Evaporation of Multicomponent Droplets

Von der Fakultat fur Luft- und Raumfahrttechnik und Geodasie
der Universitat Stuttgart zur Erlangung der Wirde eines

Doktor-Ingenieurs (Dr.-Ing.) genehmigte Abhandlung

von
Dipl.-Ing. Jochen Wilms

aus Heidelberg

Hauptberichter: Prof. Dr.-Ing. habil. Bernhard Weigand
Mitberichter: Prof. Dr.-Ing. habil. Cam Tropea
Tag der mindlichen Prufung: 26. Oktober 2005

Institut fur Thermodynamik der Luft- und Raumfahrt
Universitat Stuttgart
2005



Bibliografische Information Der Deutschen Bibliothek
Die Deutsche Bibliothek verzeichnet diese Publikation in der Deutschen
Nationalbibliografie; detaillierte bibliografische Daten sind im Internet

Uber http://dnb.ddb.de abrufbar.

ISBN 3-89963-255-9

D93

© Verlag Dr. Hut, Minchen 2005.
Sternstr. 18, 80538 Minchen
Tel.: 089/66060798

www.dr.hut-verlag.de

Die Informationen in diesem Buch wurden mit groBer Sorgfalt erarbeitet. Dennoch
kénnen Fehler, insbesondere bei der Beschreibung des Gefahrenpotentials von Ver-
suchen, nicht vollsténdig ausgeschlossen werden. Verlag, Autoren und ggf. Uber-
setzer iibernehmen keine juristische Verantwortung oder irgendeine Haftung fir
eventuell verbliebene fehlerhafte Angaben und deren Folgen.

Alle Rechte, auch die des auszugsweisen Nachdrucks, der Vervielféltigung und Verbreitung in besonderen
Verfahren wie fotomechanischer Nachdruck, Fotokopie, Mikrokopie, elektronische Datenaufzeichnung
einschlieBlich Speicherung und Ubertragung auf weitere Datentréger sowie Ubersetzung in andere Sprachen,
behélt sich der Verlag vor.

1. Auflage 2005

Druck und Bindung: printy, Minchen (www.printy.de)



Acknowledgements

Above all, | want to thank my advisor, Prof. Dr.-Ing. habil. Bernhardgéfed, director
of the Institute of Aerospace Thermodynamics (ITLR) and dearhefFaculty of
Aerospace Engineering of the University of Stuttgart, forgnesat support. While being
employed at ITLR, he gave me the opportunity to work on the researchdegsribed
in this dissertation with a large amount of own responsibility amehsfic freedom. In
addition, he encouraged me to present many of my results at seeeatific
conferences.

| also want to thank Prof. Dr.-Ing. habil. Cam Tropea, chair of Rllethanics and
Aerodynamics at the University of Darmstadt, for his prompingiiess to review this
dissertation. Moreover, | want to express my gratitude to Profrebrnat. Ernst W.
Messerschmid, Professor for Astronautics and Space Statiohe histitute of Space
Systems at the University of Stuttgart and former directohefHuropean Astronaut
Centre, for being the chair of the examination committee of isgediation and for his
great support throughout my entire education at the University of Stuttgart.

Special thanks goes to Dr.-Ing. Stefan Arndt, representativedoerRBosch GmbH,
for the financial support of my research work.

| further want to thank all colleagues at ITLR for a fruitfabperation within a friendly
working environment. | owe special thanks to Prof. Dr.-Ing. Jens von \&dtEy
Dipl.-Phys. Detlef Pape, and Dr. Grazia Lamanna for helpfubdsons and, most of
all, to Dr.-Ing. Norbert Roth for sharing his broad expertiseaddition, | thank Jutta
Schollhammer and the staff from the mechanical and electuiodtshops for their
technical support. | also appreciate very much the opportunity of\vsipgr several
student research projects. Among those, the most valuable contribotimysrésearch
work were conducted by Dipl.-Ing. Marc O. Réhner and Dipl.-Ing. Eduard Rosenko.

With regard to the numerical simulations presented in this dissertation, tovexyress
my gratitude to Dipl.-Ing. Kai Gartung for allowing me to use his code for catipus

on droplet evaporation, to Prof. Dr. Gérard Gouesbet and Prof. Dr. GéméndrSor
providing their programs to compute the intensity of the scattegletddf droplets, and
to Prof. Dr. Hervé Jeanmart for performing simulations of the fi@s in the

measurement chamber with FLUENT.

In addition, | gratefully acknowledge helpful discussions with masgaechers | met
on various occasions, especially with Dr. Patrick Le Clercg/rigr. Nils Damaschke,
Prof. Dr. Patrizio Massoli, and Dr.-Ing. Arne Graldmann.

| am also very grateful to Stan Foster and Dr.-Ing. Sean Jefttipsoofreading this
dissertation.

Finally, | want to express my deepest personal thanks to mytpafer always
supporting me throughout my education.

Stuttgart 2005 Jochen Wilms






Abstract

The objective of this study was to provide a better understandinguititomponent
droplet evaporation. The work was motivated by the need to understaevhfigration
of fuel droplets in combustion chambers of aerospace and car engiites this
dissertation, experimental and numerical investigations of the eviapord droplets
with one to three components are presented. From the experimentaredptasented
considering mainly surface histories of droplets with various cortos evaporating
at various ambient temperatures. Numerical results from eliffexvaporation models
are compared to the experimental data to validate the numemodels. The
evaporation models and the experiments, especially the optical uraeent
techniques, are explained together with details on new developments.

For the experiments, setups for single, optically levitated angdlesiriree-falling
droplets were used. As droplet liquids, 1-hexadecene and n-alkanes-frentane to
n-hexadecane were selected. The surrounding gas was either mioogéry air.
Experiments were conducted at standard atmospheric pressure andntambie
temperatures from about 290 to 350 K. The initial droplet size wasemrder of
50 um. The droplet size was measured using Mie scatteringnignafgdditionally, the
change of droplet size was measured by detecting morphology-@epeasonances in
the intensity of the scattered light. For this measurement tgelyna method for the
correction of the phase shift of the morphology-dependent resonance® dhe t
changing composition in the case of multicomponent droplets is proposegl us
numerical simulations including Lorenz-Mie theory. As third optioaasurement
technique, rainbow refractometry was applied to measure the dreplpetature for
pure-component droplets and the composition for binary mixture dropldtslavit
evaporation rates. Moreover, rainbow refractometry was used td d=ftactive index
gradients for droplets where concentration gradients were mddigta diffusion-limit
model.

From droplet size measurements, histories of the non-dimensionaltdsadkece are
presented. The setups allowed for measurement periods coverirlg theaentire
lifetime of the droplet. For pure-component droplets, evaporation ratesdetermined
from size histories. Results for different substances atreiffeambient temperatures
are shown. For mixture droplets, the compounds and the initial compositenes w
varied as well. The large amount of experimental data can bearsébe validation of
numerical models.

From the classicalD?-law, numerical models were developed for two- and three-
component droplets assuming a constant droplet temperature forl€asateans of the
droplet evaporation. For two-component droplets, an analytical solutiodesiged. In
addition, a rapid-mixing and a diffusion-limit model with internal heat and massfer
assuming spherical symmetry were used for numerical simulations.



The numerical models for two- and three-component droplets as svifleaanalytical
solution showed good agreement with experimental data even for miwtitines large
difference in the volatilities of the substances when the apptepeference state was
selected. Rainbow refractometry was successfully applied tosuresadroplet
temperatures and compositions. For mixture droplets, where conmentgaadients
were predicted by the diffusion-limit model, these gradients didooour in the
experiments. Instead, very good agreement was reached withptdlemaing model.
This means that the mass transport inside the droplets was ikebgtenhanced by
internal circulation caused by the generation process of the droplet.



