Applied Thermal Engineering 248 (2024) 123152

s

ELSEVIE

journal homepage: www.elsevier.com/locate/apthermeng

Contents flfists avafiflabfle at ScfienceDfirect APPLIED

THERMAL
ENGINEERING

Appflfied Thermafl Engfineerfing

Research Paper

Heat transfer and phase finterface dynamfics durfing fimpact and evaporatfion
of subcoofled fimpfingfing dropflets on a heated surface

Md Tanbfin Hasan Mondafl?, Md Shafayet Aflam?, Rfifat-E-Nur Hossafin”, Arden L. Moore >

2 Instfitute for Mficromanufacturfing, Loufisfiana Tech Unfiversfity, Ruston, LA 71272, USA
Y Mechanfical Engfineerfing Dept., Loufisfiana Tech Unfiversfity, Ruston, LA 71272, USA

ARTICLE INFO

Keywords:

Dropflet fimpfingement
Dropflet evaporatfion
Movfing contact flfine
Phase-change heat transfer
MEMS devfice

ABSTRACT

A comprehensfive understandfing of heat transfer mechanfisms and hydrodynamfics durfing dropflet fimpfingement on a
heated surface and subsequent evaporatfion fi crucfiafl for fimprovfing heat transfer modefls, optfimfizfing surface
engfineerfing, and maxfimfizfing overaflfl effectfiveness. Thfis work showcases ffindfings reflated to heat transfer
mechanfisms and sfimufltaneous trackfing of the movfing contact flfine (MCL) for subcoofled fimpfingfing dropflets across a
range of surface temperatures, uffiflfiAing a custom MEMS devfice, at mufltfipfle fimpact veflocfitfies. Experfimentafl
resuflts show that heat fflux caused by dropflet fimpfingement has a weaker dependence on surface temperature than
recedfing MCL heat transfer due to evaporatfion, whfich fis sfignfifficantfly surface temperature dependent. The
measurements aflso demonstrate that when a dropflet fimpacts a heated surface and evaporates, the process can be
dfivfided finto two segments based on the effectfive heat transfer rate: an fifififl conductfion-domfinated segment
foflflowed by another segment domfinated by surface evaporatfion. For subcoofled fimpfingfing dropflets, the effect of
oscfiflflatory motfion fis found to be negflfigfibfle, unflfike fin a superheated regfime; hence, heat conductfion finto the
dropflet entfirefly governs the ffirst segment. Resuflts aflso show that heat fflux at the soflfidflfiqufid finterface of an
fimpfingfing dropflet fincreases wfith the rfise of efither fimpact veflocfity or surface temperature. In the subcoofled
regfime, dropflets fimpactfing a heated surface have approxfimatefly 1.6 tfimes hfigher vertficafl heat fflux vaflues than
gentfly deposfited dropflets. Furthermore, thfis study quantfiffies the contrfibutfions of buoyancy and thermocapfiflflary

convectfion wfithfin the dropflet to the overaflfl heat transfer.

1. Introduction

Besfides befing a common naturafl phenomenon, dropflet fimpfingement
has been consfidered a topfic of fimmense finterest fin numerous findustifiafl
and technoflogficafl appflficatfions, fincfludfing but not flfimfited to spray
cooflfing, ffire suppressfion systems contafinfing sprfinkflers, cooflfing of tur-
bfine bflades, fuefl-afir finteractfion fin fintemafl combustfion engfines, and
cooflfing towers [1-9]. More recentfly, wfith the fincrease fin power densfity,
the mficroeflectronfic findustrfies requfire cooflfing technoflogfies wfith hfigh
heat removafl capacfity, where spray cooflfing has emerged as an effectfive
technfique wfith fits outstandfing capabfiflfity of retafinfing unfiform cooflfing
temperature dfistfibutfion throughout the heat fflux surface [3,10].
Studyfing hydrodynamfics and flocaf]l heat transfer for a sfingfle dropflet
fimpfingement on a heated soflfid weflf] fis essentfiafl to enhance a deeper
understandfing of the spray cooflfing technfique and maxfimfize overaflfl
effectfiveness [2,6,9,11]. Despfite fits ubfiqufity across naturafl and man-

made events as outflfined above, studyfing dropflet fimpfingement on a

heated waflfl fsnot tfivfiafl as fit fisa compflex phenomenon finvoflvfing mass,
momentum, and heat transfer finteractfions [1,2]. The characterfistfics of
the dropflet and heated surface finteractfions mafinfly depend on the
physficafl propertfies of flfiqufid substrate propertfies, fimpact veflocfity,
fimpact dfiameter, and surface temperature [2,5,6].

Nomenclature

u Impact veflocfity (m/s)

D Impact dfiameter (m)

o, Lfiqufid densfity (kg/m®)

hyg Latent heat of water (kJ/kg)
o Surface tensfion (N/m)

v Voflume of the dropflet (m>)
rq Wettfing radfius (m)

L= s Characterfistfic flength (m)

u nré Dynamfic vfiscosfity (Ns/m?)
a Thermafl dfiffusfivfity (m?/s)
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(contfinued)

Nomenclature
g Accefleratfion due to gravfity (m/s%)
8 Coeffficfient of thermafl expansfion (' C 1
v Kfinematfic vfiscosfity (m?/s)
A, Dropflet contact area (m?)
As Dropflet surface area (m?)
Ts Surface temperature ('C)
Tq Dropflet temperature (''C)
AT Temperature dfifference (-C)
We - p,,Du? Weber number

o

do ATL Marangonfi number

Ma= 9T

Ua
G gBATL? Grahshoff number

r =
v2
2 Bond b

Bo - gBpL ond number

Q Heat transfer rate at the soflfid{lfiqufid finterface (W)

h: Heat transfer coeffficfient at soflfidflfiqufid finterface [W/ (m2 (9]
Hifigpvap Heat transfer coeffficfient at flfiqufid-vapor finterface [W/| (m?'C)]
Qsen Sensfibfle heat transfer rate wfithfin dropflet (W)

Qconv/ext Convectfive (externafl) heat transfer rate (W)

Qrad Radfiatfive heat transfer rate (W)

Qifig/vap Heat transfer rate at the flfiqufid-vapor finterface (W)

Cw Specfiffic heat capacfity of water [J/(kg'C)]

kw Thermafl conductfivfity of water [W/(m'"'C)]

Reot Totafl thermafl resfistance (- C/W)

Rarop,cond Thermafl conductfive resfistance wfithfin the dropflet (“C/W)
Rifighap Thermafl resfistance at flfiqufid-vapor finterface ( C/W)

Rrad Radfiatfive thermafl resfistance ("C/W)

Reonv/ext Externafl convectfive thermafl resfistance ('C/W)

6
teond

Thfickness of the dropflet (m)
Tfime scafle for heat conductfion finto the dropflet (s)

