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ABSTRACT

Evaporation of liquids is a fundamental phenomenon

pertaining to a wide range of industrial and bidtady
processes. In this paper we present recent resuits
evaporation of liquids and interfacial phenomenéhim case of
two configurations: menisci in micro-channels aseksile
wetting droplets . Interfacial temperature is a kagtor in the
phase change process. The access to the inteefaqtature
at the micro-scale has been a challenging taskerRigcWard
and Duan [22] have investigated the cooling effiexstulting
from the evaporation of water in a
environment by using micro-thermocouples near ttierface.
They show an increase in the cooling effect withiticrease in
the evaporation mass flux. They also show an inambrt
experimental result that is in contrast with cleskikinetic
theory and non-equilibrium thermodynamics. The terafure
in the vapour phase is higher than in the liquichggh The
authors also discussed the fundamental questiomt athe
interfacial conditions during phase change. Indeed;
instrumentation has developed, it has become dessilmake
measurements of the temperature within one-meangath of
the interface of water as it evaporates steadihd ¢hese
measurements have not supported the prediction ¢tassical
kinetic theory that the interfacial vapour temperatless than
the interfacial liquid temperature. In a first pafthe paper, we

present data from an experimental study that hasn be

performed to investigate the evaporation of a tiqum a
capillary microchannel. The phase change has beendfto
induce convection patterns in the liquid phase Welie
meniscus interface. The liquid convective structhes been

revealed using-PIV technique. When extra heating is supplied

to the system, the convection pattern is alteredl erentually
reversed depending on the relative position of tieating
element with respect to the liquid-vapour interfaden IR

reduced pressure

thermography is used to measure temperature gtadien

generated by the heater along the capillary watl ah the
interface. This allowed us to investigate the refatbetween
the temperature gradients applied along the wad &me
convection taking place in the liquid under therthecapillary
stress hence generated.

In the second part of the paper we investigate the

complexity of the evaporative process of wettingpdr by
means of IR thermography. The obtained data foatiel
sessile drops clearly show that there are phenoraemeork

which, whilst invisible to the naked eye, may hawegreat
importance in many evaporation dependent areasnatugally
occurring thermal instabilities (wave like thernflalctuations)
shown by many investigated working fluids are dledistinct

from each other, and can also be manipulated leyimdf the
evaporation parameters such as substrate matedaubstrate
temperature. What is also interesting to note a$ hilst these
waves have been observed for these relatively ileliiquids,

there appears to be no such behaviour in pure vdatgiets.
The visual observations presented in this papen fibre basis
for which a full systematic analysis of the wavédédour can
be achieved. Wave number, frequency, velocity, amglitude

are all parameter which can be measured and thed tes
characterise the behaviour of each fluid. The abdescribed
phenomena are entirely self-generated by the plkhsage
process.

INTRODUCTION

Over the last century surface tension driven pheran
have attracted much attention due to the recognitizat
surface tension becomes an important parametenall scale
processes [1-5]. Many industrial applications sashcrystal
growth, glass manufacture, surface acting agewisibastion,



evaporation and condensation of thin liquid filnesyron the
effect of surface tension. Many arising problems tlirese
processes have only been solved for very simplescasd even
then in quite a qualitative manner. Experiment#idilties in

determining role in the above processes; indeetingetffects
recently emerged into consideration. It has beenll we
demonstrated that the critical heat flux mechanipends on
the instabilities occurring at the contact regibesveen liquid-

making small scale measurement of parameters sich a solid and vapour. The evaporating menisci at thtobo of