Zusammenfassung

Das Ziel dieser Arbeit bestand darin, die Verdunstung von mehrkompomeitgafen

zu untersuchen. Der Grund fur diese Untersuchungen liegt im Bedarf enaeim
besseren Verstandnis und einer verbesserten Modellierung der Verdumnsmng
Kraftstofftropfen in den Brennrdumen von Luft- und Raumfahrtantriebeniesow
Kraftfahrzeugmotoren. In dieser Arbeit werden sowohl experimentals auch
numerische Untersuchungen der Verdunstung von Tropfen bestehend aussemer
drei Komponenten vorgestellt. Von den experimentellen Ergebnissen werden
hauptsachlich Verlaufe der Tropfenoberflache als Funktion derpZaésentiert, wobei
sowohl die Zusammensetzung der Tropfen als auch die Umgebungstemmiratie
Tropfen wahrend der Verdunstung ausgesetzt sind, variiert wurden. iScineer
Ergebnisse von verschiedenen Verdunstungsmodellen werden mit den erpedieme
Ergebnissen verglichen, um die Verdunstungsmodelle zu validieren. Bei de
Verdunstungsmodellen kamen vereinfachte Modelle zur Anwendung, die ser die
Arbeit hergeleitet werden, und bei den Experimenten wurden fir discloph
Messmethoden spezielle Auswerteroutinen fir eine hohe Messgenauigkeskeltwi

Fur die Experimente wurden Versuchsstande flur optisch levitiertefrendallende
Einzeltropfen verwendet. Als Flussigkeiten wurden 1-Hexadeken und dieanéAvon
n-Pentan bis n-Hexadekan ausgewéhlt. Das umgebende Gas war er@tedsoff

oder trockene Luft. Die Experimente wurden bei Standard-Atmosphéckndnd bei
Umgebungstemperaturen von 290 bis 350 K durchgefihrt. Der Anfangstropfendurch-
messer war in der Grof3enordnung von 50 um. Die TropfengréRe wurde aus dem
Streulicht des Tropfens bestimmt. Bei frei fallenden Tropfen wumdsitzlich die
Anderung der TropfengréRe mit einer Messmethode basierend autajdsingigen
Resonanzen ermittelt. Um diese Methode bei mehrkomponentigen Tropfasethen,

bei denen eine Phasenverschiebung der gestaltabhdngigen Resonamatmaufte

ein Korrekturverfahren mit Hilfe von numerischen Simulationsrechnungencietty

Als weitere optische Messmethode wurde Regenbogen-RefrakiemetrBestimmung

der Tropfentemperatur bei einkomponentigen und zur Bestimmung der Zesamm
setzung bei zweikomponentigen Tropfen verwendet. Aul3erdem wurde diese
Messtechnik zur Untersuchung von Konzentrationsgradienten im Tropfen benutzt.

Aus den Messungen der Tropfengréf3e wurde die dimensionslose Tropfibleeals
Funktion der Zeit ermittelt. Die Versuchsstande ermdglichtendass die Messzeit
nahezu die gesamte Lebensdauer des Tropfens umfasste. Bei einkomponentig
Tropfen wurde fir unterschiedliche Stoffe und bei unterschiedlichegebumgs-
temperaturen die Verdunstungsrate bestimmt. Bei mehrkomponentigennivapfden
zusatzlich die Mischungsverhdltnisse variiert. Die umfangreicegperimentellen
Ergebnisse konnen fur die Validierung von numerischen Berechnungsmethoden
verwendet werden.



Ausgehend vom klassischeR?-Gesetz wurden numerische Modelle fiir zwei- und
dreikomponentige Tropfen zur schnellen Berechnung der Tropfenverdunstung
entwickelt, wobei eine konstante Tropfentemperatur angenommen wurdewEiir
komponentige Tropfen wurde eine analytische LOsung abgeleitet.niinerische
Berechnungen wurden auf’erdem ein Rapid-Mixing-Modell (unendlich schneller
Warme- und Stofftransport im Tropfeninneren) und ein Diffusion-Limit-Mlode
(Warme- und Stofftransport allein durch Warmeleitung und Diffusior)emidimen-
sionaler Betrachtung des Wéarme- und Stofftransportes verwendet.

Sowohl die numerischen Modelle fur zwei- und dreikomponentige Tropfaualsdie
analytische Losung zeigten eine gute Ubereinstimmung mit gerimentellen Ergeb-
nissen, wenn ein geeigneter Referenzzustand gewahlt wurde. Mit denl®gen-
Refraktometrie war es madglich, sowohl die Tropfentemperatur alsh die
Tropfenzusammensetzung zu messen. Bei mehrkomponentigen Tropfemdrevdm
Diffusion-Limit-Modell Konzentrationsgradienten vorhergesagt wurdeaten diese
nicht auf. Stattdessen wurde eine sehr gute Ubereinstimmung miRdpid-Mixing-
Modell gefunden. Deswegen wird vermutet, dass der Stofftranspdrtapfeninneren
durch Zirkulation der Flussigkeit, die bei der Tropfenerzeugung entstand, entile.
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1 Introduction

1.1 Motivation

For modern combustion engines using liquid fuels, several processesrmortant
roles in reaching high efficiency in the combustion cycle and lows®ons in the
exhaust gas. One of these processes is the evaporation okthe the combustion
chamber. For direct injection systems used in aircraft orrggines, the fuel enters the
combustion chamber in the liquid state. During injection, the liquid dggaies into
single droplets by atomization. In addition, the droplets evaporateebebmbustion
occurs.

Commercial fuels are complex mixtures of many compounds witkrdiff physical
properties. For that reason, the evaporation of multicomponent draplatseamplex
process. As the droplets travel through the combustion chamber, ibeirasd
composition changes. The size history influences the dynamavioelof the droplets,
whereas the variation of the composition determines the distributitre gfasified fuel
compounds within the combustion chamber. The fundamental understanding of these
processes is essential for the modeling of fuel sprays.

In fuel sprays, droplet evaporation is influenced by severattsfSuch as convection of
the surrounding gas flow or an interaction among droplets. Howéwera basic
understanding of multicomponent droplet evaporation, it is necessanyestigate
droplet evaporation without these influences, i.e., to study the evapoo&tosingle
droplet in a quiescent atmosphere.

Experiments of this type were conducted at the Institute adspace Thermodynamics
(ITLR), where several experimental and numerical studies havepg@érmed in the
field of droplet dynamics led by A. Frohn in the 1980s. The resuligaatrlly covered
by the textbook of Frohn and Roth (2000) on droplet dynamics. For the gatesti of
droplets, optical measurement techniques were developed at ITtfeforeasurement
of size histories.

1.2 Literature Review

In the literature, there are many experimental studiesndewaiith droplet evaporation.
However, there are only few studies that come close to the &adicdeal case of a
single, multicomponent droplet evaporating in a quiescent atmosphexegeAnumber
of studies consider droplets in sprays. However, even in sparse, speaygeraction of
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the droplets cannot be neglected. In other studies, a convectiveftlawenhances the
heat and mass transfer around the droplet. Moreover, the shape of thé chopbe
distorted by the flow. The heat transfer and the shape of the diapietlso be
influenced by the measurement technique, e.g., when suspension or olevitati
techniques are used. In the published studies, frequently the droplet doelsavi
influenced by several parameters. However, the effects of theredif parameters
cannot be clearly separated. As a result, there are largetainttes when trying to
reduce the experimental data to the described ideal case.