Dropflet fimpact on a heated surface and subsequent evaporatfion com-
prfises severafl physficafl phenomena that requfires researchers to finvestfi-
gate from both heat transfer and hydrodynamfic perspectfives. Precedfing
studfies have fidentfiffied ffive dfistfinct characterfistfic behavfiors: compfletefly
wet, wet ffifim bofiflfing, transfitfion, dry rebound, and sateflflfite dry rebound
[2,12]. When the surface temperature fis flower than the saturatfion
temperature of the flfiqufid or finsuffficfient to nucfleate bubbfles, the dropflet
spreads on the surface after fimpact and adheres to the surface
throughout the evaporatfion process; thfis behavfior fis referred to as the
compfletefly wet/deposfitfion fimpact behavfior [2,12]. The expansfion of
the dropflet upon fimpact on a soflfid weflfl refers to the spreadfing regfime,
wfith dropflet fimpact veflocfity and surface wettabfiflfity pflayfing the most
crucfiaf] rofle [13,14]. After reachfing the maxfimum spreadfing dfiameter,
the flfiqufids surface tensfion finfitfiates retractfion, known as the recedfing
regfime. The flfiqufid surface tensfion, surface shape, and weflfl temperature
greatfly finffluence the recedfing regfime of an fimpactfing dropflet [15].
From a heat transfer perspectfive, surface temperature pflays the most
crucfiafl rofle fin finffluencfing the hydrodynamfics and heat transfer phe-
nomena finvoflved wfith the fimpfingement and subsequent evaporatfion
[6,11]. Four dfistfinct behavfiors have been fidentfiffied dependfing on the
surface temperature and duratfion of evaporatfion of a sfingfle dropflet on a
heated surface: ffiflm evaporatfion, nucfleate bofiflfing, transfitfion bofiflfing,
and fiifimbofififing [ 2,16]. Hiflmevaporatfion occurs when a dropflet fimpacts a
sofffid weflfl havfing a surface temperature beflow the saturatfion tem-
perature of the flfiqufid or even fif the surface temperature exceeds the
saturatfion pofint but fi «fifl finadequate to nucfleate vapor bubbfles
[2,15,17]. A comprehensfive revfiew by Lfiang et afl. [2] of heat transfer
mechanfisms and hydrodynamfics durfing dropflet fimpfingement on heated
weflfls denoted that the overaflfl heat transfer durfing the process strongfly
depends on the magnfitude of surface temperature reflatfive to the satu-
ratfion temperature of the flfiqufid Other key factors that finffluence the
dropflet/surface finteractfions are fimpact veflocfity, fimpact dfiameter, and
the physficafl propertfies of the fifiqufid [2]. A semfinafl experfimentafl work
on dropflet fimpfingement heat transfer by Bernardfin et afl. [18] reveafled
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that the surface temperature and spreadfing characterfistfics of the dropflet
are the two most sfignfifficant parameters that finffluence the overaflfl heat
transfer mechanfisms, agafin hfighflfightfing the need to study fimpactfing
dropflet phenomena from a mufltfi-physfics approach. Experfimentafl and
numerficafl studfies by Ghoflfijanfi et afl, [6,9], have demonstrated that the
fimpact veflocfity of a dropflet aflso sfignfifficantfly finffluences the heat transfer
that occurs durfing the fimpfingement. These studfies have reveafled that
the hfigher fimpact veflocfitfies enabfle hfigher heat transfer due to the
hfigher maxfimum spreadfing dfiameter, whfich causes hfigher temperature
dfifferences at the sofffidflfiqufid finterface.

In recent studfies, researchers have empfloyed modern technfiques
such as hfigh-speed fimagfing, finterferometry, and totafl fintemafl refflectfion
schemes to thoroughfly finvestfigate the hydrodynamfics of the fimpfinged
dropflet, fincfludfing the fimpact and spreadfing characterfistfics, to estabfIfish a
correflatfion wfith the flocafl heat transfer mechanfism [12,19-21].
Experfimentafl finvestfigatfions and numerficafl sfimuflatfions on spreadfing
behavfior [8,22] have demonstrated that the overaflfl heat transfer process
due to dropflet fimpfingement comprfised three subsequent segments:
dropflet spreadfing, recedfing, and sessfifle dropflet evaporatfion. It fis worth
mentfionfing that experfimentafl finvestfigatfions [23,24] have deduced the
three-phase contact flfine or movfing contact ffinre (MCL) as the regfion wfith
the hfighest heat transfer durfing dropflet fimpact and evaporatfion on a
heated surface. Our recent work on sessfifle dropflet evaporatfion [25]
concflusfivefly proved thfis vfia findependent mficroscafle measurements of
surface temperature and contact flfire movement. An experfimentafl work
by Lee et afl [26] combfinfing MEMS devfice and hfigh-speed fimagfing
denoted that the maxfimum heat transfer occurs at the dropflet spreadfing
phase rfight after the fimpact, whfich occurs because of the maxfimum
temperature dfifference between the cofld flfiqfid and the soflfid heated
substrate.

Aflthough there have been numerous experfimentafl and numerficafl
studfies conducted fin flfiterature to expflore hydrodynamfics and heat
transfer mechanfisms durfing dropflet fimpfingement, the number of studfies
focused on measurfing the mficroscopfic thermo-fflufid phenomena near the
three-phase contact flfire fis flfimfited, specfifficaflfly correflatfing the heat
transfer data to the finterfacfiafl behavfior of the fimpacted dropflets. Due to
fits compflex nature, when fit comes to finvestfigatfing phase-change heat
transfer at the mficroscafle, fit fis essentfiafl to correflate the finterdependence
of heat transfer mechanfisms wfith dynamfic phase finterface behavfior,
requfirfing more sophfistficated and mufltfifaceted sensfing schemes. More-
over, there are onfly a few comprehensfive studfies fin the flfiterature that
focus on studyfing the finffluence of sfignfifficant parameters such as surface
temperature and fimpact veflocfity as weffl as denotfing the specfiffic
contrfibutfion of the heat transfer regfimes flfke conductfion, convectfion,
and surface evaporatfion durfing dropflet fimpfingement and subsequent
evaporatfion. Quantfifyfing and dfifferentfiatfing the dfistfinct heat transfer
regfimes, thefir transfitfion, overaflfl magnfitude, and dependence on the
surface temperature and fimpact veflocfity fis another pressfing need for
fimprovfing heat transfer modefls, optfimfizfing dropflet surface finteractfions,
and enhancfing overaflfl effectfiveness. Prevfious studfies have mafinfly
focused on measurfing heat transfer dynamfics and often used externafl
equfipment such as hfigh-speed cameras and optficafl fimage processfing to
evafluate finterfacfiafl behavfior. These technfiques’ macroscopfic spatfiafl
resoflutfion and fifififlfity, fie,, fifine of sfight and vfiewfing angfle, often
hamper precfise detectfion of the flocatfion and temperature gradfient finthe
MCL regfion. Our current study addresses these research needs by
empfloyfing a custom-desfigned MEMS devfice for findependent, reafl-tfime,
mfinfimefifly finvasfive temperature measurements and sfimufltaneous
mficroscafle trackfing of the MCL durfing dropflet fimpfingement and sub-
sequent evaporatfion.

To the best of the authors’ knowfledge, there has been no finvestfiga-
tfion so far that combfines the expfloratfion of varfious heat transfer regfimes
occurrfing durfing dropflet fimpfingement and subsequent evaporatfion,
aflong wfith examfinfing the fimpact of finffluentfiafl parameters such as
fimpact veflocfity and surface temperature for subcoofled fimpfingfing
dropflets. In thfis study, the fimpfingfing dropflets have been experfimentaflfly
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finvestfigated vfia a custom-desfigned MEMS devfice to expflore the finter-
dependence of underflyfing heat transfer mechanfisms at the three-phase
contact flfine regfion wfith the sfimufltaneous trackfing of the phase finter-
face behavfior. Apart from finvestfigatfing the effect of fimpact veflocfity and
surface temperature for subcoofled fimpfingfing dropflets, thfis work mafinfly
focused on dfiscernfing the specfiffic contrfibutfion of conductfion, convec-
tfion, and surface evaporatfion throughout the process. The ffindfings of
thfis study regardfing the transfitfion from fifififlheat conductfion to quasfi-
steady surface evaporatfion and effectfive heat transfer rates assocfiated
wfith these can flead to more accurate modefls for phase-change heat
transfer processes and maxfimfize overaflf] effectfiveness. Addfitfionaflfly, the
capabfiflfity to track the MCL behavfior and temperature measurements

sfimufltaneousfly at the mficroscafle fin reafl-tfime wfith a mfinfimeffly finvasfive
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devfice used fin thfis work can pave the way for new posfibfiflfitfies fin
thermafl management and process controfl fin hfigh-precfisfion

