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Abstract: The understanding of near-wall motion, evaporation behaaia dry pattern of
sessile nanofluid droplets is fundamentalatwide range of applications like painting, spray
drying, thin film coating, fuel injection and inkjet priniinHowever, a deep insight into the heat
transfer, fluid flow, near-wall particle velocity ankeir effectson the resulting dry patterns is
still much needed to take the full advantage of these niaed-particles in the dropleThis
work investigates the effect of direct absorptive silisdver (Si/Ag hybrid nanofluids via two
experiments. The first experiment identifies thetion of tracer particles near the triple lineaof
sessile nanofluid droplet on a super-hydrophilic substrate uachsient conditions by the
multilayer nanoparticle image velocimetry (MnPIV) teijue. The second experiment reveals
the effect of light-sensitive Si/Ag composite nanopatiobn the droplet evaporation rate and
subsequent drying patterns under different radiation intensiliae results show that the
presence of nanoparticle in a very small proportion sigmifigaaffects the motion of tracer
particles, leading to different drying patterns and evaporasts, which can be very important

for the applications such as spray coating and inkjet pgintin
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1. Introduction

Liquid droplet evaporation has a wide range of applicatguch as inkjet printing, thin film

coating, spray drying, fuel injection and optoelectronic dewanufacturing [144], as well as the

diagnosis of diseases from drying the blood droplet and Ddkochips|[5

T] The deposition

pattern of a droplet depends on the fluid flow within the (ﬁbﬁ-lﬁ] temperature gradierrT[g

14{(15], concentration and type of the nanopartidles [16-18]. Ther@af the substrate [19-23]

and type of base fluitm also have important roles on the formation of ditogidgoosition
patterns The fluid flow within a nanofluid based droplet during evaporacan either be a
capillary flow or Marangoni flow. When the peripheral watlf the droplet are pinned on the
substrate surface at solid-liquid-vapor interface, atdlea three phase line or triple linguid
flows radially outward to refill the liquid loss due to evapamatiwhich is known as capillary
flow . Marangoni flow, on the contrary, works with a reversedfiom and due to non-
uniformly distributed surface tension alongside the liquidevdine. This uneven distribution of

surface tension may either be due to the temperature Wl or concentration gradient

-

The effect of various types of nanopatrticles on tragevation ofadroplet has been investigated

in many studieg [16-18fGan et aI.] studied the evaporation rate of ethan@da$O; and

Al nanofluid at various radiation levels, and showed that evaporation rate of Al nanofluid
was better than that of ADsdue to a higher absorption of Al nanoparticles. The effeadding
laponite,F&O3; and Ag nanoparticles to deionized water was investigated by é:lhal.] in
terms of nanofluid droplet evaporate rate. The evamoratite constants for nanofluids were
found to bedifferent from the classicafdaw. While Ag enhanced the evaporation rate, laponite

and FgOj; particles were found to suppress it, which was ascribed to gparent heat of



vaporization. Sefiane and Benna [18] found a reductiohenetaporation rate of ethanol
based aluminum nanofluid droplet on a heated PTFE (Pdafiteiroethylene) surface as
compared to the base fluith addition, they observed that the droplet evapordodowed the
d*law under higher convective temperature but not at lowaratural convection conditions
. Wei et al. ] investigated numerically the dependericevaporation rate on the Peclet
number, particle concentration and contact angle ofdtbelet containing nanoparticles. Gan
and Qiao ] observed experimentally that adding MWCNT’s to ethanol enhanced the
evaporation rate and droplet temperature due to improved logdbsarption. Information on the
micro flow visualization via nanoparticle image velocimgmi?lV) and total internal reflection

microscopy (TIRFM) for velocity measurement can be uatted in thesupporting material.