With respect to the composition of the droplets, some of the stushegler real fuels.
Generally, these fuels consist of a huge number of compounds. Ofmtpesition is
unknown. As a result, the effects of the single components on multicontpdnoplet
evaporation cannot be distinctly identified. For that reason, studiesidering real
fuels are not included in the literature review.

In the following, experimental studies on droplet evaporation arewedieThe focus is
on studies at standard atmospheric pressure and moderate ambipetatares.
Moreover, studies using n-alkanes or at least miscible compoundsnwidlea mixing
behavior are preferred. The main interest is in size histamnesevaporation rates.
Studies providing additional information on the droplet such as temperatute
composition are reviewed at the end of this section. Additional refese especially
with regard to the measurement techniques and the numerical mastbis tsis study,
can be found in the corresponding chapters.

In some respects, the review follows the historical developmentdther sense, it
begins with investigations on pure-component droplets and continues with
multicomponent droplets. Some of the papers are grouped accordingeionental
techniques.

Fundamental studies on liquid droplet evaporation were performedbglifg (1938).

On the basis of a dimensionless analysis he derived the well-ketationship for the
Sherwood number as a function of the Reynolds and Schmidt number. For the
determination of the constant of the relationship, he investigatedvéporation of
water, nitrobenzene, and aniline droplets suspended in air. Experinestsarried out

at room temperature for Reynolds numbers ranging from 2 to 800 andtdliapheters

from 0.1 to 0.9 mm.

Ranz and Marshall (1952a and 1952b) conducted experiments on the evapuration
pure-component droplets. They investigated droplets, mainly of waterairat
temperatures up to 493 K for a Reynolds number range from O to 200. The droplet
diameters ranged from 0.6 to 1.1 mm. The droplets were suspended ffeed a
capillary with a diameter of about 80 um. In the capillary wdseemocouple used for
measurements of the droplet temperature. The droplet was obsergedhtha
microscope and its image was recorded on a motion picture fénmadge of 24 Hz. The
droplet diameters were measured frame by frame on a imtreiewer. From their
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experiments, they determined evaporation rates at different aincoieditions and used
their results to modify the coefficient of Frossling's relatmsTheir relationships for
the Nusselt and Sherwood number are still used today in numericalsmodrder to

account for convection.

Downing (1966) continued the work of Ranz and Marshall. He used the same
experimental techniques and investigated droplets of pure liquidspértatures from

300 to 613 K for Reynolds numbers from 24 to 325. Among the investigated liquids
was an n-alkane, in this case n-hexane. The size of the dragletsn the order of a
millimeter.

Beard and Pruppacher (1971) performed measurements of smalldnaper falling
freely at terminal velocity in a wind tunnel. The air stneaas directed upwards and
controlled by a valve so that the droplet was kept stationary. niti@ idroplet size
ranged from 70 to 375 pm. A minimum size of 27 um was investigatadthEo
determination of the evaporation rate, they used drag relationshigsoplets and their
measurements of the terminal velocity. The results wereemiext as Sherwood
numbers. For low Reynolds numbei$e < 2, they found that the Sherwood number
smoothly approache8h = 2.

With the emergence of lasers, new measurement techniques ewblieddallowed the
determination of the droplet size with a higher accuracy thgshbtographic imaging.
Ravindran et al. (1979) measured the size history of droplets suspenaeclectric
field. The initial droplet diameters were between 1.2 and 2.4 um. Tpedtiquids
were pure organics with very low volatilities. The carrier gasere helium, nitrogen,
or carbon dioxide. The experiments were performed at standardphienigspressure
and at temperatures ranging from 280 to 307 K. The droplet size aasured using
Mie theory. By traversing a photomultiplier, the intensity of thatteced light was
scanned within an angular range 40° < 6 < 150 . The intensity distributions were
compared to results from Mie theory. They claimed to reach @axy of 1% for the
droplet radius. A traverse of the photomultiplier required 14 s, whichavwsrt time
period compared to the entire measurement period of up to 2500 s. During the
measurement period, the droplets changed their size significBlutting the square of
the droplet radius versus time vyielded straight lines showing theatevaporation
process was diffusion-controlled. Davis and Ray (1980) found that the atiapoates
were in good agreement with the theory for isothermal diffusion-controlkgabeation.

Subsequent to their study on pure-component droplets, Ravindran and Davis (1982)
investigated two-component droplets. In their publication, they presanteeboretical
analysis of diffusion-controlled evaporation of two-component droplets b@sesh

ideal solution behavior and diffusion of the individual species in the surroymnuert

gas. Comparing their experimental results with results from yHeorthe surface area
history, they claimed to reach reasonably good agreement. Howevegxerimental

data was very sparse.
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In addition to electrostatic levitation, acoustic levitation is amrongtation technique
that was often used to study droplet evaporation. In this casdrdplket is levitated in
an acoustic field with a standing wave. Due to the high-pressackegts, there is a
flow around the droplet which considerably influences the evaporation behavi
addition, the droplet shape is distorted which leads to difficultiethBodetermination
of the droplet size. For that reason, a great deal of efegtspent in order to study the
effects of these influences on droplet evaporation.

Daidzic (1995) studied nonlinear droplet oscillations and evaporation in rasauic
levitator. Among other liquids, he investigated the evaporation of n-ociade
n-decane. Yarin et al. (1999) presented surface area histories etq@uponent
droplets of different substances. They showed that the acoustimisigean the gas
provides a convective mechanism much stronger than the ordinary onthwand
dominates the evaporation. Kastner (2001) investigated droplets of onéwand
components. Yarin et al. (2002) also presented results for binaryrenigitoplets.
Recently, Brenn et al. (2003) showed experimental and numericitsrésm droplets
containing three to five components. For organic compounds, they sefeatsty
alcohols. Due to the dipole moment of the hydroxil group, the mixingeosubstances
lead to a deviation from the ideal behavior. This was taken into acbguaiculating
activities of the liquids. The experiments were conducted at roompetature, with
initial droplet diameters larger than 1 mm. For the determinatiadheofiroplet size, a
sharp image of the shadow of the ellipsoidal droplet was taken®g§D camera and
the droplet size was monitored until nearly complete evaporation.

Tuckermann et al. (2002) also used the acoustic levitation method. 3&eyntalkanes
ranging from n-pentane to n-decane and investigated pure-component sdrdplet
droplet size was monitored with a CCD camera and ranged frorto @15 mm. In
addition, the droplet temperature was measured by IR thermogréphy presented
results including surface histories and evaporation rates.

Another levitation technique is optical levitation. Here, a dro@estabilized using
radiation pressure forces. Since this technique is used in this gtislyescribed in

more detail in section 5.1.1. In order to avoid heat input from the tighd for

levitation, the droplet liquid must not absorb the light. This requiremeghices the
number of possible substances for investigations. In addition, the uhitplet size

must be considerably smaller than a millimeter to permit levitation wékanable laser
power. This is in accordance with the desired droplet sizes. Loakithgg Sauter mean
diameters of typical gasoline and diesel sprays, they haveldng@st values for low
pressure sprays for injection systems with intake tubes mfgim 50 to 120 um. For
direct injection systems using gasoline, the Sauter mean diametens @ue order of 15
to 25 um. Diesel sprays have the smallest droplets with diameters sheléiO pm.

Using optical levitation, Roth et al. (1994) studied the evaporation ofcgled water
droplets or ice crystals at ITLR. The droplet size was medsuom the fringe spacing
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of the scattered light at a scattering angle of 45°. In addiseillations of the droplet
position caused by morphology-dependent resonances were recordea pagition-
sensing detector at a scattering angle of 90°. From the freqoétioy fluctuations, the
change of the droplet radius with time was determined. Resutteeadroplet surface
history were presented at ambient temperatures from about 240 to 2T Knitial
droplet diameter was on the order of 20 um.