manufacturfing and eflectronfics cooflfing.
2. Methodology

To date, most of the research fin thfis ffiefld has empfloyed finfrared
thermography or macroscopfic temperature sensfing probes to measure
the temperature dfistfibutfion due to the fimpact and the subsequent
spreadfing and recedfing of the fimpacted dropflet on a heated waflfl
Aflthough finfrared thermography fis a wfidefly used technfique fin flfitera-
ture, fit fis onfly appflficabfle for measurfing temperature dfistrfibutfion fin
pflaces where optficafl access to the surface fis avafiflabfle. The flfimfitatfion of
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Fig. 1. Optficafl fimages of the composfite mficrodevfice empfloyed for finvestfigatfing dropflet fimpfingement: (a) the mficrodevfice attached to a ceramfic chfip carrfier; (b)
mficroscope fimage of the mficrodevfice’s sensfing zone comprfisfing RTDs, IDE-based capacfitance mficrosensors, and a resfistance heater; (c) a detafifled vfiew of the sensfing
zone, showcasfing IDEs and RTDs; (d) schematfic dfiagram of the cross-sectfion of the mficro-devfice (conceptuafl fimage, not to scafle).
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resoflutfion of other macroscopfic temperature sensfing probes and wave-
flength dfiffractfion ffinfi of finfrared thermography often restrficts thefir
appflficabfiflfity fin mficroscafle temperature measurement. However, ¥l
these methods’ knowfledge of temperature dfistrfibutfion aflone does not
provfide ofitficaf] finsfights finto the finterdependence of phase-finterface
dynamfics and heat transfer mechanfism on a mficroscafle. Thus, fit re-
qufires a sensfing scheme for mficroscafle trackfing of the MCL to unflock a
meanfingfufl correflatfion between the phase finterface and the heat
transfer mechanfisms finvoflved fin dynamfic phase-change heat transfer
processes. When fitcomes to trackfing the flocatfion of the MCL, most of the
prevfious works empfloyed hfigh-speed optficafl fimagfing and post-
processfing of finfrared fimages. These technfiques usuaflfly finfer the MCL
as the regfion cofincfidfing wfith flocafl temperature mfinfimum and hfigh heat
fflux vaflues. However, these methods have flfimfited accuracy due to thefir
macroscopfic spatfiafl resoflutfion and vfifibfiflfity, whfich fis restrficted by the
flfire of sfight and vfiewfing angfle, makfing fit dfiffficuflt to detect the exact
flocatfion and temperature gradfient fin the MCL regfion. In order to over-
come these barrfiers and reveafl new finsfights, a composfite MEMS devfice
was uffiffized fin thfis work to measure the temperature changes and
monfitor the flocatfion of the MCL of the dropflet throughout the heat
transfer process sfimufltaneousfly on the mficroscafle. Thfis mficrodevfice aflso
contafins a thfinffiflm resfistance heater to provfide desfired surface tem-
perature, whfich makes fitan findependent experfimentafl setup for finves-
tfigatfing phase-change heat transfer processes.

2.1. Mficrodeyfice overvfiew

Ffig. 1 shows the flaser mficroscopfic fimages of the composfite mficro-
devfice empfloyed for finvestfigatfing the heat transfer process due to
dropflet fimpfingement. As the cross-sectfionafl dfiagram fin Ffig. 1(d) shows,
thfis mficrodevfice consfists of three metafl flayers, where a thfin poflyfimfide
flayer provfides eflectrficafl finsuflatfion between each two consecutfive metafl
flayers. Thfis mficrodevfice adopted a commercfiaflfly avafiflabfle fiflficon wafer
wfith a PECVD grown 2 pm thfick iflficon nfitrfide on top as the startfing
substrate. The fifififl metafl flayer deposfited on the startfing substrate acts
as a thfin ffiflm resfistance heater to achfieve the desfired surface tempera-
ture. A serfies of resfistance temperature detectors (RTD) was deposfited as
the second metafl flayer on top of the ffirst finsuflatfion flayer of poflyfimfide.
The RTDs provfided temperature dfistrfibutfions underneath the fimpacted
dropflet, where the mfinfimum spatfiafl separatfion between two consecu-
tfive RTDs f520 pm. A 1.2 um deposfited thfin poflyfimfide fifimserved as the
second finsuflatfion flayer that separated the RTDs from the capacfitance
sensors and provfided eflectificaf] finsuflatfion between the top two metafl
flayers of the mficrodevfice.

An array of capacfitance mficrosensors based on finterdfigfitated eflec-
trodes (IDEs) was the mficrodevfice’s thfird and ffinafl metafl flayer. These
IDE-based mficrosensors detected dropflets and kept track of the movfing
contact flfire throughout the experfiment, as descrfibed fin more detafifl
wfithfin our prevfious works [27,28]. Ffinaflfly, a 500 nm thfin poflyfimfide
flayer was deposfited as the topmost protectfive coatfing, actfing as the soflfid
heated weflfl durfing dropflet fimpfingement. The sensfing zone of the
mficrodevfice spans over a regfion of 1500 pum.

We foflflowed a namfing conventfion for the RTDs, and IDE-based
capacfitance sensors of the mficrodevfice. Accordfing to Ffig. 1, the RTDs
and IDE:s flocated on the rfight and fleft sfide of the mficrodevfice’s center are
flabefled wfith “R” and “L,” respectfivefly, after thefir correspondfing num-
ber, where “1” refers to the one nearest to the center and 714" findficates
the farthest from the center. To fiflflustrate, RTD-1L fis the cflosest tem-
perature detector to the center of the devfice on the fleft sfide, whereas
RTD-14R fis the most dfistant from the devfice’s center on the rfight sfide.
The IDE-based capacfitance sensors are named wfith the short form of
“CS” and foflflow the same namfing conventfion as the RTDs. To flearn more
about thfis composfite mficrodevfice, refer to our prevfious work [25],
where we empfloyed thfis mficrodevfice to finvestfigate heat transfer
mechanfisms and phase-finterface behavfior durfing the evaporatfion of
sessfifle dropflets from a heated poflyfimfide surface.
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2.2. Experfimental setup

The experfimentafl setup for finvestfigatfing dropflet fimpact and subse-
quent heat transfer mechanfisms consfists of a sampfle stage underneath a
syrfinge controflfled by a drop shape anaflyzer equfipment (DSA 25E,
KRUSS Scfientfiffic). The DSA provfided controflfled dosfing of water dropflets
durfing each experfiment. An optficafl camera attached to the DSA recor-
ded the dropflet changes throughout the evaporatfion process after the
fimpact. The voflume of water dropflets was 6.0 pL for #Flthe experfimentafl
resuflts shown fin thfis artficfle. The dropflet’s voflume was chosen fina way so
that fit entfirefly covered the sensfing zone of the mficrodevfice upon
fimpact. To dose such smaflfl-scafle dropflets, we utfiflfized a workfing fflufid
comprfised of 90 % defionfized water and 10 % fisopropanofl by voflume.
Addfing fisopropanofl afided fin decreasfing the surface tensfion and made fit
possfibfle to dfispense smaflfl-scafle dropflets capabfle of gravfity-finduced
detachment whfifle mfinfimeflfly changfing the ffhufid propertfies of defion-
fized water.

Sfince the capacfitance change wfith the passage of the dropflet can be
reflatfivefly smaflfl, a supportfing cfircufit was empfloyed to ensure a detect-
abfle capacfitance change. The supportfing cfircufit consfists of an opera-
tfionafl ampflfiffier, an RC oscfiflflator cfircufit, and a reference capacfitor
connected fin paraflflefl wfith the capacfitance sensor empfloyed for trackfing
the movfing contact flfire of the fimpacted dropflet. Pflease refer to our
prevfious work [25] for more detafifls on thfis capacfitance sensfing and
caflfibratfion of the RTDs.

A hfigh-speed B/W camera (VEO 410L, Phantom) was empfloyed to
observe the fimpact of dropflets and subsequent changes fin hydrody-
namfics durfing the experfiments. The recorded vfideo/fimages were post-
processed vfia Phantom post-processfing software to evafluate the
fimpact veflocfity, dfiameter, and duratfion of spreadfing and recedfing
phases of the fimpacted dropflets. The resoflutfion and framerate of the
captured fimages were 1280 x 800 pfixefls and 1000 frames per second,
respectfivefly.