Using nanoparticles for direct absorption of solar energ a working fluid is a recent

development [30-38]Most of the work is at the macro scale in whickither the nanoparticle

assisted fluid heatin or steam generatio were investigatedunder

various radiation conditions by studying the space anéfopdral temperature variation over

the time However, the information regarding heat transfer, fluanfl particle velocity and
subsequent dry patterns at the micro droplet level is stiiirig in the literature. This work
proposed a novel experimental study to reveal the maal thotion of fluorescent particles in a
droplet-of nanofluid near the three phase contact linasiiyg TIRFMard MnPIV techniques
. The radiation absorptivityf Si/Ag hybrid nanoparticles at the micro droplet level is
studied under different radiation flax and the corresponding droplet evaporation rates are
revealed The deposition patterns of the nanofluid droplet afterttaoration are obtained with
the help of tracer particles using TIRFM. The particlevement behavior during the droplet

evaporation is further explained with the help of obtéideposition patterns.



2. Experimental section

2.1. Reagents and devices

A commercially available silicon powder (supplied by Nanostruct@&Adcorphous material
Inc.) and silver nitrate, AgQN©O(Sigma Aldrich Co) were used to synthesize Si/Ag core/shell
hybrid nanoparticles. To visualize the flow dynamics and depogiatters under total internal
reflection fluorescence microscopy (TIRFM), fluorest polystyrene microspheres (Invitrogen
FluoSphere F8803 supplied by Thermo Fisher) with 50 nm as noradghak were used as tracer
particles. Tracer particle with two concentrations & 2.10" wA/% and 5.0 x 10 w/v% were
used with various concentrations of core/shell Si/Agoparticles. The droplet evaporation tests
were conducted on a pendant drop setup (JC2000D4M), equipped wathpaiter controlled

high speed camera and coverslips (Thermo Fisher) wetdeasssibstrate.

2.2. Nanoparticle synthesis

The synthesis of Si/Ag core/shell hybrid nanoparticles edampleted in two phases. The first
phase included the dispersion of Si nanopowder with a leasike between 40 nand 100 nm.
The second step.in the core-shell fabrication proes&ssto coat the Si nanoparticles with Ag
through solution impregnation technique. This is a modifiechotkilogy developed by Kumar
and RaZEIEb] where 1 g of Si powder was dispersed with 100 0r25fM AgNG; (as a source
of Ag NPs) under vigorous stirring. To complete the soluitiopregnation process, the mixture
was allowed for at least 36 hours stirring at room temperafime solution was then calcined in
a muffle furnace at 708 for 2 hours. A light grey powder was obtained which wadispersed

in de-ionized water to get a measured concentration. The hyfrids tracer particle solution as



base fluid and Si/Ag nanofluid were made by mixing the knowmcewtration of each and

presented ifable 1 in which B and H stand for base fluid and hybrid fluid respelst

For morphological analysis on transmission electracroacope TEM), holey Au grids were
used where a drop of theretshell Si/Ag hybrid nanofluid was dried on shiny side of gricbbef
further analysis. TEM analysis Ig. 1 clearly shows that Si nanoparticles are coated with Ag.
The inner dark round area in red circle in Fig. 1 (b) & $ihcore while the light cloud in blue

circle around the dark core is coating of silver.

2.3. Experimental setup and procedure

The velocity of the tracer particles near the thremsplcontact line of the droplet was measured
using an inverted microscope (Olympus, IX71) and MnPIV technife.fluorescent particles
in hybrid withSVAg nanoparticles were illuminated by an evanescent wavadaxponentially
decaying intensity along the distance normal to the Wallevanescent wave can be developed
when a light beam travelling through a medium having ra¥@acindexn, enters another
medium having a lower refractive index at angle larger than the critical angle. The critica

angle @.) can be defined as below;

_ g™
6. = sin Tl1 1)

The intensity of the evanescent wave can be expresstmicaN];

1) = el ) @
Wherel andI,, are the evanescent wave intensityand the maximum intestsithe wall (i.e.
z = 0) respectively and andz, are the distance normal to the wall and the penetratepth

respectively. The penetration depth)(can be expressed as in Eq. (2);
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Where4, is the wavelength of the incident lightjs the incident angle. The glass coverslips
(Thermo Fisher) treated with piranha solution (3:1 voluai® of 98% HSO, and 30% HO)

to make them highly hydrophilic as describe [23] were used asaebsor the case of near
wall motion analysis of the tracer particles in thenoyarticle hybrid droplet and their
subsequent dry patterns, the ambient temperature and rédatividity were maintained at 22 +

1°C and 40 + 1% respectively.