Other studies concerned binary mixtures of low volatile n-alkaReth and Frohn
(1997) showed droplet surface histories of two-component droplets of n-pemteadec
and n-hexadecane with different initial compositions at room teryseral he initial
droplet diameter was up to 50 um. This time, the morphology-dependemanees
used for determining the change of the droplet size were ditectbe region of the
rainbow. Increasing the difference in volatilities of the binamyture, Gartung et al.
(2000) investigated droplets of n-tetradecane and n-hexadecane. Agaimjtitie
composition was varied while the ambient temperature remainedmat temperature.
The initial droplet size was on the order of 20 um.

Many experimental investigations dealt with monodisperse droplets produdedbgt
stream generators. Monodisperse droplet streams offer the advaoftagtudying
droplet evaporation in a quasi-stationary system without using higit-speasurement
techniques. Another advantage is that the evaporation can be inesktrgay shortly
after droplet generation within a time domain on the order ofsadbnds. This allows
for the study of droplets with very high evaporation rates. Howevertracking of the
droplet history is limited to a certain stable regime. Beyoatrégime, droplets start to
oscillate and collisions can occur. With respect to the goal oftigating a single
droplet in a quiescent atmosphere, droplet stream generatorswawdtsadvantages.
One is the enhancement of the evaporation due to the high speeddobphets, the
other one the interaction of the droplets due to the usually smalhgpaetween the
droplets. In order to minimize the latter disadvantage, one oftentriaugment the
spacing. One possible solution is to charge the droplets andtesdrae of the droplets
in an electric field. Although droplet stream generators colmee to the ideal case of
monosized droplets, there is some uncertainty of the droplet sieeemthto this
technique. The size range of the droplets is usually in the desired submillimeger ra

Stengele et al. (1999) performed measurements of one- and two-componget
evaporation with droplet stream generators. The droplets weréaflieg in a high-
pressure environment with pressures ranging from 20 to 40 bar andré&tunps up to
650 K. The droplet size was measured by video technique and a stypdbdmop. The
initial diameters ranged from 0.6 to 0.8 mm. The smallest detectlbplet size was
about 0.3 mm. The droplet distance was more than 100 times the initis@tdiigpheter

in order to exclude interactions between the droplets. They pressnéetistories of
droplets consisting of n-pentane, n-nonane, and binary mixtures of these t
compounds. They found good agreement when comparing their experinmesutias r
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with numerical calculations based on the conduction-limit model and atifthsion-
limit model.

Chen et al. (1997) investigated droplet evaporation in a heated airTloey used a
droplet-on-demand injection system which can be operated at frequapdesl kHz.
They investigated droplets of n-hexane, n-decane, and a binary moftuequal
amounts of hexane and decane. No information was given on the goacahgs
between the droplets. The temperature of the flow was about 400 K.cohgared
their experimental results to numerical simulations with thiigldn-limit model and
the infinite diffusion model (called the rapid-mixing model in tthissis). The binary
mixture droplets have an initial diameter of about 70 um. Comparinget@erimental
results with results from numerical simulations they claingeteach better agreement
with the infinite diffusion model than with the diffusion-limit modelowever, a large
scattering of their data was obvious and the difference bettheeresults of the two
numerical models was not significant.

Randolph et al. (1986) studied free-falling monodisperse droplets cogsi$tbinary

mixtures of n-alkanes. The mixtures contained n-hexadecane and dedetre,

n-dodecane, or n-decane. The droplet size was determined through pitotcgrd the
composition through sampling and analysis with a gas chromatograptrdpiets had
initial sizes of 130 to 300 um and were injected at 67 per secondureaemishingly
small droplet interaction effects. They studied both evaporation and storbu~or the
case of evaporation, the droplets were exposed to temperatures ahé7820 K.

They discovered that the gasification mechanism of these dro@stentermediate to
those in the batch distillation and diffusion-limited steady state.

Gartung et al. (2002) studied the evaporation of monodisperse dropletsaatand
296 K. They investigated four different mixtures with either twéoar components of
n-alkanes between n-pentane and n-octane. The droplets were doifectevial at
different distances from the orifice of the generator. The dr@met was determined
from the mass of the sampled liquid. In addition, the composition wasndeed by
gas chromatography. When they compared their experimentalsregtlit numerical
results of a diffusion-limit model, they obtained good agreement. Howéney did not
take into account the reduction of the evaporation rate due to thesplasig of the
droplets, which was on the order of 3 to 4 droplet diameters, or theticedot the
droplet speed relative to the air due to the entrainment of theusding air caused by
the droplet stream.

Due to their simplicity, suspension techniques are still used to@dten a
thermocouple is used for the droplet suspension. There are special studies wieist addr
the heat transfer through the support fiber (Yang 2002, Nomura 2003).nifiaé i
droplet size is usually above one millimeter so that the drogeteter is considerably
larger than the diameter of the suspension fiber in order to mmitmézinfluence of the
fiber. Due to the relatively large droplet size, the lifetiofie¢he droplets is large, which
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allows one to obtain elaborate size histories, i.e., with a largmiat of data points.
Gokalp et al. (1994), Runge et al. (1998), and Daif et al. (1999) investigaiplets of
pure n-heptane, n-decane, and binary mixtures of the two substancesGdkalp et
al. used different initial composition for the binary mixtures, thbemwtstudies
considered only mixtures with equal amounts of the two compounds. All studie
considered convective vaporization. Gokalp et al. and Daif et al.imsstigated
evaporation in a quiescent atmosphere. The droplet size was measueedrding the
droplet image with a camera. All studies were conducted hieatnpressures. Runge et
al. performed measurements at an ambient temperature of 273fKetédi at about
300 K and Gokalp et al. varied the temperature from about 300 to 450 K. Bualge
used initial droplet diameters from about 0.5 to 0.6 mm, Daif et al. &oout 0.6 to
0.8 mm and Gokalp et al. used an initial size of about 1.3 mm. Daif@idaRunge et
al. compared their experimental results with numerical redtdtsa a rapid-mixing
model and found good agreement.

In addition to droplet size measurements, additional techniques aneusid to gain
further information on the droplet. The most interesting parametershe droplet
temperature and composition. When the droplet is suspended on a fiber, often a
thermocouple is used to obtain the droplet temperature. Wong and Lin (A@92) e
measured temperature distributions in suspended droplets using fimod¢beples in
droplets with a fixed size of 2mm. In other experimental setupsiti@nal
measurement techniques are necessary. For the measuremersiuofatte temperature,
infrared thermography has been applied (Daif et al. 1999). Anothsibpibg is to use
the sensitivity of the position of the rainbow to determine the drogeperature (Roth
et al. 1988). The intensity distribution of the scattered lagét In the region of the
rainbow can also be used to measure the droplet temperature asdnsitaneously
(van Beeck and Riethmuller 1995). Castanet et al. (2003) measurgxbréture
distributions within monodisperse droplets by two-colour laser-indulktedleEcence.
Laser-induced fluorescence allows one to also gain information @véperated liquid

in the gas phase (Rossow et al. 2004).

For the measurement of the droplet composition, rainbow refractomasrysed in this
thesis for droplets with approximately uniform and constant teriyyersa This can only

be used for binary mixture droplets, since for droplets with ri@e two components,
other techniques must be applied. As already mentioned, gas chromayoigraypte
possible technique for the measurement of the droplet composition (Randaph e
1986, Gartung et al. 2002). This technique works well with monodisperse tdrople
where sufficient droplet liquid can be collected. For single, dptitavitated droplets,
Kiefer et al. (1997) used Raman scattering for the deterrmmadf the droplet
composition.