temperature, pressure and velocity, limit a fullerstanding of
the phenomena. In particular evaporation of liquglsised in
heavily thermally loaded applications. Cooling teclogies are
needed for dissipating high heat fluxes in appiicest such as
x-ray medical devices, high-power lasers, and fusiactors.
Heat loads for fusion reactor components requirelicg
schemes that could dissipate heat fluxes of theerowf
104W/cnf. The need to handle high heat fluxes in industy a
various engineering fields (refrigeration applioas, food
processing) has led to the development of new aedtmass
transfer equipment. Such equipment include conegaatiheat
pipes, which rely on the vaporisation of a fluid anporous
media and the use of compact and plate heat exehar@ther
new equipment such as capillary pumped loops aog leat
pipes have been recently developed. Flowing lidilids are
used in a large number of heat and mass transfdications
including falling-film evaporators, film cooling ofrocket
nozzles and turbine blades, nuclear reactors apofiacked
columns, vertical condensers, and wetted-wall cokinHigh
transfer coefficients are the main incentive fang<ghin liquid
films. However, the surface of the film is suschkigti to
disruption by a number of phenomena such as gasdiear,
evaporation, boiling, and thermocapillary effectbrough the
loss of transfer area, any of these mechanisms aabest,
reduce overall transfer rates and at worst leaédqoipment
damage. The use of equipment such as heat pipesoamgact
heat exchangers revealed major performance anesiiélj,[7]:

»  Start-up failures with no explanation;

*  Pressure oscillations;

» Unstable system operation in evaporating devices.
These types of anomalies are well known in the strguusing
heat transfer devices. However, the existing degigadels do
not give any physical explanation. The relationdbgpween the
observed anomalies and the evaporation proceswiddvices
is not well understood. Over the last decadegethas been
continued interest in the study of the above preeeslt is
worth noticing that some parameters that were nareable to
experimental control and/or measurement were afegiected
in the design. Wetting effects and evaporating bglginamic
and thermal instabilities occurrence fall undes tbategory. In
the recent years many researchers [8-11] have rpeztb
fundamental studies on the stability of an evapogat
meniscus. The configuration studied is a meniscetting a
wall along which a temperature gradient is impadsgdhe heat
source. Pratt et al. [12] have investigated théilia of a
volatile pentane meniscus in a tube where a heatceois
applied at the edge of the tube. They have denatestthat the
thermocapillary stress arising from the applied gerature
gradient can lead to the meniscus receding, but rdit
investigate the hydrodynamics within the liquid ghand the
role of such temperature gradients on this flowsdgaon these
studies, and based on our previous investigatiBAl{] in this
field it has been demonstrated that the triple tigion plays a

vapour mushrooms near the CHF region and the dondibf
the instability are determining factors; investiggt those
conditions will contribute to the improvement ofilbw heat
transfer. The experimental determination of bothttemaand
heat fluxes at evaporating surfaces and the datetion of the
surface instability thresholds need new experimemotsbe
designed. These fundamental aspects are of greaesh for
practical applications. Thermocapillary stresseseisted with
these problems lead to thermocapilalry driven flowthin the
bulk of the liquid. From a fundamental point of wiefluid
motion driven by a temperature gradient imposed@gla free
liquid-gas interface is a well documented phenomeno
(Thermocapillary convection), [15]. Smith and DaJ\$983),
[16] studied the stability of an infinite fluid lay with a free
surface subjected to a temperature gradient alomdnterface.
This pioneering work revealed the oscillatory natwf the
instability when in super critical conditions. TI8D, time
depended linear stability analysis of Smith and iDg¥983)
and Smith (1986), [17] predicted the occurrencewbft is
called Hydrothermal waves (HTW). Hydrothermal wabese
been subsequently
investigations studying shallow rectangular pootsliguids,
[18]-[19]. Hydrothermal waves seem to appear foallshv
fluids and small temperature gradients. They prafadrom
the cold side to the hot one and the wave vectorngake an
angle to the temperature gradient depending onPitzedtl
number, of the liquid. For small Pr numbers HTY8gagate
parallel to the temperature gradient. For largadnbers, they
travel almost perpendicular to the temperature igrad[20].
HTW have also been investigated in annular geoagtrhere
a temperature gradient is imposed between theecamd the
outer wall. Recently N. Garnier and Chiffaudel (2p0
investigated HTW in thin annular pools of silicorlsp a
temperature gradient between a cold centre and auter wall
were studied. The authors reported HTW with spirlike arms
circling the annulus. For smaller fluid depths ¢léhan the
capillary length), the observed HTW propagate fadiiom
the centre to the outer edge, a stability diagramHTW was
also reported. Depending on the critical valuehefAT and the
fluid depth, stability regions could be distinguesh Schwabe et
al. (2003), [21] reported temperature fluctuaticassociated
with  HTW’s propagating in an annulus. The tempeaetu
oscillation amplitude and frequency is found to elegh on the
imposed temperature gradient as well as the flajuthl