The temperature sensfing uncertafinty was anaflyzed by measurfing the
standard devfiatfion of fififif] temperature readfings from each RTD. Re-
suflts showed a precfisfion of +0.2 “C and an absoflute accuracy of £1.2 ~“C
when combfined wfith caflfibratfion agafinst thermocoupfles or an IR camera.
The prfimary source of uncertafinty fsbfias error rather than random error,
afflowfing for smaflfler uncertafinty of 0.5 "C fin temperature dfifference
measurements. A sampflfing at 100 Hz provfided adequate data for precfise
measurement, and repeatfing experfiments three tfimes on each surface
temperature enabfled accurate precfisfion estfimatfion. The Suppflementary
Materfiafls sectfion contafins a chart summarfizfing thfis mficrodevfice’s
measurement uncertafinty and flower ffinft of spatfiafl resoflutfion. For more
detafifls on measurement uncertafinty, pflease refer to our prevfious work
[25].

Whfifle the RTDs of the mficrodevfice afiflow for hfigher sampflfing rates
when workfing findependentfly, for optfimafl accuracy and fin cases of
combfined data acqufisfitfion wfith IDE-based capacfitance sensors, we used a
sampflfing rate of 100 Hz for d¥lexperfiments reported fin thfis work. Thfis
sampflfing rate was optfimafl gfiven that ¥l experfiments finvoflved sub-
coofled fimpfingfing dropflets and the overaflf]l flength of the evaporatfion
process was fintens of seconds.

We finvestfigated the finffluence of afir currents or flarge-scafle convec-
tfive fflows on the sensfitfivfity of the RTDs or IDEs of the mficrodevfice sfince
¥l the experfiments reported fin thfis work took pflace fin an open envfi-
ronment. The measured capacfitance and temperature data from the
RTDs and IDEs dfid not exhfibfit any ffluctuatfions above the sfignafl nofise
flevefls before the fimpfingement of the dropflets that abrupt afir currents or
flarger-scafle convectfive fflows can cause. The changes fin sfignafls occurred
soflefly due to the dropflet fimpact and subsequent evaporatfion, and the
change fin magnfitude was suffficfientfly greater than sfignafl nofise flevefls,
findficatfing the effect of afir currents or flarge-scafle convectfive fflow was

negflfigfibfle fin comparfison.
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3. Results and discussion

3.1. Hydrodynamfic perspectfives

Ffig. 2 shows tfime-eflapsed fimages of 6.0 pL fimpactfing dropflets on the
top poflyfimfide surface of the mficrodevfice at varyfing fimpact veflocfitfies. A
hfigh-speed B/W camera (VEO 410L, Phantom) captured the moment of
fimpact and subsequent changes fin the spreadfing dfiameter and shape of
the fimpacted dropflets. Ffigs. 2 and 3 show that a perfiod up to 6 ms refers to
the dropflet spreadfing regfime as the fimpacted dropflet reached fits
maxfimum spreadfing dfiameter regardfless of the fimpact veflocfity or
assocfiated Weber (We) number. As the dropflet vfisuaflfizatfion depficts, the
dropflet spreadfing regfime finvoflves the radfiaflfly outward movement of the
fimpacted dropflet.

Impact veflocfity and We number (a dfimensfionfless parameter that
denotes a ratfio of finertfiafl to surface tensfion forces) are the two sfignfiffi-
cant parameters that finffluence the fimpact characterfistfic patterns
[13,14]. Accordfing to the experfiments reported fin thfis work, the hfigher
Weber number or fimpact veflocfity fled to the maxfimum spreadfing
dfiameter of the fimpacted dropflets. To fiflflustrate, at 6 ms an fimpact ve-
flocfity of 0.58 m/s (We = 11.2) exhfibfited the flowest vaflue of 5.16 mm as
the maxfimum spreadfing, whereas an fimpact veflocfity of 1.35 m/s (We =
60.7) facfiflfitated the hfighest spreadfing dfiameter of 7.15 mm.

As shown fin the tfime-eflapsed fimages, after reachfing the maxfimum
spreadfing, the surface area of the dropflet started to shrfink because of the
domfinant surface tensfion forces of the flfiqufid As shown fin Ffig. 3, the
spreadfing dfiameter of the fimpactfing dropflets graduaflfly decreased untfifl
fit reached fits equfiflfibfium state. Thfis phase fis known as the dropflet-
recedfing regfime, fleadfing to the subsequent sessfifle dropflet evaporatfion
phase.

As stated fin the experfimentafl setup, a drop shape anaflyzer (DSA)
equfipment facfiflfitated the dosfing of the consfistent voflume of fimpactfing
dropflets and recorded the evaporatfion process. DSA aflso kept track of
the contact dfiameter and changes fin contact angfle throughout the
evaporatfion process vfia fits fimage anaflysfis software. Experfiments
finvoflvfing dropflet fimpfingement and subsequent evaporatfion at varfied
surface temperatures demonstrated a consfistent trend regardfing changes
fin contact angfle and dfiameter. Ffig. 4 fiflflustrates a representatfive pflot
depfictfing the evoflutfion of dfiameter and contact angfle over tfime of the
fimpfingfing dropflet at a surface temperature of 80.9 "C. As shown fin
Ffig. 4, at the begfinnfing of the evaporatfion process, there fisa brfief perfiod
where the contact angfle fincreased to fits maxfimum vaflue of 49.5 from fits
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Fig. 4. Evoflutfion of dfiameter and contact angfle over tfime of a 6.0 pL fimpactfing
water dropflet on the poflyfimfide surface at the surface temperature of 80.9 C.

Fig. 2. Tfime eflapsed fimages of fimpactfing dropflets on a poflyfimfide surface at four dfifferent fimpact veflocfitfies: (a) u = 0.58 m/s (We = 11.2), (b) u= 1.05 m/s (We =

36.7), (c) u= 1.22 m/s (We = 49.2), (d) u= 1.35 m/s (We = 60.7).
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firfiffl vaflue of 39.6". Approxfimatefly 57 % of the totafl duratfion of the
evaporatfion mafintafined a constant contact angfle (CCA) phase, foflflowed
by a phase wfith a sharp reductfion fin contact angfle. Durfing thfis phase,
the evaporatfing dropflet hefld a nearfly constant contact dfiameter, known
as the constant contact dfiameter (CCD) phase. Thfis CCD phase constfi-
tuted about 27 % of the totaf]l duratfion of the evaporatfion process.

3.2. Heat transfer perspectfives

Ffig. 5 fiflflustrates the temperature change and vertficafl heat ffluxes
upon dropflet fimpact on the heated top poflyfimfide surface of the mficro-
devfice at four dfifferent fimpact veflocfitfies rangfing from 0.58 to 1.35 m/s.
Anaflyzfing the tfime-eflapsed fimages captured by the hfigh-speed camera
whfifle the dropflet was fin ffIfight just before fimpact made fit possfibfle to
caflcuflate the accurate fimpact veflocfitfies. As shown fin Ffig. 2, for ¥l ex-
perfiments reported fin thfis work, water dropflets compfletefly covered the
sensfing zone of the mficrodevfice upon fimpact. As a resuflt of dropflets
fimpfingfing onto the heated surface of the mficrodevfice, the measured
temperature change by the RTDs demonstrated a sudden and sfimuflta-
neous decflfine. Sfince &¥lthe RTDs of the mficrodevfice empfloyed durfing
experfiments showed the same temperature change wfithfin our experfi-
mentafl uncertafinty of +0.5 "'C durfing and fififief¥ly after fimpact, for the
cflarfity of presentatfion, we chose RTD-2L flocated fin the center of the
devfice to demonstrate the temperature changes due to the fimpfingement
of a 6.0 uL water dropflet at varyfing fimpact veflocfitfies whfifle mafintafinfing
the surface temperature at 72.9 “C. As Ffig. 2 demonstrates, the hfigher
fimpact veflocfitfies resuflted fina greater spreadfing dfiameter of the dropflet,
facfiflfitatfing a flarger contact area between the heated poflyfimfide surface
and the fimpacted dropflets. The flarger contact area aflflowed hfigher heat
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transfer from the heated surface to the flfiqufid dropflet. Consequentfly, the
hfighest fimpact veflocfity resuflted fin the hfighest temperature drop and
contafined the maxfimum magnfitude of vertficafl heat fflux, as shown fin
Ffig. 5. Pflease refer to the Suppflementary Materfiafls for more detafifls on
the vertficaf]l heat fflux caflcuflatfions.