It is clear that there are very few studies consideringurexdiroplets with more than
two components. In addition, initial droplet diameters were raretiigndesired range
of 20 to 100 um. Usually, the droplets were larger than a millinndtere the shape of
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the droplet can be deformed and the internal processes due tatorcdan also be
different. Generally, the number of data points for size histosesmall and
measurement uncertainties are often large. No study was fcweré wxperimental data
was provided to clearly decide whether multicomponent droplet evaporadi
described best by the rapid-mixing model, the diffusion-limit rhode some
intermediate model.

1.3 Objective

As stated previously, there are several deficits concerning comifionent droplet
evaporation. This thesis strives to partially alleviate thisasin. The primary focus of
this thesis is the evaporation of single, multicomponent dropleta iquiescent
atmosphere. Experiments were conducted at standard atmospheric epaassuthe
ambient temperature was varied from 290 to 350 K. Initially, purgpooent droplets
were investigated and results from the evaporation rate werpacedto results from
the classicali? -law. Subsequently, mixture droplets with up to three components were
studied. The substances used were n-alkanes as they comprise ohepantjof
automotive and aviation fuels. The initial droplet diameter was oartlex of 50 pm so
that the droplet size corresponds roughly to the Sauter mean diameter of typataley
fuel sprays. Non-intrusive optical measurement techniques were aiselotain size
histories with high accuracies. Existing experimental faesliat ITLR were modified
and improved in order to achieve these objectives.

Parallel to the experiments, simple numerical and analyticadets allowing fast
calculation of the droplet evaporation were developed and resultssef ithedels were
compared to experimental data. In addition, more complex modelsasuehliffusion-
limit model considering internal heat and mass diffusion were usediehcal

simulations with this model and a rapid-mixing model were peréorin order to find
out under what conditions large differences in the droplet evaporaticavior were
predicted. Experiments were conducted at these conditions to detehnine
experimental data related to results from these evaporation models.



2 Droplet Liquids

2.1 General Propertiesof Droplet Liquids

Substances contained in automotive and aviation fuels were choserples kitjaids.
These fuels are complex mixtures of many different hydrocarbompounds.
Commercial petrol is composed of 35- 65% alkanes (paraffins), 0 - 3kéfeal
(olefins), and 23 - 55% aromatics. Diesel fuel consists of about dk&hes, 25%
naphthenes (cycloparaffins), and 30% aromatics (Wenck et al. 1993).0Aviagls,
such as JET A1l for civil use or JP-4 for military aircraftspdave constituents from
all of these groups of chemical compounds (Catoire et al., 1999).|Frdrtaése fuels
the major constituents are alkanes, which are saturated hydrocavibortee general
structural formulaC, H,,.,. N-alkanes, with a chainlike structure where the carbon
atoms are arranged in a zigzag pattern, were used for this study.

N-alkanes offer several advantages for experimental invesigatrirst of all, they are
non-toxic. In addition, they do not absorb the laser light used for opgightion and
optical measurement techniques. Non-absorption is important in order itaflnenhce
the thermodynamic behavior of the droplets. Another advantage to uslkgnesais
their diversity with respect to their volatility. By changimg thumber of carbon atoms,
a broad range of volatilities, which can also be found among the compafents
automotive fuels, can be produced. Thus, different fuels can be modetigdiifferent
n-alkanes. If, for example, only one n-alkane is used to represtrdl,apetrol is
represented best by n-octane, diesel by n-dodecane, and the awatidi&ET Al by
n-nonane (Catoire et al., 1999).

For this study, n-alkanes ranging from n-pentane with 5 carloonsatio n-hexadecane
with 16 carbon atoms were used. These substances are liquid at ropenateire. N-
alkanes with less carbon atoms than n-pentane are gaseous, foregxabnghne with
only 4 carbon atoms and a boiling temperature of 272.5K at 1 bar. In ¢tpontras
n-alkanes with more carbon atoms than n-hexadecane are solid, whhehdase for
n-heptadecane with 17 carbon atoms and a melting point of 295 K. Detaitedrdat
physical properties for the n-alkanes used in this study can be found in the appendix.

In addition to the above-mentioned n-alkanes, one compound from the group of alkenes
was selected for experimental investigations. 1-hexadecenehwasncwith a double

bond placed at the beginning of the carbon chain. This substance wa$ chose
particularly for measurements with rainbow refractometry in rotdeincrease the
measurement accuracy when multicomponent droplets were investigétad.egard

to general physical properties such as density, volatility andcteaistic temperatures,
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1-hexadecene is very close to n-hexadecane, but the refractive isndggnificantly
larger. Hence, when 1-hexadecene is used instead of n-hexadecathedaromponent
droplet, the evaporation behavior is nearly the same, but the diffaretiee refractive
index of the two substances is larger.

2.2 RefractiveIndex of Droplet Liquids

The refractive index is an important property for optical measememechniques. It is
especially important for rainbow refractometry, where the céfraindex of the droplet
is determined from the intensity distribution of the scatterdut lig the region of the
rainbow, assuming a constant refractive index inside the droptete $he refractive
index depends on the temperature and on the substance, information @rapestes
can be derived from the determination of the refractive index. lisrréason, the
refractive index of the droplet liquids is described in detail in this section.

In general, the refractive index is a complex property
n=mn+Iin (2.1)

where n is the real part andn the imaginary part. The imaginary part describes the
absorption of the light. For the substances of this stddy, O for the wavelengths of
the lasers used for both optical levitation and the optical memasuatdechniques. This

is desired in order to not influence the thermodynamic behavior ofinbyget by
absorption of energy from the laser light. In the following, thépa# » is used and is
simply called refractive index (sinee = n with 7 = 0).

Values for the refractive index found in the literature are gdgeaghilable at room
temperature, i.e., at abo@®5 K, and at the wavelength of the sodium D line, which is
589 nir. However, in this study the temperature was varied and theviasedength
was different from the sodium D line. For this reason, relationdbipthe refractive
indices of n-alkanes for the conditions of this study are presentdkeifollowing.
These relationships were derived from experimental and published data.

For selected n-alkanes, measurements of the refractive indecesperformed with an
Abbé-refractometer at a wavelength 589 nir in order to determine the influence of
the temperature. The measurements revealed a linear relatibeshgen the refractive
index and the temperature for the range fr@0 K to 350 K for all substances.
Therefore, the data were fitted to a straight line byaatlequares method. In order to
minimize discrepancies with available data from the literatine ordinate intercept of
the linear equation was changed so that there was an agreeitheptilished values
(Lide 1998) at a temperature 263 15 K.

For the experiments, especially for investigations with rainbefactometry, a
Nd:YAG laser was used with a wavelength 82 nir. Since the refractive index
depends also on the wavelength, another correction of the resultanad out using
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relationships and values from the literature (Camin 1945 and 1955; Fdr2td),
which describe the dependency of the refractive index on the wagtlelat a
temperature 0f298 15 K. This correction again changed the value of the ordinate
intercept of the linear relationships.
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Fig. 2.1. Refractive index of n-alkanes and 1-hexadecene at a wavelength of 532 nm

In order to facilitate the evaluation procedure, a general forfaukhe refractive index
at a wavelength 0632 nir covering the range of n-alkanes and temperatures used in
this study was derived, the result of which is given below:

ns32(C,T) = as3dC) + bs34C) (T — 273 1K)
With as3,(C) = 1.35858+ 0 0341M(C — .3 63

andbss,(C) = [~ 6 073 10* + 7833 10In(C — .2 9}3%

2.2)

In this relationship,I" represents the absolute temperature in Kelvin@nithe number
of carbon atoms of the n-alkane. It can be applied in the r@a@geKk < 7' < 350 K
and5 < ' < 16. The results are shown in Fig. 2.1.