The evanescent illuminationasobtained from a continuous wave solid laser (Cohererb-
LA-AR) coupled with an optical fiber at a wavelength of 488 nnpeAetration deptfe,) of 86
nm was achieved by a total internal reflection fluorescefld®F) objective lens having
magnification of 60x. The optical fiber had a coupling efficierof about 65% and the laser
output power was >5 mW. An epifluorescent bandpass filter @@beoma Tech, HQ550/40 m)
isolates the polystyrene emissions. The bandpasstfétesmits light at 512 nm wavelength and
reflects the 488 nm radiance which is imaged by the TIRFctitgeat 15 mS exposure time on
to EMCCD (Electron multiplying charge coupled device, AnddON 3 Ultra). The EMCCD
recorded 16 bit 256 x 256 pixels images at an electronic g&rand framing rate of about 62
Hz. The imaging system with 60x magnification has field vigfn68.26 x 68.26 pfn The
excitation light with a very small intensity (5mW) hasnegligible influence on the droplet
evaporation which was also confirmed by recording the totghglrtime with and without
excitation light under the same ambient conditionsciematic of the TIFRM setup is given in

Fig. 2 (a) and a photo of the inverted microscope is giveRigure Sl in the supporting data.



The experimental procedure includes the steps: (i) ubigdahe TIRFM objective lens with
appropriate volume of immersion oil, (ii) placing thegaeed glass coverslip (substrate) on the
TIRFM objective, (iii) dripping a drop 0.5 pL of nanofluidtiv a precise micropipette (Fisher
Scientific) on the substrate, (iv) adjusting the obye lens to bring the bottommost part of the
droplet in focus, (v) adjusting the incident angle of ¢lxeitation light for the generation of an
evanescent wave at the lowermost part of the substratetédrinternal reflection and bringing
the objective lens in perfect focus, (vi) recording thetiglar motion information through
EMCCD with an interval of 10 second till the completamoration of the droplet, (vii) imag
processing using standard algorithm of particle velocimetdy (&) changing the nanofluid
concentration by following the steps (ii) through (vii). gehematic of the experimental
procedure for flow analysis is also showrFig. 3. In'one measurement, the EMCCD recorded a
series 100 images with 50 sets of in-plane intensity datehwinze averaged to minimize the

chance random error.

The tracer particle position with respect to the wadl #us the movement of the tracer particles
in the liquid film close to the three phase line can be dgfiethtoy processing the images using

standard algorithm of particle velocimetry. The technique i accuracy had already been

validated by various research[zn1-43] using different methods including micro scale

Poiseuille flow, near wall flow, nanoscale near wall tagh line visualization and electro
osmotic flow. The uncertainty in the velocity can be redutm <4% by carefully choosing the

size of measuring window, time interval and averaging iplalresults as suggested by R. Sadr

et al. ].

The evaporation of the nanofluid droplet containing Si/Agoparticles and fluorescent tracer

particles was carried out on a pendant drop setup (JC2000D4M) difideznt irradiance levels



as schematically shown kig. 2 (b). The droplet drying process was imaged with a high speed
CCD camera at the rate of 25 frames per second. Thelsmslution of the imaging system
was about 3 pm per pixel. The distance between the mgayistem and the droplet was kept
constant to have comparable results. A micro syringe pumspused to drip the droplet on the
glass substrate. The droplet was evaporated three tirdes @ach radiation condition to confirm
the consistency in the drying time recording. Images wakent from the time of dripping the
droplet onto the glass substrate till it vanished complefekelf-developed MATLAB code was
used to process all the images which counts the numbered$ jxthe droplet zone. The pixels
could be converted to droplet nominal diameter, droplet heigtt volume at different time
intervals during the evaporation by scaling the pixels tobgecbof known size. The deposition
patterns of the dried droplet in each case were recordddR¥M setup using laser light and

10x magnification objective with EMCCD.