In all above investigations, evaporation and itetdbution to
the generation of HTW has not been studied. Intefa
temperature is a key factor in the phase changeepso Ward
and Duan (2004), [22] have investigated the cooladfgct
resulting from the evaporation of water in a redupeessure
environment. They showed substantial temperatuopsddue
to evaporative cooling effect which increases wfita increase
in the evaporation mass flux.

confirmed by many experimental



Spontaneous evaporation of sessile drops is a pieman
encountered in everyday's life experience as wellaawide
range of biological and engineering areas. Durifge t
spontaneous evaporation of sessile drops, thetlaeeargy
required for evaporation leads to a liquid tempeeatdrop
which depends on the volatility of the liquid artetthermal
properties of the substrate. Volatile sessile digptan exhibit
temperature gradients arising from non-uniform evapon
along the liquid-vapour surface, [23]. These terapge
gradients are self generated and evolve durindifistime of
evaporating drops. They can lead to a range ofrtbeapillary
effects like Marangoni convection within the drod4].
Despite numerous studies much is still unknown &libe
physical behaviour of evaporating droplets. Factohsit
influence the evaporation behaviour, such as serfeasion,
temperature effects, liquid viscosity, density, map phase
temperature and also thermal convection insiddiquéd make
obtaining a full understanding of the process difffi. In the
following section we will present the findings ofvd
experimental investigation, evaporation of menisi
capillaries and evaporation of wetting sessile drdfhese two
cases present different geometries but the fundeainghysical
phenomena are very similar.

EXPERIMENTAL PROCEDURES AND RESULTS
Evaporation in capillaries

A capillary tube of 60Qum has been vertically plunged in a
pool of ethanol or methanol and the liquid has baéswed to
rise inside the tube above the pool level becatiteeacapillary
forces action and a meniscus curved interface iméd. The
liquid is allowed to evaporate in the open envirenin
surrounding the tube at 1 atm and room temperatus °C.
Two experimental studies were carried out indepetiglen
order to map: the liquid flow field in the capifjaiand the
temperature field of the tube wall and of the ldywapour
interface. A high speed camera is attached to aostope, a
PC with dedicated software for acquisition and istpris
employed and a laser to illuminate the fluid isduisEhe high
speed camera is a Phantom v.4.3 model with a CC&y af
512x512 pixels and a frame rate at full array @00, frames
per second. Because of the laser-microscope-tubeinsgn
spatial arrangement, a mirror is used to divertl#ser beam
along the vertical capillary tube. The microscopenécessary
because of the small tube size considered. The [lattern is
unveiled by the use of micro-Particle Image Velosim (-
PIV). This technique consists in seeding the flith particles
of the right size and density that scatter thetlgioduced by a
coherent light source (laser). Two image of thetsoed light
are recorded on the CCD camera and computer ctauela
order to obtain the velocity vector map-PIV technique is
substantially different from standard PIV. In stard@iPIV [25],
a laser sheet created by means of mirrors anddeésgecused
in the camera’s depth of focus. IRPIV [26-28] a microscope
has to be used because of the small sizes involvbégcomes
almost impossible to focus the laser sheet on tleeostope
depth of focus. Therefore, a different strateggrigployed. The

laser beam is directed on the entire flow and thty tb create
an optical sheet is left to the microscope narreptl of focus.
Many issues arise in this case as described ir2&6The way
we solved these issues for the present experimeatap has
been described in details in Buffone et al. [29F Yéport here
only the main features: in the cross-correlatiochiéque
employed using borosilicate spherical glass pagiqd = 3
pm, p= 1.1 g/cmi) with an interrogation window of 8x8 pixels
and an overlap of 50%, 16,129 vectors were extiaeeaching
a vector spatial resolution of 0.@un.