Taking a closer look at the sensitivity of the refractive indéth regard to the
temperature for the substance n-hexadecaggl6) ~ —4- 10* 1/K is obtained from
Eq. (2.2), which means that a change in temperature of 1 K correspamndfdoge in
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the refractive index oft - 10~4. With regard to the substances used, the difference in the
refractive index is smallest between n-hexadecane and n-pemedesdnere
An ~ 3-107% in the given temperature range.

For 1-hexadecene, the following relationship was derived:

—27315K

nsz(1-Hexadecend)) = 1.45261 4.269 7

(2.3)

The results of this relationship are also depiatefig. 2.1.

2.3 Liquid Mixtures

2.3.1 Mixing Behavior

The substances used within this study show an i@dhg behavior. This is because

the molecules are non-polar. Thus, properties eflitfuid mixtures, such as the liquid

density or the refractive index, can be obtaine@msraging the properties of the liquid

components with respect to their volume fractidasithermore, Raoult's law can be
applied to the phase change occurring at the drepldace. This law implies a linear

relation between the vapor pressure and the lighase composition measured in mole
fractions.

2.3.2 Preparation of Liquid Mixtures

For the liquid mixtures, substances with a puritgdg of at least 99% were used. The
liquid volumes were measured with pipettes. Thepeties had scale gradations of
0.1 ml. For that reason, an uncertainty @f = 0.05 ml was assumed. Usually, a
mixture was prepared with a volume of least 30 Wilis means that for a binary
mixture with a volume fraction ofZ, = 0.5 for each component, volumes of
V =15 ml were measured. In this case, the uncertainty efvillume fraction was
oV /V ~ 0.33% . This inaccuracy increases for smaller volumetioas. However, the
uncertainty is of an acceptable magnitude and sooatipared to other uncertainties as
shown in subsequent chapters.

When low volatile substances were part of the méstthe mixture was immediately
used to fill the reservoir of the droplet on demagederator in order to avoid a change
of composition of the mixture due to a vaporizatidrhe low volatile component.
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3 Droplet Evaporation Models

In this chapter, the droplet evaporation modelsduse this study are explained. The
results of numerical simulations with these modetse utilized for comparisons with
experimental results.

3.1 Overview

Table 3.1 gives an overview of the models usedhis study. Within the table, the
complexity of the models increases from the toptht® bottom. Some of the main
characteristics of the models are provided in otddrighlight their differences.

The classicalD?-model for single component droplets, abbreviatedd@M, yields
relatively good results for the selected liquidsd a@he ambient conditions of the
experiments. It is used as a starting point fordbeelopment of simplified models for
both single component and multicomponent droplétere are several reasons why
these simplified models were developed. First df tey allow a much quicker
calculation of the droplet evaporation since themeefewer equations to be solved. This
is an advantage not only for the calculation ofrmle droplet, but especially for the
calculation of a spray consisting of many thousanfisdroplets and thus saving
tremendous computation time. For the experimenimg also advantageous to develop
simplified models: these simplified approximateusioins served as a useful tool for the
planning of the measurements. Last but not leastsilmplifying the equations, the
dominant parameters for droplet evaporation canldatified and their influence can be
highlighted. The main disadvantage is, of courke, ihcreasing discrepancy between
the results of these models and the real dropleawer when simplifications are
introduced. For this reason, the appropriate apftin range of these models was
investigated.

In order to develop simplified models for multicooment droplets, it was first
necessary to simplify the classicA? -model in order to provide explicit expressions
for the droplet temperature and the evaporatios, rading to the simplified)?-
model, abbreviated as SD2M. From this model, a mfmdéinary and ternary mixture
droplets was developed. Since the resulting moskliraes a homogeneous mixture of
the liquids inside the droplets at each pointameti which corresponds to a rapid-mixing
of the substances, this model is called simplifegald-mixing model (SRMM).

For the calculation of the droplet diameter and position as a function of time,
SRMM requires numerical methods since a set of leaugiifferential equations must be
solved. In order to calculate the evaporation rtte,droplet diameter, or the droplet
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composition explicitly as a function of time, anahpical solution (ARMM) was
derived for the case of binary mixture droplets.

Table 3.1. Droplet evaporation models with increasing complexity fronothéotthe
bottom

Single Component Models Multicomponent Models
Name Characteristics Name Characteristics
ARMM X, = X;,(1),
Analytical  for binary mixtures droplets
Solution of
SRMM
SD2M T, = const, T, = const, SRMM X, = Xt
Simplified  explicit approx. of7; Simplified
D?-Model RMM
D2M 1} = const, T, = const,
D?-Model implicit calculation of7;
UTM T, =T(), T, =T,(t)  RMM X, = X;(t)
Uniform- infinite heat diffusivity Rapid- infinite mass diffusivity
Temperature Mixing
Model Model
CLM T, = Ty(r,t), T, = T,(t), DLM X, = Xi(rt)
Conduction- 1-dim. heat diffusion insideDiffusion-  1-dim. heat and mass
Limit Model the droplet Limit Model diffusion inside the droplet

For a more elaborate calculation of the droplepevation, different models, which are
more complex than the classicBf -model, were used. For single component droplets,
the uniform-temperature model (UTM) allows a tengbavolution of the temperature
and all other physical properties, since all gowegrequations are solved at each point
in time. Thus, the transient heating or coolingtled droplet at the beginning of the
evaporation can be calculated. Since the interidhe droplet is always at a uniform
temperature, this corresponds to an infinite heatlactivity of the droplet.

The most complex model for single component drgpldte conduction-limit model
(CLM) takes the finite amount of heat conductioniakhactually occurs into account.
Since spherical symmetry is assumed, the heat ctinduis considered in one
dimension along the droplet radius. The real badrans the droplet is believed to be in
between UTM and CLM as limiting cases. This is lseainternal circulations of the
droplet liquid will enhance the heat transfer comepgato CLM, which assumes only
diffusive heat transport, but the other limitingseaof UTM with infinite heat
conduction will never be reached. Sirignano (19¥8 considered internal circulations
showed that the transport speed can be increasaddayor of three at most.
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For multicomponent droplets, the rapid-mixing mofeMM) is based on UTM and

assumes in addition to an infinite heat condugtigitmixing of the droplet liquids at an
infinite speed, so that at each point in time therea homogeneous mixture and
temperature inside the droplet. The diffusion-limibdel (DLM) is based on CLM and
assumes in addition to diffusive heat also diffasivass transfer inside the droplet.

The most complex models, CLM for single componard BLM for multicomponent
droplets, require considerably more computationetithan UTM and RMM,
respectively, due to the additional calculationhaf internal processes.

3.2 Classical D*Law

In this section, fundamental equations and assoemptdf the classicaD?-law are
reviewed, since some of the evaporation models wstts study are based on that law.

3.2.1 Introduction and Assumptions

The classicalD?-law was formulated in the 1950s by Godsave (1368) Spalding
(1953). It was derived for an isolated, pure-congmardroplet burning in a quiescent,
oxidizing environment. It has since then been terrie D?-law, because it predicts
that the square of the droplet diameter decreasearly with time. The model can be
used both for the combustion and for the evaparaiica droplet. But since there is no
combustion in this study, the focus is only on @rapion. As a consequence, chemical
reactions are not considered and the double-fildehwith flame front is reduced to a
single-film model as depicted in Fig. 3.1.