The surface temperature of the soflfid weflfl aflso sfignfifficantfly finffluences
the amount of heat transferred upon dropflet fimpact. Afflthe experfiments
reported fin thfis work were fin the ffifim evaporatfion regfime, where we
finvestfigated the effects of varyfing surface temperature for 6.0 uL. water
dropflets by keepfing the fimpact veflocfity constant. Ffig. 6 shows the
temperature changes and heat fflux vaflues due to dropflet fimpact on the
heated poflyfimfide surface of the mficrodevfice at four dfifferent surface
temperatures rangfing from 53.3 "'C to 74.5 "'C. The fimpact veflocfity of the
dropflet fimpfingement was 1.05 m/s for &l four experfiments, and these
resuflts were merged fina sfingfle pflot by arbfitrarfifly shfiftfing aflong the tfime
axfis to afid fin viifibfiflfity. Ffig. 6 exhfibfits experfimentaf] resuflts fin ascendfing
order of the surface temperature, where “1” and “4” dfictate the flowest
and hfighest surface temperatures, respectfivefly, out of the four. When the
surface temperature was hfigher, fit facfiflfitated a more sfignfifficant tem-
perature dfifference between the fimpactfing dropflet and the heated sur-
face; as a resuflt, temperature drop and vertficafl heat fflux vaflues due to
dropflet fimpfingement were greater fin magnfitude for experfiments wfith
hfigher surface temperatures.

3.3. Interdependence of phase finterface and heat transfer dynamfics

To finvestfigate the finterdependence of phase finterface and heat
transfer dynamfics, we conducted addfitfionafl experfiments for fimpactfing

dropflets havfing a voflume of 6.0 uL and fimpact veflocfity of 1.05 m/s at
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Fig. 5. Inffluence of varyfing fimpact veflocfitfies u durfing fimpfingement of a 6.0 uL water dropflet on the heated poflyfimfide surface of the mficrodevfice at 72.9 ~C, (a)
change fin temperature over tfime, (b) heat fflux vaflues over tfime for varyfing fimpact veflocfitfies, (c) temperature change due to fimpfingement vs. fimpact veflocfitfies, (d)

heat fflux due to fimpfingement vs. fimpact veflocfitfies.
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varyfing surface temperatures rangfing from 68.8 "C to 89.5 'C. We
empfloyed IDE-based capacfitance mficrosensors and RTDs to sfimuflta-
neousfly track the MCL and temperature changes caused by dropflet
fimpact and subsequent evaporatfion. Ffig. 7(a) depficts how the capacfi-
tance sfignafls change to track the MCL of fimpactfing dropflets. Ffig. 7(b)
shows the temperature drop upon dropflet fimpact and temperature
change durfing the evaporatfion process of dropflet fimpactfing the heated
poflyfimfide surface of the mficrodevfice. The capacfitance and temperature
data presented were recorded sfimufltaneousfly and tfime-aflfigned wfith one
another for each experfiment reported finthfis work. Addfitfionafl ffigures for
the dropflet fimpact and succeedfing sessfifle dropflet evaporatfion processes
at 80.9 'C and 89.5 'C can be found fin the Suppflementary Materfiafls. In
these pflots, tfime “0” second denotes the fimpfingement of the dropflet,
demonstrated by the capacfitance sensors wfith a sharp and sudden fise fin
thefir sfignafls as the dropflet covered these sensors upon fimpact. Near the
end of the evaporatfion process, when the dropflet evaporated away, the
change fin capacfitance sfignafls was more graduafl and flower fin magnfi-
tude, dfifferfing from the moment of fimpact. These capacfitance sensors
can thus precfisefly detect the key events, such as dropflet fimpact and the
moment at whfich dropflets evaporated away vfia the pattern and
magnfitude of the sfignafls.

As these temperature dfistrfibutfion pflots show, the RTDs aflso reported
a sharp decrease fintemperature at “0” second wfith the fimpfingement of
the dropflet, foflflowed by a graduafl fincrease fin temperature and another
sharp change at the near end of the experfiment when the dropflet
compfleted fits evaporatfion. The temperature dfistrfibutfion underneath the
evaporatfing dropflet measured by the RTDs fi fin exceflflent agreement
wfith the capacfitance sfignafls denotfing the flocatfion of the MCL of the

fimpactfing dropflets. The duratfion of the evaporatfion process measured
by the RTDs, and IDE-based capacfitance sensors fis the same. The abso-
flute capacfitance changes and temperature dfistrfibutfion data reported fin
Ffig. 7 combfine to vaflfidate the duafl functfionaflfity of thfis composfite
mficrodevfice, where the capacfitance sensfing scheme enabfled precfise
trackfing of the MCL rather than finferrfing. As the surface temperature
fincreased, the duratfion of the evaporatfion process decreased because of
the hfigh evaporatfion rates. The duratfion of the evaporatfion process at
68.8 'C was 125.8 sec, whfich was reduced by 42.7 % and 60.5 % when
the surface temperature fincreased to 80.9 "C and 89.5 ~C, respectfivefly.
These temperature change pflots aflso reveafled that the whofle process can
be dfivfided finto two dfistfinct parts: the ffirst part consfists of a sharp
temperature drop due to dropflet fimpact foflflowed by a graduafl fincrease
fin temperature as heat fk conducted finto the dropflet from the heated
surface. On the other hand, the second part corresponds to a nearfly
constant temperature untfifl a sharp change fin temperature occurs at the
end of the evaporatfion process. The flength of each segment sfignfifficantfly
depends on the surface temperature. The duratfion of the ffirst part fin-
creases wfith fincreasfing surface temperature, whfifle the second segment’s
flength decreases. The flater sectfion of thfis manuscrfipt descrfibes the un-
derflyfing heat transfer mechanfisms behfind thfis fin detafifl.

As shown fin Ffig. 2, the tfime-eflapsed fimages captured by the hfigh-
speed camera exhfibfited the fifififl dropflet fimpact, spreadfing and
recedfing on the mfiflflfisecond tfimescafle. However, the temperature drop
observed over the ffirst few mfiflflfiseconds after the dropflet fimpfingement
dfid not reveafl any addfitfionaf] finsfights beyond what coufld be obtafined
from the flonger tfimescafle data. Specfifficaflfly, the temperature dfistrfibu-
tfion durfing these fififiefl mfiflflfiseconds showed a decrease foflflowed by the
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Fig. 7. Dropflet fimpact and subsequent evaporatfion of a 6.0 uL water dropflet on a heated poflyfimfide surface at 68.8 ''C (a) absoflute capacfitance change (%) wfith tfime
depfictfing the passage of MCL, (b) temperature dfistrfibutfion wfith tfime (dashed box shows the temperature changes on a mfiflflfisecond tfimescafle dfirectfly precedfing and

foflflowfing the moment of dropflet fimpfingement).

dropflet fimpfingement (see Ffig. 7(b)), consfistent wfith the flonger tfime-
scafle data. As the mfiflfifisecond data dfid not provfide any further eflucfi-
datfion of the physfics governfing the evaporatfion process, we have chosen
to emphasfize the anaflysfis of the temperature dfistrfibutfion over the whofle
evaporatfion process, whfich fis on the tfimescafle of seconds.

We uffiflfized the measured temperature data from the evaporatfion
processes reported above to quantfify the heat fflux vaflues. Ffig. 8 fiflflus-
trates the change fin vertficafl heat fflux from the resfistance heater of the
mficrodevfice to the evaporatfing dropflet for evaporatfion studfies per-
formed at 68.8 "C. Pflease refer to the Suppflementary Materfiafls for more
detafifls on the vertficafl heat fflux caflcuflatfions and addfitfionafl ffigures for
evaporatfion studfies conducted at 80.9 "'C and 89.5 "'C.