The optical distortion encountered by looking thglbua
round tube has been corrected a posteriori as@limed in
Buffone et al. [29]. This has lead to diametricatt®ons of the
tube smaller than the tube internal diameter, bezalose to
the tube edge there is internal total reflection.

An electric heater has been built, on the extesnalace of
the capillary tube by depositing a silver coatinighvthe use of
an air brush. The thickness of the paint is enaiagbnsure a
dissipation of up to 2 W. This power is measuredhgyuse of
a voltmeter and ammeter provided with the powerpbkup
Moving the capillary tube with respect to the pothe
meniscus inside the tube was put in the wantedtiposivith
respect to the electric heater. Two positions wevestigated
in this study. The meniscus has been positionedbeiew the
heater (namely: heater in the vapour side) anthetctpillary
top (namely: heater in the liquid side). The hegbexver
delivered was varied in steps in the range of 8:(2W, after
each run the heater was shut down allowing the swasito
rewet the tube before another power was selectetbwir
upper limit is reached with the heater in the litjside, because
of the boiling limit reached in the micro-chann&lith the
heater in the liquid side, the meniscus remainsksat the
capillary edge no matter which power is appliedfarsas no
boiling is set in. When the heater is in the vapsigle, the
meniscus is no longer anchored to the tube edgesardll
heater power suffices to put it in motion. We have
demonstrated, [30], for the case of the heatehénvapour side
that the liquid vettability is increased (apparenhtact angle
decreases) as the heater power increases; thisideecé the
thermocapillary stress arising at the meniscusetfipe. When
applying power, the forces balance at the triphe lis altered
and the meniscus moves down along the tube wharewa
equilibrium can be found. Because of the meniscosam, it
becomes more difficult to compare the resultspe®?lV on
convection strength with different powers applietiew the
heater is on the vapour side. Fortunately the tcee of the
meniscus motion is larger (essentially becauseasabus forces
at the triple line) than the convection time scaed a
comparison based on the convection strength is plogsible.
We have therefore chosen to compare fiHeIV results for
different heater powers before the meniscus startecede,
Figure 1.



Figure 1 Convection pattern revealed by tracers

For both cases studied (heater in the vapour anthén

liquid side) ap-PIV measurement is taken with the heater off

and then compared with the heater on at differenteps.

In addition top-PIV, infra Red (IR) technique is used to
map the temperature distribution along the capillaall and
measure the temperature difference along the menisthe IR
camera is an Agema 880 model mechanically scarinedcbly
line and cooled at 70 K by liquid nitrogen. ThedBtector is a
MCT (Mercury, Cadmium and Telluride) based on tRREE
(Signal Processing in the Element) technology wideded in
the top grade military applications. The scannes ao
internal blackbody reference sources scanned 2j&t#s per
second. This leads to an accuracy of +2 % and arbup
sensitivity of 0.07 °C at 30 °C. The microscopeaetied to the
camera allows for a target size of 1.4x1.4 mm. Theera
array is of 140x140 pixels leading to an opticalatsd

resolution of 1qum. However, the IR camera works in the long

wavelength band of the spectrum (8-uth), therefore the
spatial resolution expected coincides with thidelaphysical
limit of the camera. A CCD camera is used to foptically
focus the specimen with the help of a tiny fibeticg The
shutter mirror then shut this camera, the fibeiogpis turned
off and the IR scanner is allowed to see the targefinal
adjustment is made before any measurement is tdaamtially
because the optical focus does not exactly coingitle the IR
one. A third CCD camera connected to a monitorseduto
adjust the meniscus at the wanted position in tibe.t A matt
black paint is deposited longitudinally on the dearof the
capillary tube pointing on the IR scanner, the othert of the
tube being transparent to visualise the meniscegtipo with
the third positioning CCD camera. This black pamtused
because from the smooth external tube surface tiwere be a
not negligible reflection and there is a real poitity the IR
detector element sees itself. In addition the dmigsof the
target can be set with confidence to 0.99 with paént.
Because of the thin black coating (~5416) with respect to
the tube diameter, we can neglect its thermal teesie and
assume that the temperature read is the tube Rrmdges and
movies (at 750 Hz) can be viewed on a monitor whegglick
post-processing is possible; storing is also althwighe images
are then transferred to a dedicate PC for full qpostessing
made with a special in built software (by FLIR %yst).