The film model shown in Fig. 3.1 is also used imagpcalculations with many droplets.
Within the film, heat is transported solely by d#fon towards the droplet in exchange
for mass diffusion from the evaporating dropletttie opposite direction. The film is
surrounded by two boundaries. The outer boundaitty the subscripto represents the
conditions far away from the droplet. In Fig. 3ie dominant parameters for heat and
mass transfer, the Temperatufe and the mass fraction of the fugl are indicated.
The inner boundary with the subscriptis within the gas phase, but indefinitely close
to the droplet surface. Between the droplet surbawkthes -surface, the phase change
from liquid-phase to gas-phase quantities occuremFthe droplet surface to the
s-surface, the temperature remains constant, butnthes concentration changes
abruptly and must be determined. This descriptioesgoack to Spalding (1953) and is
explained in detail in Kays et al. (2004).
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Fig. 3.1. Film model for droplet evaporation

The classicalD?-law is discussed in extensive reviews by Law ()988d Faeth
(1977). It is also described in many textbooks omlgustion and mass transfer, e.g.,
Kuo (1986) and Mills (2001).

Below, the major assumptions of the classibaklaw are listed:

e quiescent atmosphere (no forced or natural corseXti

e spherical symmetry

* isolated droplet (no spray effects)

* rates are diffusion-controlled

e isobaric process

* constant gas-phase transport properties

e gas-phase quasi-steadiness

« single fuel species

» constant and uniform temperature (initial transgfrdroplet temperature is
neglected)

e saturation vapor pressure at droplet surface

* no Soret, Dufour, or radiation effects

« solubility of the gas in the liquid is negligible

3.2.2 Governing Equations

The most important parameter is the mass tranatenit” = m / A, which is the mass
flow rate per unit area at the droplet surface. Mvtiee equation of mass conservation
and Fick's first law of diffusion are applied toetfilm surrounding the droplet, the
following expression can be derived for the maasdfer rate

m”:gé?ﬁma+wﬁ) (3.1)

In this equation,D is the droplet diameter is the density of the mixture of the gas
and the evaporated liquid, and,, the diffusion coefficient of the evaporated liquasl
substance 1 in the gas with index: is Spalding's mass transfer number:

Y. - Y

B
Yy, -1

(3.2)
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In this equation}; ; denotes the mass fraction of the fuel on4hsurface and; ,, the
mass fraction far away from the droplet. SubstigtEq. (3.2) into Eq. (3.1), the mass
transfer rate can be expressed in terms of theawikivapor mass fractiok ; :

L 200y, (Vi —1
" 12 1o

p— ]_
" D n[ Y, —1

(3.3)

When the energy equation is applied in order tooaet for the heat transfer, the
following relationship is obtained:

N/ Zk
= In(l1+ B 4
m D n(l+ Br) (3.4)

wherek is the thermal conductivity and, the specific heat at constant pressusg.is
Spalding's heat transfer number:
C 1(Toc - TS)
By = 22 %/ 3.5
: o (3.5)

where Ah, is the latent heat of vaporization at the tempeeafy. Comparing Egs. (3.1)
and (3.4) for the mass transfer rate, one canhsgethie mass and heat diffusion in the
gas phase are described by similar equations. i&ubsg Eq. (3.5) into Eqg. (3.4), the
mass transfer rate can be expressed in terms oh#trewn temperaturé, :

, 2k en(Too — T5)
"= In|1+ 2> 2% 3.6
mn Cpl-D n + Ahv ( )
Together with the vapor pressure relation, Eq.)(3.7
YZLS = Yl,s(Tmp) (37)

Egs. (3.1) and (3.4) form a set of equations ferttiree unknownsn”, T,, and Yy, .
Equation (3.7) can be expressed, for example, ubmglausius-Clapeyron equation or
can be evaluated from saturation vapor pressulestab

3.2.3 Evaporation Rateand D*Law

In the previous section, the mass transfer ratewas determined from the mass and
heat diffusion in the gas phase for a fixed dropleé. Now the change in droplet size
due to this mass transfer rate is considered.®réason, the defining equation of the
mass transfer rate is evaluated at the dropleaseyior, in other words, the equation of
mass conservation is applied to the droplet surface

T m 1 d( @ 3)
" A~ 7pZdt\"'6 (3.8)

where p; is the density of the droplet liquid. Substitutifay =" from Eq. (3.1) and
rearranging yields:
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2
dD _ 8pgb12 In

o p (1+ By) (3.9)

where the right hand side of this equation is astamit. Now the evaporation rate is
introduced, which is the surface regression ratedaiined by:

Comparing Egs. (3.9) and (3.10), it can be seentligaevaporation rate is constant and
can be expressed as:

8= SPT%m(H By) (3.11)
1
In order to obtain the evolution of the dropletrdeter, Eq. (3.10) is integrated with the
boundary conditionD(t = 0 5) = D, as the initial droplet diameter, which results in
D?(t) = D& — Bt (3.12)
The result is the well-knowrD? -law, stating that the square of the droplet di@amet
decreases linearly with time during droplet evapona

Since the mass transfer rate can be expressed #itierms of quantities from mass
diffusion or heat diffusion, there is also an altgive expression for the evaporation
rate 5 using heat transfer quantities:

8k

cplpl

8= In(1+ Br) (3.13)

In addition to the evaporation rate, another imguaripparameter in droplet evaporation
is the lifetime of the droplet, also called evapiratime 7., which can be determined
from Eq. (3.12) withD(t = 7,) = 0:

T, = DE /B (3.14)

3.24 Property Evaluation

In addition to the beforementioned assumptionscthssical D?-law also includes the
assumption that the Lewis numbge, within the gas phase is unity. Inspecting the
definition of the Lewis number, i.eLe, = a/%;,, it can be seen that = %,, for

Le =1, wherea is the thermal diffusivity witha = & /(pc,,). This implies that the
rate of heat and mass transfer are of the sameitmdgnUsing this simplification and
combining Egs. (3.1) and (3.4) leads B9 = By . As a consequence, the number of
properties which has to be evaluated in order heesthe problem is reduced.

The remaining properties are the gas dengitand the specific heat,; at constant
pressure of the evaporated liquid. Especially whka difference between the



3.3 THE D2-MODEL (D2M) 19

conditions on the droplet surface and those faryawan the droplet are large, certain
reference values must be taken for the temperanatecomposition in order to evaluate
these properties. One possible scheme is to eealpatat both the mean film
temperature and composition ang at just the mean film temperature. In the liter@tu
several schemes have been proposed for the ewaluativariable properties, e.g.,
Hubbard et al. (1975), Kent (1973), and Law (1978)e scheme of Hubbard et al.
(1975) seems to work best, since it is favored @nynresearchers who compared
different schemes; recently e.g., Ochs (1999). Hutblet al. (1975) compared results of
different schemes in which all properties, inclgdia,, were assumed constant at a
reference state with numerical solutions in whittlpeoperties were calculated exactly.
They found that a scheme which they called thedlBworked best. It was originally
developed by Sparrow and Gregg (1958) for convediwat transfer and extended by
Hubbard et al. (1975) to include simultaneous laeat mass transfer. The rule uses the
following reference states for temperature and amsitjpn, designated with the
subscriptr:

T, =T, +1/3(Tx - T))

(3.15)
Y, = YZLs + (1/ 3)(Yloo - Yls)

This means that the reference state is closergaltbplet surface than the mean film
value. This scheme is used in this study whenevprogerty evaluation scheme is
needed.