3. Resultsand analysis

3.1. Near-wall tracer particle motion analysis

The measurement of in-plane average velocity of trpadicles near the three phase line of the
nanofluid droplet was done using MnPIV technique from theesar images recorded through

EMCCD. The average in-plane near wall velocity of trgzaticles dispersed in deionized water
without nanoparticles is shown Kig. 4 (a) and the velocity of tracer particles in hybrid with

Si/Ag core/shell nanoparticles at various concentratismiven inFig. 4 (b). The flow behavior

of the tracer particles within the droplet could be iafilced by either Marangoni convection or
capillary convection. As there is no externally applieght source on the droplet area, the

temperature difference developed on the basis of natuagloeation only is not enough to



develop a Marangoni efte . Hence the capillary flow is thought to be the maanse of
tracer particles near the three phase line of the droplgch is also supported by the ring like
deposition pattern of the droplet after evaporation asvshn Fig. (5).Via particle movement
analysis through TIRFM objective lens of the inverted nsicope, it was observed that the
outward velocity of tracer particles from the cenpaft of the droplet was increased as they
approach the contact line. This phenomenon can be atdibota much higher evaporation rate
near the three phase contact line of the droplet #tatine central portion. Consequently a
compensatory fluid flow from the center to the edge ofttloplet is induced. This non-uniform
evaporation rate of the droplet along the radial dipecttan be described quantitatively by

taking the average in-plan tracer particle velocity #rel wettability close to the edge of the

droplet into accou5] and is given as below;

Vavg = (o — r)_b (4)

Wherer is the distance between the position of the traceicfgaand the center of the droplef,
is the initial radius of the droplet and the constanan be expressed as below;

_ m— 26,

= 2m— 20, (5)

wherd, is the contact angle of the droplet with the substrate

It was also observed while looking through TIRFM objective iaominated by an evanescent
wave that the tracer particle motion is complicatethatearly stage of the droplet evaporation.
The overall motion of the particles at the initialaporation phase was such that the tracer
particles were moving towards the center of the droplet werdosublayers and towards the

droplet edge in the upper sublayers indicating a compensatomjating flow towards the three



phase contact line region. The particle motion at the rlosublayers of the droplet was
suppressed at the final evaporation phase and the veladities tracer particles from the center
to the droplet edge increased continuously as showigid, irrespective of the concentration of
the tracer particles and nanoparticles. A slight deeréa the particle velocity was observed at
the last moment of evaporation of droplet having no goin@noparticles (B1 and B2) as shown
in Fig. 4 (a). But no such suppression in velocity was observed fodtbplets having Si/Ag

nanoparticles in hybrid with the tracer particles (H1 tigto H4) as shown ifig. 4 (b), which

can be associated to a relatively rapid evaporatioratdtes final evaporation phase.

The velocity profiles of the tracer patrticle in the dromstgiven inFig. 4 (b) show that the near
wall velocity in the droplet having less concentratio’s@Ag nanoparticles is higher than that of
higher concentration at a given tracer particle comagon Also the motion of the tracer
particle is suppressed close to the three phase contact line esncentration of the fluorescent
particles or Si/Ag nanoparticle is‘increased. This mighadseciated with the increased particle
density and the inter-particle collisions, which may supptessnovement of the particles in the

droplet during evaporation.

The deposition patterns of the droplet dried under the ambdaetitions and in the absence of
any external heat source are showrkig. 5.The evaporation of the sessile droplet may follow
the constant contact radius (CCR) mode or the constantaact angle (CCA) mode or
combination of them. In CCR mode, the contact linehefdroplet is pinned to the substrate and
the contact angle keeps on decreasing while the contact @mgéns fixed and the droplet
contact area keeps decreasing during the evaporation inn@ca ]. The evaporation of the
droplets in the current study followed the CCR mode duringriitial evaporation phase while

the CCA mode was followed at the dry out phase of thplelras shown ifrig. 5, which is in-



line with the observation from a few other researcﬁ 47-49]. Fig. 5 also shows that both