As far as the experiments on drops are concerraeliile
sessile droplets evaporating on various substratese

investigated using IR thermography. Four liquids ¢rder of
increasing volatility respectively, water, ethanolethanol and
FC72) exhibiting various degrees of volatility weseudied.
These liquids have Prandtl numbers respectively 06.4, 14,
and 12.3. Four solids, with different thermal coctilities

were used as substrates (in order of increasinglumdivity

respectively, PTFE, ceramic, titanium and coppefhe

substrates were coated with a very thin hydrophdtdojer to
allow for measurable contact angle and give thestsates the
same surface energy, making the comparison easier.

The IR camera used is a FLIR ThermaCAM SC3000ast h
a thermal sensitivity of 20 mK. The system can #&equmages
in real time at a rate up to 750Hz. The images iaeduare
transferred to a dedicated PC with a built in Tre@AM
software. The spatial resolution of the systemfithe order of
8 to 9 . In addition to IR thermography measuremeatdrop
shape analysis goniometer (Kruss DSA100) was used t
measure the profile of the drop as it evaporatdis allowed
the measurement of the drop profile in time (inohgd height,
angle and base). The investigated drops are piriaethe
substrate for most of their lifetime. Hence, thesébaemains
constant while both the height and wetting anglere&se in
time.

The experimental setup for the sessile drop ingastn,
shown in Figure 2, consists of a syringe pump, gzbotal
substrate mount, temperature controller, and IRked- (IR)
analysis equipment. Volatile sessile droplets exatpmy on
various solid substrates are investigated using
thermography. We present results for four liquidgater,
ethanol, methanol and FC-72. These are chosenvibdaange
of volatilities and their boiling points are 1) 78.3C,
64.7C and 58C, respectively, under atmospheric conditions.
Additionally, we use four substrates made of PTMB&Acor
(ceramic), titanium and copper, having a range tadrral
conductivities 0.25 WK™, 1.46 Wm'K-1, 21.9 Wnm'K* and
401 Wm'K™, respectively. Care was taken with substrates to
ensure homogeneous wettabilities and accurate coatayle
measurement; to this end, the substrates were ccadth a
very thin layer of a fluoropolymer Cytop.

Dosing System

'

Substrate IR - Camera

Temp
Controller

Heated Base Plate
(Substrate mount)

Figure 2 Schematic of the apparatus for studying drops

The drops are deposited using an injection syringe
connected to a pump allowing the controlled depmsitof
drops of known volume onto a solid substrate of sefmo



material. To obtain images of the drop behaviote tR

camera was mounted directly above the substratenga
vertically downwards onto the evaporating drop. dems are
recorded at 50 frames per second using a camézd fitith a
microscope lens with a %@.5 mnf field of view and a
minimum focal length of 26mm. The spatial resolntiaf the

system is 8-9 um.

OBSERVATIONS

Capillaries

DT (K)

Ethanol
= — — = Methanol
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Figure 3 IR picture showing temperature distribution on the

Experiments on heated evaporating menisci have beensurface of four different liquids

conducted and the flow patterns in the liquid phiaslew the
meniscus interface have been characterized byshefu-PIV
technique. Two cases have been experimentally sedly

