow towards the interface is estabpresent case should be unstable whereas the others presented
lished inside the tube to supply the liquid evaporated. Thign Buffone et al. [5] are stable.

flow is thought to have a stabilizing effect. The evaporation
mass flux is larger for an increased liquid volatility and re- ACKNOWLEDGMENTS

duced tube siz¢5]. Therefore, the stabilizing effect of the ~ The authors wish to thank EPSR(Engineering and
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