For these experfiments, the flocafl heat fflux has the maxfimum vaflues
fimmedfiatefly upon the dropflet fimpact resufltfing from the sfignfifficant
temperature change because of the deformatfion of the thermafl boundary

flayer between the heated poflyfimfide surface and the fimpactfing dropflets.
Another sharp change was observed at the near end of the evaporatfion
process when the dropflets evaporated away. These changes denoted the
passage of the MCL and the advancfing and recedfing movement due to
fimpfingement and evaporatfion, respectfivefly. As summarfized fin Tabfle 1,
the flocafl heat fflux vaflues due to dropflet fimpact are, on average, more
than 12 tfimes hfigher than the fififiefldry state when no water dropflet was
present on the sensfing zone of the mficrodevfice. When the dropflets
fimpfinged on the heated surface, fit facfiflfitated a hfigher heat fflux than the
heat fflux caused by the recedfing MCL due to evaporatfion. The heat
ffluxes caused by dropflet fimpact are, on average, more than 4.5 tfimes
hfigher than those assocfiated wfith the recedfing MCL movement. These
data aflso suggest that hfigher surface temperatures fincrease the evapo-
ratfion rate and the MCL speed, resufltfing fin hfigher flocafl heat fflux vaflues

durfing the recedfing MCL passage. Our prevfious research found that the



M.T.H. Mondal et al.

Vertical heat flux (kW/m?)

Applied Thermal Engineering 248 (2024) 123152

1200

RTD-2L RTD-3L RTD-9L RTD-14L

1000 — RTD-3R RTD-8R RTD-9R RTD-13R
] |
800 |
|
1 1
~+———  Duyration of the evaporation process —— = 1
600 < |
|
J |
|
400 :
|
1 I
I
200 4 I
0 ™ [mpingement of the droplet Droplet evaporates away/

T T T T T T T T T T T T T T T T T T 1

0 15 30 45

90 105 Time (sec)

Fig. 8. Heat fflux dfistrfibutfion wfith tfime due to dropflet fimpact and subsequent evaporatfion of a 6.0 pL water dropflet on a heated poflyfimfide surface at 68.8 “C.

Table 1
Summary of the heat fflux vaflues resufltfing from drop fimpfingement and recedfing
MCL due to evaporatfion.

Surface Impact Average heat  Average heat filux ~ Average heat
temperature veflocfity flux (infitfiafl caused by dropflet fflux caused by
dry state) fimpact (x finfitfiefl recedfing MCL
dry state) (x finfifiefl dry
state)
68.8 'C 1.05m/s  87.46 kW/ 12.09 2.08
m2
80.9 "C 109.72 kW/ 12.19 2.27
m?2
89.5C 127.14 kW/ 12.30 2.72
m2

average heat fflux vaflue for advancfing MCL of gentfly deposfited dropflets
on a heated surface (wfithout dropflet fimpfingement) was 5.50-7.45 tfimes
the fififefl dry state for surface temperature rangfing from 53.0-69.7 -C
[25]. These resuflts findficate that, fin the ffiflm evaporatfion regfime, drop-
flets fimpactfing a heated surface have approxfimatefly 1.6 tfimes hfigher
vertficafl heat fflux vaflues than gentfly deposfited dropflets.

As shown fin Tabfle 1, the average heat fflux caused by dropflet fimpact
(tfimes fififefl dry state) fincreased onfly by 1.74 % from fits correspondfing
vaflue of 12.09 when the surface temperature fincreased from 68.8 "C to
89.5 “C. In contrast, the average heat fflux caused by recedfing MCL
(tfimes the fifififl dry state) exhfibfited a sfignfifficant fincrease of 30.77 %
wfith the same fincrease finsurface temperature. These resuflts suggest that
heat fflux caused by dropflet fimpact has a weak dependence on surface
temperature; conversefly, the recedfing MCL heat transfer f& sfignfifficantfly
surface temperature dependent due to fits finffluence on MCL speed as

shown fin our prevfious work [25].

3.4. Energy balance and thermal resfistance

An energy baflance equatfion can be empfloyed to fuflfly understand the
contrfibutfion of dfifferent heat transfer mechanfisms on the evaporatfion of a
dropflet from a heated surface. After dropflet fimpact/deposfitfion, heat fis
transferred from the heated surface to the dropflet vfia conductfion. The
overaflfl heat transfer rate from the heated surface to the dropflet can be
estfimated by:

Q,; = hA(T;  Ta) (€Y

In thfis equatfion, T, fisthe temperature of the heated surface, determfined
through surface temperature caflfibratfion at known power finputs to the
mficrodevfice’s resfistance heater. On the other hand, T, represents the
temperature change caused by the dropflet throughout the experfiment,
measured usfing the RTD. Heat transfer aflso fincfludes the sensfibfle heat
requfired for the temperature fincrease wfithfin the dropflet buflk Q, , the
externafl convectfive heat transfer from the evaporatfing dropflet to the
ambfient Qcony/ext, radfiatfion heat transfer Qrqq, and heat transfer assocfi-
ated wfith vapor transport durfing evaporatfion Qigsqp. The energy bafl-
ance of an evaporatfing dropflet from a heated surface can be estfimated
as:

Qs = Qeen + Qeonvsext + Qrad + Quigyvap 2)

In the finfifif]l perfiod when the dropflet fimpacts on the heated surface,
sensfibfle heat fis sfignfifficant, and the tfime scafle for heat conductfion finto

the dropflet can be estfimated by [29]:

2
rp,Cu

w

teond = (3)
Accordfing to thfis equatfion, the thermophysficafl propertfies of the work-
fing fufid were consfidered constant and r, was measured from tfime-
flapsed fimages after the dropflet reached fits equfiflfibrfium state, foflflowfing
the fifififl spreadfing and recedfing upon fimpact. The estfimated tfime scafle
for heat conductfion fis 16.86 s, Sinfiflar to the perfiod that exhfibfits the
graduafl decrease finheat transfer rate vaflues, as shown fin Ffig. 9, showed
as the sensfibfle heat regfime. Durfing the fififif] evaporatfion phase, the
sharp fincrease fin heat transfer rate upon dropflet fimpact denotes the
hfighest temperature dfifference between the dropflet and the heated
surface. After that, the graduafl decrease finheat transfer rate findficates an
fincrease fin the temperature of the dropflet as heat fis befing conducted to
the dropflet from the heated surface witfifl surface evaporatfion domfinates
the process and causes reflatfivefly constant heat transfer rate. After thfis
firfififl heatfing, the conductfive heat transfer process achfieves a quasfi-
steady state, and the heat transfer assocfiated wfith mass transfer due to
vapor removafl becomes domfinant. Due to the hfigh effficfiency of phase-
change heat transfer, the heat transfer assocfiated wfith vapor removafl

or evaporatfion accounts for more than 95 % of the overaflfl heat transfer,
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Heat transfer rate, Q, (W)
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Fig. 9. Heat transfer rate dfistrfibutfion wfith tfime at the soflfidflfiqufid finterface due to dropflet fimpact and subsequent evaporatfion of a 6.0 uL. water dropflet on a heated

poflyfimfide surface at 80.9 “C as measured by the mficroscafle RTDs.

makfing other modes of heat transfer negflfigfibfle [29,30]. Therefore, we
can approxfimate the energy baflance of an evaporatfing dropflet as:

Qs = Qiig/vap 4

The varfiatfion fin heat transfer rate at the flfiqufid-vapor finterface can be
caflcuflated by empfloyfing the equatfion beflow that expresses Qiigrg fin
terms of the change fin voflume wfith tfime. Ffig. 10 shows the change fin
voflume wfith tfime recorded by the DSA for the experfiment conducted at
80.9 “C. These recorded vaflues facfiflfitated the caflcuflatfion of the heat
transfer rate vaflues at the flfiqufid-vapor finterface throughout the evap-

oratfion process, aflso dfispflayed fin Ffig. 10.

dv
pwhfgw

Qiigfvap = (5)
For the experfiment conducted at 80.9 "'C (see Ffig. 9), the average heat
transfer rate Q was 1.99 W durfing the sessfifle dropflet evaporatfion phase.
Thfis caflcuflatfion was based on the RTD-measured temperature dfistifi-

butfions durfing the evaporatfion study. The average heat transfer rate for

T T T T T T T T T T T oy
z
6 - E I =
IIE - £
54 I +  Volume (uL) ?
I O O W) B
II =
45 <z
EI 9
34 ts (.3
o k3 T
3 -3
k3
d s i%s 3
SO ) L 3 £
Xy k 1 )
~| = X %y
3 Eyx B oW o
%— e PP T 1
E *» [
= -
I +
~ T T T T T T T T T T T | 0
0 ) 10 15 20 25 30 35 40 45 50 Time (sec)

Fig. 10. Change fin voflume and heat transfer rate at the flfiqufid-vapor finterface
over tfime due to evaporatfion of a 6.0 pL water dropflet on a heated poflyfimfide
surface at 80.9 "C.