In the first experiment the heater element has lpdnn
the liquid side of the meniscus whereas for th@seémne the
heater lies in the vapour phase. Experimentally, dase with
the heater aligned with the meniscus interface matstested
because the heater is not transparent and therefore
convection pattern can be observed. We have usg@Dam
capillary tube internal diameter filled with ethanand
methanol. Because of the liquids low boiling poithtere is a
substantial evaporation even without extra hegpiragyided. It
has been demonstrated (Buffone et al. [30], [3hpt tthe
convection pattern revealed in this case is maiuly to a non
uniform evaporation profile along the meniscus,ngelarger
near the meniscus wedge than at the meniscus cérttie
causes a non uniform interfacial thermal field tisabasically
responsible of the thermocapillary convection obsér Two
IR cameras have been employed to map the temperalomg
the interface and on the tube wall of an evapagatireniscus
formed in a confined space, Figure 3. The use dfilar
technique like IR is the only tool available to rseee the
temperature of a liquid-vapour interface. The gomhtial
resolution (~30um), high sensitivity (20 mK at 30C) and
great accuracy +1% of the IR camera used for therfacial
temperature study has allowed to detect the stewagorative
cooling at the meniscus triple line. The liquid peeates more
at the meniscus wedge than in the middle of thdllaap
Broadly speaking, convection helps the heat andsrrassfer
by bringing hot liquid to the colder region; thi§egts also the
driving force that sustains the convection itsklfs shown that
this is the case also for the present investigatitre
temperature difference is changed by the convedtianbrings
hot liquid into cold regions of the flow. It is alshown that the
evaporative cooling effect is stronger at smalldret sizes and
with the use of more volatile liquids. The presexrperimental
evidence supports the hypothesis of a differergiaporative
cooling along the meniscus interface responsible tfee
observed convection. The interfacial temperatune viarious
volatile liquids is shown in Figure 3.

The investigation involved the study first of untezh
capillary tubes in order to understand the basicharisms
taking place. Once sufficient information was gatidewith the
technique, a more complicated situation was studide case
with heated capillaries is closer to industrial laggtions such
as heat pipes and capillary pumped loops, wheresaistus
evaporates in a heated porous wick structure. Viherheater
is placed below the interface (on the liquid si#els found that
extra-heating (reduces then) enhances the obseoregtction,
Figure 4. Experimental data show that no rever§ahe flow
can be obtained when the meniscus interface is eatibg
heating element.

mm

t=45s
heater on

heater off

Figure 4 PIV sequence for ethanol as liquid and heater (0.3

W) in the meniscus liquid phase.

Figure 4 illustrates the enhancement of convectfter
applying extra-heating located on the liquid siflee variation
of convection strength (vorticity) with the applidtkating
power is shown in Figure 5. Vorticity seems to dase in a
first stage when power is increased, then incretism®after.
Understanding this trend requires the analysisi®faviution of
temperature gradients when power is increased. otel
powers, the vorticity decrease, however this is &owery
narrow range of powers.
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Figure5 Vorticity as a function of heater power.
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In the case the heater is placed on the vapourasidevhen
extra heating is applied, the convection patteralisred and
eventually reversed. This happens when the mesibes in
the tube below the heating element. Figure 6 tifies the
reversal of the convection when the heater is petetlt is
worth mentioning that prior to the reversal of tilew,
convection slows down before reversing. This iseobsd for
very low powers. This is an important experimeptalof of the
fact that the convection under investigation is eied
thermocapillary driven and the temperature proéileng the
meniscus interface is the key factor.

=0 t=25s

heater off heater on

Figure6 PIV sequence for methanol as liquid and heater
(0.025 W) in the meniscus vapour phase.

The variation of convection strength (vorticityy fihe case of
the heater in the vapour size with the appliedihggtower is
shown in Figure 7. Temperature gradients alongctyallary
wall and their variation with the heater power &®ven in
Figure 8.In the two extreme situations experiméntedsted,
we have noticed that when the heater is positioimedhe
meniscus liquid side the convection is influenced to flow
reversal takes place at any heater power; evepntuall high
power the liquid starts boiling in the micro-chahne

Vorticity (s™)

Heater Power (W)

Figure 7 Vorticity vs. heater power for methanol as liqaitd
heater in the meniscus vapour phase (points areriexgntal
data and line is best fit).

Theu-PIV investigation has proven that the convective
patterns in the meniscus liquid phase can be dltened
eventually reversed by applying sufficient extratirey, Figure
6.
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Figure 8 Temperature gradient along the tube wall vs. heater
power.

The behaviour of convection described above cdigd
explained with the use of the sketch in Figure #hwhe heater
off, the expected temperature at the meniscus wédgeis
lower than that in the centre T This is the result of
evaporative cooling.