tracer particle concentration and nanoparticle conaBoir affect the drying patterns
significantly. In the absence of nanoparticles, moaedr particles are accumulated toward the
droplet center as the evaporation proceeds. A cleatipnct multi ring structured dry pattern of
the evaporated droplet is developed at the lower concemti@tithe tracersshowing a stick-slip
flow behavior. A higher concentration of tracers develogdial spokes in combination with
tightly packed concentric multi rings, as also mentibbg Sun et al3}\Nith the inclusion of
nanoparticles, the inward movement of tracer particles iwtarded, as suggested by a nearly
zero tracer particle concentration at the center haf droplet after dryinglinstead high
concentrations of tracer particles are seen in ourigs rwhich suggests that during CCA mpde
the presence of nanoparticles retarded the inward moverh#re contact line and increased the

pinning time, drawing the surrounding tracer particles to tmeact line.

3.2. Droplet evaporation and deposition patterns

The evaporation profiles of the drogdor various concentrations of the fluorescent pauicle
and core/shell Si/Ag nanoparticles under varying irradianegdere given irrig. 7andFig. 8.
There was a slight variation in the initial droplet wokiin each experiment, normalized volume

(v,,) during the droplet evaporation time are compared whictbearalculated as below;

V;
V= A (6)

HereV, is the droplet volume at any timeduring the evaporation arf is the initial droplet
volume. As the normalized volume is a ratio of theuwmds, it does not have any uikitgure S2
in supporting material shows the evaporation of the drapletaining tracer particles only (B1

and B2) and act as a baseline for the hybrid droplet evagargtgure S2 (a) shows that the



tracer particletave negligibé influence on the evaporation of the droplet. As thesirparticles
are the fluorescent particles only (i.e. with very weigktl absorptivity), the change in the
intensity of light as a heat source has almost no infleen the droplet evaporation behaviour
Figure S2 (b) shows that evaporation curves for the three irradidsvegs almost overlap each
other at the initial stage of the evaporation. The fatadje of the droplet evaporation experiences
a very negligible effect of incoming light intensity.can be assumed that any significant change

in the evaporation behaviour of the droplet is due to the/sloell Si/Ag nanoparticles.

The normalized evaporated volume over the evaporaioa for the droplet from hybrid H1
under the varied incoming heat flesis given inFig. 6. The presence of Si/Ag core/shell
nanoparticles in the droplet changed the evaporation ¢imine droplet dramatically under
different irradiance levels. The light absorbing Si/Agnoparticles decreased the evaporation
time of the droplet as the intensity of the incomindhtligs increased thereby increasing the
evaporation rate as shown in the inseE@f 6. The evaporation rate is increased from 5.8 pL/s
to 10.6 pL/s as the irradiance is increased from amhbienb W for the same amount of tracer
particles and nanopatrticles. This increase in the drepkgboration rate can be associated with
the localized heating around the highly absorbing nanopatti€ilg 7 (a) shows the influence of
Si/Ag nanoparticle concentration in hybrids H1 and H3 contpariéh B1 at 75 W irradiance
while the effect of core/shell nanoparticles in hybrids H2 ldd compared with their respective
base fluid B2 under 25 W is presentedrig. 7 (b). The droplet evaporation rate is increased
from 9 plL/s to 14 plL/s with the addition of only 0.006 w% Si/Ag aptticles, i.e., an

enhancement of 55.5% over the base fluid.

The fluid flow dynamics and the effect of nanoparticleitiold on the three phase contact line

pinning during the droplet evaporation can also be obseroeed tihe deposition patterns. The



particles in the droplets having different particle con@gions and evaporated under varied

irradiance levels exhibited different deposition patterrsaasbe seen iRig. 8 andFig. 9.