10

vapor removafl Qyigngp Was caflcuflated as 1.84 W (see Ffig. 10) usfing the
DSA-recorded change fin voflume of the evaporatfing dropflet from the
same experfiment. The percentage dfifference between these vaflues fis
7.54 %, wfithfin the range of estfimated propagated error of 11 % resufltfing
from the temperature dfifference measurement uncertafinty of + 0.5 "'C
[25].

A thermaf] resfistance modefl can aflso be empfloyed to determfine an
evaporatfing dropflet’s overaflfl heat transfer mechanfism. The totafl ther-

mafl resfistance can be estfimated by:

1

- 6)
hiig/vap As

Rtat = Rdrop,cond + Rliq/vap + Rconv/ext + Rrad ~

kwAc

Sfince smaflfl-scafle evaporatfing dropflets experfience mfinor heat floss vfia
radfiatfion and externafl naturafl convectfion to the surroundfings, R, and
Reonvsext contrfibute negfifigfibfly [29,30]. As the dropflet evaporates, the
thfickness of the dropflet decreases, as does the resfistance wfithfin the
flfiqufid So, after the fififefl heat-up perfiod, the resfistance assocfiated wfith
vapor removafl domfinates over the resfistance wfithfin the flfiqufid [26];
hence the totafl thermaf] resfistance can be approxfimated as:

1
hiig/vap As

()

Rtat ~ R//'q/vap =

Durfing the experfiment at 80.9 "C, the totafl thermafl resfistance was
caflcuflated to be 28.6 “C/W. Thfis caflcuflatfion was based on the average
heat transfer rate at the soflfidflfiqufid finterface obtafined from the RTD-
measured temperature dfistrfibutfions durfing the evaporatfion study. The
resfistance assocfiated wfith vapor removafl was caflcuflated as 30.9 "C/W.
The percentage dfifference between these was 7.54 %, whfich faflfls wfithfin

the range of estfimated propagated error.

3.5. Contrfibutfion of convectfion wfithfin the droplet

We quantfiffied the contrfibutfion of convectfion wfithfin the dropflet to
the overaflfl heat transfer by consfiderfing the effects of buoyancy and
thermocapfiflflary fflows finsfide the fimpacted dropflets. Grahshoff (Gr) and
Marangonfi (Ma) numbers are the two dfimensfionfless numbers wfidefly
used to characterfize the buoyancy and thermocapfiflflary-drfiven convec-
tfions wfithfin dropflets. A hfigher Gr number findficates that buoyancy-
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drfiven convectfion fisthe more domfinant mode of heat transfer, whereas a
flower Gr suggests weaker buoyancy and conductfion-domfinated heat
transfer [31]. The range of Gr number vaflues for our experfiment fis
3.63-5.31, much flower than the reference vaflue (Gr fis < 2400) [32],
findficatfing the contrfibutfion of buoyancy-drfiven convectfion fi negflfigfibfle.
Ma number characterfizes thermocapfiflflary-drfiven convectfion fin evapo-
ratfing dropflets by comparfing the surface tensfion gradfient caused by
temperature gradfient to vfiscous force. The contrfibutfion of thermoca-
pfiflflary fflows, known as the Marangonfi convectfion, fincreases wfith
fincreasfing Ma number. The effect of Marangonfi convectfion fis negflfigfibfle
for horfizontafl fifiqufid ffiflms fif the Ma number fis fless than 80-100 [32].
Wfith a characterfistfic flength of 0.318 mm, our experfiments yfiefld Ma
vaflues fin the range of 16500-24250, hfigher than the reference vaflue
(80-100), denotfing the contrfibutfion of thermo-capfiflflary convectfion
wfithfin the dropflet. Another dfimensfionfless number, the Bond (Bo)
number, characterfizes the reflatfive contrfibutfion between buoyancy
convectfion and Ma convectfion finan evaporatfing dropflet. The caflcuflated
vaflue of Bo fis 0.00138 for the experfiments reported fin thfis work, and
when Bo@1 [32], finternafl fflow fis domfinated by Ma convectfion. Durfing
the process, when evaporatfion fi fin constant contact dfiameter (CCD)
mode, the evaporatfive mass floss near the contact flfine must be baflanced
by new flfiqufid fflowfing from the dropflet’s buflk [31]. Therefore, a capfifl-
flary fflow can exfist wfithfin an evaporatfing sessfifle dropflet, aflthough fit fis
not sfignfifficant due to the hfigh effficfiency of the phase-change heat
transfer. Heat transfer assocfiated wfith the surface evaporatfion of an
evaporatfing dropflet accounts for more than 95 % of the overaflfl heat
transfer [29,30], makfing other modes of heat transfer negflfigfibfle
Moreover, finour experfiments, the CCD mode constfituted onfly about 27
% of the totafl duratfion of the evaporatfion process, as demonstrated fin
Ffig. 4. Therefore, the contrfibutfion of fintemafl convectfion fin smaflfl-scafle
evaporatfing dropflets fis often negflected fin the flfiterature. Ghoflfjjanfi et afl.
[6] and Lee et afl. [26] found that the totafl heat fis mafinfly transferred
through dfiffusfion or surface evaporatfion durfing the sessfifle dropflet
evaporatfion phase of fimpactfing dropflets onto a heated soflfid waflfl
Chandramohan et afl [33] aflso reported that the contrfibutfion of con-
vectfion wfithfin the evaporatfing dropflets can be negflected fin wettfing
dropflets because of thefir flow hefight-to-contact dfiameter ratfio. Pflease
refer to the Suppflementary Materfiafls for a comprehensfive expflanatfion
and caflcuflatfion process of dflthe dfimensfionfless parameters used fin thfis

study.
3.6. Comparatfive analysfis wfith prfior research works

In terms of finvestfigatfing the finffluence of fimpact veflocfity and surface
temperature durfing dropflet fimpfingement heat transfer, our current
study fi quaflfitatfivefly comparabfle to Ghoflfijanfiet afl. [6] and Herbert et afl.
[8], despfite the dfifference fin the sensfing scheme, finteractfing surface,
and workfing fflufids. Aflthough these studfies soflefly reflfied on finfrared
thermography, they flfikewfise reported that fincreasfing fimpact veflocfity
fincreases the maxfimum spreadfing dfiameter and heat fflux at the soflfid—
fifiqufid finterface. Addfitfionaflfly, they found that an fincrease fin wefll
temperature fincreases the heat fflux at the sofffidflfiqufid finterface for an
fimpactfing dropflet.