When the heater is switched on, more energy isduired
into the system and a different gradient of temjpeeais
created along the tube’s walls, but the temperadifferences
along the meniscus interface is kept. Differentneci® takes
place with the heater lying in the vapour side (Fé&g9).
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Again, when the heater is off the temperatureediffice is .
similar to the one in Figure 9 (heater off). Howe\ve this case g 20
switching on the heater creates a gradient of teatye along g
the tube’s walls that will affect the temperaturefipe at the E Lusl
interface. Energy is conducted through the wallemat, Figure "
8, and an opposite temperature gradient is edteulialong the .
interface, basically because we can reasonablenasthat the ‘
temperature at the meniscus centre is similar ¢octhe at the P N A I
correspondent point on the wall. If the heater poisestrong e
enough the temperature difference along the mesigterface Figure 11 Interfacial temperature fluctuations for a
self-generated because of evaporation is countended by methanol drop.
the one imposed by the heater and a net nil gragigeresent.
So, despite the liquid continues to evaporate, ero/ection is In the case of ethanol and methanol, the visiblgesaon
observed. Increasing further the heater power, réseilting the surface of the drop were counted and reporeaifanction
temperature gradient is eventually inverted witle tlower of the dimensionless time, Figure 12. It is clehattas
temperature now at the meniscus centre. This I¢adthe evaporation proceeds, the height decreases in &ntk the
convection inversion observed (Figure 6). number of visible waves decreases linearly in tifiree number
) ) of waves is clearly higher for methanol which isrmeolatile
Volatile sessile drops than ethanol.
When observing evaporating sessile drops of ther fou w0 cr R ‘ ‘ .
studied liquids, interfacial thermal activity wascorded for &% % 9 Ethanol Waves
methanol, ethanol and FC72. Water did not exhibiy a kT {os02
interfacial temperature variations (Figure 10 (2@mperature § aop- % e s £
patterns were observed, in the case of methanolesimahol Z oo 178
similar patterns were recorded. Thermal train waheding the 2 B w@ 1. lowd
drop surface were clearly visible, Figure 10 (ln)the case of 2%r o T %
FC72, thermal cells emerging near the drop cemdedifting 5 % XXXTX' foseg
towards the edge were observed. The cells wereraregar the [ T, =
drop apex and smaller near the edge, Figure 10 (c). °r $ O ;‘“ 052
The interfacial temperature fluctuations in theeca$ both 00 0z oa o5 o5 10
Methanol and Ethanol were found to vary by a factof a Dimesionless fime, =t
degree, Figure 11. The amplitude of the fluctuaticas also Figure 12 Number of visible waves for methanol and
found to increase in time. Interfacial temperafiwetuations in ethanol drops on titanium substrate and drop heigblution.
the case of both methanol and ethanol drops wetkeobrder
of a fraction of a degree, Figure 11.These fludtust were The use of four different substrates of increagimgrmal
more pronounced in the case of FC72 drops (~1-2 °K) conductivity allowed us to investigate the roleyeld by the

thermal properties of the substrate. For the sélkwavity, the
results for two extreme cases (for methanol drops®
presented. As well as the previously noticed trefhdecreasing
wave number as the evaporation proceeds, the higher
conductivity substrate (titanium) exhibits a largarmber of
waves than the less conductive substrate (ceraRigyre 13.
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Figure 13 Number of visible waves for methanol drops on
ceramic and titanium substrates.

Temperature patterns observed for FC72 were arthlyge
characterising the size of the cells as a funatibtihe height of
the drop. It is clearly found that the size of ttedls increases
with increasing drop height. The effect of thermpedperties of
the substrate on the size of observed patternscinclusive,
Figure 14.
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Figure 14 Cells size as a function of drop height for FC72
drops.

Figure 15 shows the evolution of the interfaciagrthal
patterns for a drop of FC72 throughout its lifetirféne cold
spot at the apex of drop is larger and colder etogginning of
the drop lifetime. As the drop evaporates (the letipcreases)
the intensity of this cold spot and its extent ésluced. This
indicates that the overall temperature gradienvben the apex
of the drop and the edge decreases as the droprateg. The
size and number of the thermal cells also changiesirop
evaporates.