Similar to the non-irradiation case, a non-uniform evapon caused by the capillary flow takes
most of the particles in the droplet to the contact lim& deposited ther&€€onsequently a bright
ring is developed as shown Fig. 8. It can be stated that the very first pinning-depinning-
pinning cycle of the droplet contact line during almost halthef droplet evaporation time is
wider for the lower particle concentrations than thiahigher concentrations of the tracers as
well as Si/Ag nanoparticles. Then the recurring procégsnoing and depinning of the droplet
contact linewhich is also known as ‘stick-slip behavior’ starts till the complete evaporation of

the droplet thereby giving a multi-ring like patter of theedrdroplet. In some cases, the contact
line is pinned and the residual fluid at the center of theldt is moved to the pinned edge under
thermocapillary flow at the final evaporation stage a thoplet, leaving a relatively empty
space at the center of the droplet as showRigr8 (c) andFig. 9 (b and c). The recurring rate
of stick-slip of the contact line of droplet having higlparticle loading and under the higher
thermal intensity is so fast that the overlappingnosame cases very tightly packed asymmetric

rings pattern is developed during the droplet evaporationrelsecaeen iffrig. 9.

The particle velocity, evaporation rate and deposipatierns of the droplet are significantly
influenced by the concentration of the Si/Ag core/smalhoparticles, tracer particles and
radiation intensity. The concentration of the nantiglas greatly enhanced the droplet
evaporation rate due to the highly absorbing Si/Ag nanopartighéch also influence the
deposition patterns. However the mechanism of asymmeyridafiosited particles duration the
evaporation of the droplets containing tracer partiold &i/Ag nanoparticle hybrids is a

complex phenomenon and required further detailed study.



4. Conclusion

The near wall particle motion, evaporation rate and depospatterns of sessile droplets
containing a hybrid of tracer particles and core/shell Sifagoparticles are investigated
experimentally in this paper. This is an advancement iptaéminary studieﬁ] on the
near-wall fluorescent particle motion in a sessile dropleporation. Unlike the numerous
numerical or experimental and/or numericm studies, which individually
focused either fluid flow, heat transfer characterisgsporation modes or dry patterns of only
one type of nanofluid droplet, this study presentietailed experimental insight into the effects
of these factors in an evaporating Si/Ag nanofluid dro@et their influences on the
consequential deposition pattern. It was observed thatabertparticle motion, determined by
the MnPIV technique, exhibited a circling pattern at the ingielporation stage due to the non-
uniform evaporation rates between the edge and the cdntiee droplet. An enhancement of
about 55.5% in the droplet evaporation rate was observédowiy 0.006 wt% concentration of
Si/Ag nanoparticles. The pinning and depinning of the conteelf the droplet and the pinning
time were significantly influenced by the concentratiérihe nanoparticles, which also altered
the deposition pattern of the tracer particles. Thestem contact radius (CCR) and constant

contact angle (CCA) modes of the droplet evaporation aewed recurrently during the

evaporation process, which is consistent with the observof some other research 23

, giving rise to asymmetrical deposition patterns. Theparicle concentration significantly
influenced the droplet evaporation rate, leading to agutae deposition patterns. The addition
of radiation-sensitive Si/Ag composite nanoparticleshie droplets may be a very important

feature in spray drying and thin film coating on which the futuwek will be focused.
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Fig. 3 Experimental procedure for the analysis of panticdé&on near the three phase line of the droplet
using TIRF setup
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Fig. '5 Deposition patterns of naturally evaporated @topith different concentrations of tracer particles
and Si/Ag core/shell nanoparticles in the absence of exteeadkource(a) B1, (b) B2, (¢) H1 and(d)
H2. The deposition pattern images are intertwined from subédsa
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Fig. 8 Deposition patterns of the droplefafB1, (b) H1 and(c) H3 evaporated at 25 W irradiance

Fig. 9 Deposition patterns of the dropdéfa) B2, (b) H2 and(c) H4 evaporated at 75 W irradiance
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Table 1 Concentration of tracer particles and Si/Ag naniofesrin the hybrids and their initial average
contact angle measurements

Hybrid  Tracer particle concentration (%  Nanoparticle concentration Initial contact.angle

no. wiv) (Yowt) (degree)
Bl 0.00025 30.4
B2 0.00050 31.7
H1l 0.00025 0.003 28.8
H2 0.00050 0.003 27.6
H3 0.00025 0.006 29.5

H4 0.00050 0.006 29.8