Ffindfings from our current study aflso aflfign weflfl wfith experfimentafl
and theoretficafl finvestfigatfions of sessfifle dropflet evaporatfion reported by
Huang et afl [29] and Hays et afl. [30]. These works have simfiflafly shown
that durfing dropflet evaporatfion, the overaflfl heat transfer rate from the
heated surface to the dropflet can be approxfimated as equafl to the heat
transfer assocfiated wfith vapor removafl or evaporatfion, makfing other
modes of heat transfer negflfigfibfle. Addfitfionaflfly, we found that the Gr
numbers were much flower for the experfiments reported fin thfis work,
findficatfing weaker buoyancy-drfiven convectfions wfithfin the dropflets;
hence, conductfion and dfiffusfion domfinate the overaflfl heat transfer.
Other reflevant research works on evaporatfing dropflets [6,26,29,30] fin
the flfiterature have flfikewfise reported conductfion and dfiffusfion-based

heat transfer whfifle negflectfing the finternafl convectfion of the dropflet.
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3.7. Key ffindfings

When a dropflet fimpacts a heated surface and evaporates, the process
can be dfivfided finto two segments based on the effectfive heat transfer
rate, as shown fin Ffig. 9. The ffirst segment, “sensfibfle heat regfime,” cor-
responds to the sharp fincrease fin heat transfer rate upon dropflet fimpact
resufltfing from the hfighest temperature dfifference between the dropflet
and the heated surface. After that, the graduafl decrease fin heat transfer
rate findficates an fincrease fin the temperature of the dropflet as heat fis
befing conducted to the dropflet from the heated surface. After thfis firfififl
heatfing, fin the second segment, the conductfive heat transfer process
achfieves a quasfi-steady state, and the heat transfer assocfiated wfith mass
transfer due to vapor removafl becomes domfinant and causes a nearfly
constant heat transfer rate. Mficroscopficaflfly, the prevfious research
cflosest to ours fisthe mficroscafle heaters array-based finvestfigatfion of heat
transfer characterfistfics of a sfingfle fisoflated fimpactfing dropflet on a heated
surface by Lee et afl. [26]. They flfikewfise reported two dfistfinct segments
throughout the dropflet vaporfizatfion process regardfing effectfive heat
transfer rate at the soflfidflfiqufid finterface. Accordfing to them, for su-
perheated fimpactfing dropflets, the ffirst segment fis mafinfly caused by the
oscfiflflatory motfion of the dropflet after fimpact and fifififlheat conductfion
finto the dropflet. An fimportant dfistfinctfion for subcoofled fimpactfing
dropflets observed fin our current study fisthat the fifififl oscfiflflatfions finto
the dropflets flasted onfly a few tens of mfiflflfiseconds, whereas the duratfion
of the ffirst segment was a few seconds, denotfing the effect of oscfiflflatory
motfion fis negflfigfibfle; hence, heat conductfion finto the dropflet from the
heated surface entfirefly domfinated thfis segment.

Our current study shows that the surface temperature sfignfifficantfly
affects the flength of these two segments. In the case of subcoofled
fimpfingfing dropflets, the duratfion of the sensfibfle heat regfime fincreases
wfith fincreasfing surface temperature. However, the duratfion of the
constant heat transfer segment decreases wfith the rfise fin surface tem-
perature. The duratfion of the conductfion-domfinated ffirst segment
fincreased from 16 % to 20 % of the totafl tfime of the process when the
surface temperature fincreased from 68.8 "C to 89.5 "C. Meanwhfifle, the
duratfion of the evaporatfion-domfinated second segment decreased from
81 % to 75 %. Thfis study aflso facfiflfitates a comparfison of the magnfitude of
the heat transfer rate of both segments, where the sensfibfle heat
segment has hfigher heat transfer rates than the segment domfinated by
vapor removafl/surface evaporatfion.

Experfimentafl resuflts of thfis work based on the dfistfinct heat transfer
regfimes durfing dropflet fimpfingement and subsequent evaporatfion can
reveaf] essentfiafl finsfights finto the underflyfing physfics. Understandfing the
transfitfion from fifififl heat conductfion to quasfi-steady surface evapo-
ratfion and assocfiated effectfive heat transfer rate can facfiflfitate more
accurate modefls for phase-change heat transfer processes.

Capabfiflfity of mficroscafle temperature measurements and phase
finterface sensfing facfiflfitated unflockfing the domfinant heat transfer
mechanfisms underneath the evaporatfing dropflet both on the onset of
dropflet fimpact and subsequent evaporatfion. In terms of detectfing the
MCL'’s flocatfion, most prevfious works reflfied on a combfinatfion of hfigh-
speed optficafl fimagfing and post-processfing of the IR fimages; these
works often finferred MCL as the cofincfidfing regfion wfith the flocafl tem-
perature mfinfimum and hfigh heat fflux vaflues. These technfiques’
macroscopfic spatfiafl resoflutfion and vfifibfiflfity, fie., fifire of sfight and
vfiewfing angfle, often hfinder precfise detectfion of the flocatfion and tem-
perature gradfient fin the MCL regfion. In our work, the IDE sensors
facfiflfitated findependent and mficroscafle trackfing of the MCL vaflfidated by
the temperature measurement of the RTDs, fafiflfitatfing an fimportant
dfistfinctfion and utfiflfity. The resfistance and capacfitance-based operatfing
prfincfipfles of thfis mficrodevfice offer a sfignfifficant uffiflfity fin detectfing
temperature changes and trackfing MCL at the mficroscafle fin reafl-tfime,
even for appflficatfions wfith flfimfited or no vfifibfiflfity. Eflfimfinatfing the
need for an externafl heater or optficafl fimage processfing scheme makes fit
an findependent experfimentaf] setup for finvestfigatfing phase-change heat

transfer processes and usabfle wfithfin thermafl management hardware or
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processfing equfipment.
4. Conclusions

Dropflet fimpact and subsequent evaporatfion of subcoofled fimpfingfing
dropflets have been finvestfigated on a heated poflyfimfide surface at vary-
fing fimpact veflocfitfies and surface temperatures ufiflfiAinga custom MEMS
devfice to determfine the underflyfing physfics behfind the phase-change
heat transfer process. Thfis mficrodevfice facfiflfitated an findependent
experfimentaf] setup, ensurfing mficroscafle trackfing of the MCL vaflfidated
by the temperature measurement of the RTDs. Experfimentaf] resuflts have
shown that when a dropflet fimpacts a heated surface and evaporates, the
process can be dfivfided finto two segments based on the effectfive heat
transfer rate: an fifififl conductfion-domfinated segment foflflowed by
another segment domfinated by surface evaporatfion. The experfimentafl
finvestfigatfions have aflso fled to the foflflowfing concflusfions:

e The ffirst segment, “sensfibfle heat regfime,” corresponds to a sharp
fincrease fin heat transfer rate upon dropflet fimpact, foflflowed by a
graduafl decrease as heat fis befing conducted to the dropflet from the
heated surface. In the second segment, the heat transfer assocfiated
wfith mass transfer due to vapor removafl becomes domfinant and
causes a nearfly constant heat transfer rate. Hfigher surface temper-
atures flengthen the sensfibfle heat regfime but shorten the constant
heat transfer segment. The sensfibfle heat regfime exhfibfits hfigher heat
transfer rates between these two segments.

The effect of oscfiflflatory motfion fis negflfigfibfle for subcoofled fimpactfing
dropflets, unflfike fina superheated regfime; hence, heat conductfion finto
the dropflet from the heated surface entfirefly domfinates the ffirst
segment.

Heat fflux caused by dropflet fimpact has a weaker dependence on
surface temperature; conversefly, the recedfing MCL heat transfer fis
sfignfifficantfly surface temperature dependent.

The heat fflux at the soflfidflfiqufid finterface of an fimpactfing dropflet
fincreases wfith the rfise of efither fimpact veflocfity or surface temper-
ature. The flocafl heat fflux vaflues due to dropflet fimpact are, on
average, more than 12 tfimes hfigher than the fififefl dry state and
more than 4.5 tfimes hfigher than those assocfiated wfith the recedfing
MCL movement. In the ffiifimevaporatfion regfime, dropflets fimpactfing a
heated surface have approxfimatefly 1.6 tfimes hfigher vertficafl heat fflux
vaflues than gentfly deposfited dropflets.

Buoyancy and thermocapfiflflary convectfion wfithfin evaporatfing
dropflets contrfibute negflfigfibfly to overaflfl heat transfer, whfich fis
domfinated by heat conductfion finto the dropflet and surface

evaporatfion.

To summarfize, the experfimentafl resuflts of thfis work from studyfing
the heat transfer regfimes and comprehendfing the transfitfion from
conductfive heat transfer to surface evaporatfion durfing dropflet
fimpfingement and foflflowfing evaporatfion can provfide essentfiafl finsfights
finto underflyfing physfics to fimprove heat transfer modefls, surface engfi-
neerfing, and overaflfl effectfiveness. Moreover, reafl-tfime, mfinfimaflfly
finvasfive temperature measurements and sfimufltaneous trackfing of MCL
at the mficroscafle by a composfite mficrodevfice utfiflfized fin thfis work can

afid fin thermafl management and process controfl for eflectronfics cooflfing.
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