/ y.

.

t=0 t=2 sec t= 4sec
Figure 15 Evolution of thermal patterns for a FC72 drop in
time.

DISCUSSION OF RESULTS FOR DROPS

The thermal patterns observed in the case of Metheamd
ethanol drops are consistent with the behaviouemles! in the
case of HTW as reported in literature. This workadsel in the
fact that for the case of an evaporating sessidgldt both the
temperature gradient and fluid depth evolve in timdso,
previous work involving HTWs focuses on 2-D annuiéns
with imposed temperature gradients. In our workowasider
3-D liquid drops, the phenomenon occurs spontargoasd
results from evaporation and self-generated gréslienThe
novelty in the presented results is that both teatpee
gradient and fluids depth are evolving in time. The
phenomenon is also spontaneous, resulting from cestipn
and self generated gradients.

The propagation angle of the observed waves has bee
measured for both ethanol and methanol drops oeethr
different substrates. Methanol exhibits smaller pagation
angle than ethanol in all cases. The more condrstilstrates
show higher propagation angle, Table 1. Methandl ethanol
have Prandtl numbers respectively of 6.5 and 1AW for
liquids with larger Prandtl numbers exhibit higheopagation
angle, which is in agreement with our observatioibe
propagation angles of HTW are found to be higherdifpids
with high Prandtl numbers. This result is in agreatrwith our
findings, whereby the Ethanol drops, which haveighdér Pr
number than Methanol, exhibit larger propagatiogles

Substrate Liquid Propagation angle
(degree)
PTFE Methanol 11
Ethanol 20
Ceramic Methanol 14
Ethanol 25
Copper Methanol 19
Ethanol 28

Table 1 propagation angle for methanol and ethanol drops o
various substrates.

The dependence of the cells on the depth of theidiq
observed for the case of FC72 drops (Figure 5nigood
agreement with the observations of Mancini and Ma&24 for
evaporating plane liquids. The size of the celsuling from
the evaporation of a liquid is found to decreasehasliquid
depth is reduced.

CONCLUSIONS

The present paper summarises the results of two
experimental investigations. The first presenteddytis an
experimental study of the hydrodynamics of a meariformed
by a liquid in capillary tubes undergoing phasengjea The non
uniform evaporation process along the liquid-vapitierface
leads to self-induced temperature field that imtgenerates
surface tension gradients along the meniscus. tesfacial
stress so created drives a vigorous liquid coneecthat is
measured here by the use of a micro-Particle Image



Velocimetry (1-PI1V) technique. Temperature measurements
using advanced Infra Red (IR) technique allowetbumeasure
the interfacial temperature profile and externgbiltary tube
temperature. These two techniques proved to beuluseid
powerful tools in gathering important and otherwdicult to
monitor information on temperature and velocitydgeat the
micro-scale. The direction of the self-induced ation can
be reversed by applying a temperature gradientgalthre
capillary wall with a heating element. With the éshvertically
plunged in a pool of liquid, it is interesting toote that
providing external heating to the system can sulisity
change the convection patterns. In particular is wewvealed
that the flow is enhanced when the heating elerientelow
the liquid-vapour interface; on the contrary, whte heating
element is above the liquid-vapour interface anfficsent
power is provided, the flow pattern is reversedhwitspect to
the unheated situation. This important result camdithe fact
that the phenomena being studied here are stratgghinated
by the action of surface tension, because of thengtlink
between surface tension and temperature.

The second part of the paper reports for the tins¢ on the
appearance of thermal instabilities in the evapamatof
Methanol, Ethanol & FC72 droplets. The appeararfosave-
like thermal fluctuations is clearly observed fath Methanol
and Ethanol, and the similarities between theseewand the
HTW reported in literature are investigated. FC§also found
to exhibit thermal fluctuation; however these take form of
thermal cells which propagate radially from thementre to
the periphery. By investigating the observed behavia
greater insight into the underlying process is sbug
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