3.3 The D>-Mode (D2M)

The D?-model (D2M) is the application of thB?-law to the conditions in this study,
however not including the simplifying assumptionlaf = 1. Basic assumptions of the
D?-law such as isolated droplets and a quiescentsgthese match very well with the
experimental conditions. Since, for the setupsa@umulation of the evaporated liquid
around the droplets is avoided by a small gas flasv,described in chapter 5, it is
assumed that; ,, = 0. Applying this condition to Eqg. (3.3) and elimimag the mass
transfer ratern” with Eq. (3.6), the following set of equationsoistained for the two
unknownsY;, and7;:

1 k C l(Too - Ts)
1 = In|1+4 2= _—°7 3.16
n[l_YLs] cpl:OQDlZ n[ * Ahu ( )

Vi, = Ya,(T;, p) (3.17)

Equation (3.17) is transformed to the problem dedaining the vapor pressure of the
fuel at the temperaturd,. Once the vapor pressure, which is equal to thiiapa
pressurep, ,, is known, the molar fractioX; , can be determined using Dalton's law of
partial pressure and assuming an ideal gas mixture:
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X, = B (3.18)
c

where p is the total pressure. Then, the mass fractipn can be obtained from the
molecular weights of the gas and the liquid wité thilowing equation:

X M
Yls Sl

= 3.19
’ Xo oMy + (1= X1)M, (3.19)

Table 3.2 gives an overview of the methods employedalculating fuel and gas
properties. For the reference state, Hubbard'sul#3is used. The methods in Table 3.2
are used for this and all of the following modeksept for the models implemented in
the numerical code by Gartung, which are presentéie last section of this chapter. In
the following, some comments are given on the ptypevaluation methods.

Table 3.2. Property evaluation methods for D2M

Property Method

Pis Antoine's vapor pressure relation with data froiael(1998)
D12 Fuller (from Reid et al. 1987)

Ah, Watson (from VDI-Warmeatlas 1988)

P ideal gas law

o linear interpolation of data from VDI-Wéarmeatld988)

Cp1 linear interpolation of data from VDI-Wéarmeatld988)

k linear interpolation of data from VDI-W&rmeatld988)
N532 Egs. (2.2) and (2.3)

For the vapor pressure, Antoine's vapor pressunelaetion is used in the following
form (Reid et al. 1987)

b
c—T;

(3.20)

Pis = exp[a +

where p, is obtained in Pa and; is taken in Kelvin. The parametets b, and c
depend on the substance. In Reid et al. (1987)esgalor these parameters are given
covering a wide temperature range. However, siheevapor pressure has a significant
influence on the evaporation rate and dependsmeigh on the temperature, and, since
for this study the temperature range is much smtikn the range of validity given in
Reid et al. (1987), the values from Reid et al38{)9were not used. Instead, these
constants were determined by fitting Antoine's vgp@ssure correlation to data from
Lide (1998) with the least squares method in otdepbtain more accurate results for
the vapor pressure.

Since p;, c,1, and k& depend only weakly on the temperature within #mgerature
range for this study, values for these properties determined by interpolating data
from tabulated values in the VDI-W&rmeatlas (1988)different temperatures.
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Relations for the refractive index are used to poeddata for the calculation of the
scattered light by numerical codes presented latehapter 4.

3.4 Simplified D*-Model (SD2M)

The simplified D? -model (SD2M) is a simplified version of D2M and offean explicit
solution of the mole fractio;, and the temperaturg, in contrast to solving these
quantities implicitly from Egs. (3.16) and (3.17Based on SD2M, SRMM for
multicomponent droplets is derived in the subsetisection.

In the following, the evaporation rate of SD2M igided in two different ways: the
first by introducing simplifying assumptions to D2kl order to demonstrate how these
two models are related to each other; the secomdoaph begins with the basic
equations of mass conservation for the gas filnrosunding the droplet with all
equations written in mole specific quantities. Beeond approach is followed because
some of the derived equations are needed for theesuient section.

3.4.1 Evaporation Rate by Simplification of D2M

For SD2M, a simpler expression for the evaporatiate rconstant is derived from
Eg. (3.11). For small mass transfer numbés < 1, the termIn(1+ By) can be
linearized resulting inBy only. Hence, Eq. (3.11) for the evaporation ratestant can
be rewritten as

(3.21)

Since for this study}; ., = 0 is assumed, and sindg, < 1 meaning thatr;; < 1,
Eq. (3.21) can be further reduced to

g =8y (3.22)
Pl '
When Vi, <1, also X;, <1, and therefore Eq.(3.19) can also be simplified,
yielding:
_M

Yis M,

Xy, (3.23)

Substituting Egs. (3.23) and (3.18) into Eq. (3y2)ds

_ 8%y My p1s

3.24
pr My p (3.24)
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When Y;; <1 andY;,, = 0, the mixture propertyp can be approximated by,.
Using the ideal gas law in the form = pR™'T, / M, with the molar gas constant
R™! the number of properties can be further reducssliting in:

. 8@12M1

ﬁ - RmolTTpl Das

(3.25)

3.4.2 Evaporation Rate from Basic Conservation Equations

In the following, molar quantities instead of magecific quantities are used. This is
more convenient for later use, since, accordin@ation's law of partial pressure and
when using the ideal gas law, the molar fractiom species can be obtained directly
from the partial pressure, i.e.,

x, =24 (3.26)
p

where p is the total pressure. Instead of the mass tramafe ", the molar transfer
"

rate n” is used. The analogous equation to Eq. (3.8)rimgef the molar transfer rate
TS
v/ hf.l.s nls
- _As _ 4 3.27

where n, , is the molar flow rate of the evaporated liquidy. E3.27) contains a minus
sign, sincen, ; < 0. For the film surrounding the droplet foy < r < ., only the
mass diffusion of the evaporated liquid as tfesfecies must be considered, since the
gas is stationary. The absolute molar fldX' at a certain position of the radial
coordinate can be determined by an analogous equatiEq. (3.27) from

N s

T _ﬁl,s _
N'=—— — (3.28)

In its general form, the absolute molar flux is gmsed of two parts:

N{'= XN+ J, (3.29)

The first part, X;N{ , is the convective flux, which is called Stefaowiland occurs at
high mass transfer rates. This part is neglectetthenfollowing analysis. The second
part, J;, is the diffusion molar flux and can be expresssthg Fick's first law of
diffusion

_ PP dXy

Jy = - E (3.30)

where p, is the density of the gas mixtur#/ the mean molecular weight of the gas
mixture and%,,, the effective binary diffusion coefficient of ti&' component in the
gas mixture. Moreovery,,, can be approximated b¥,, where the index 2 denotes
the ambient gas.
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Substituting Egs. (3.30) and (3.28) into Eq. (3.26yether with the assumption
XiN{ = 0, and integrating with the boundary conditiéh(r = ) = X;,, = 0 and
solving for ry , results in:

. o 47TgbllespgTs
Substituting Eq. (3.31) into Eq. (3.27), replacing, with Eq. (3.26), and introducing
the ideal gas law leads to:

(3.31)

29
p! = SimPLs (3.32)
DR™!'T,
In a manner analogous to the solution procedursetion 3.2, theD?-law for this
model using molar quantities can be derived utiizEgs. (3.32) and (3.27). By doing
so, the evaporation rate can be obtained. Thisltsesu the same expression as
Eqg. (3.25).

3.4.3 Influenceof the Temperature on the Evaporation Rate

For this study, the ambient gas was assigned \atemperatures. This is why in this
section the influence of the temperature on theenadion rate is considered. For this
task, the dependency of the evaporation rate omdeature dependent properties is
investigated.

The equation for the evaporation rate, i.e., EQ4RB is repeated here for convenience:
8M;
piMop

p = p(T)D12(T)pas(T) (3.33)
The quantities which depend considerably on tentpexai.e.,p, %;,, and p;; have
been explicity marked as temperature dependenEdn(3.33). In contrast, the
temperature dependency of all other propertiesnallsor non-existent and therefore
neglected in the following. Equation (3.33) furttdgmonstrates that the evaporation
rate in turn is linearly proportional to all thredf these temperature dependent
quantities.

When the property evaluation methods from sectidhae used for the temperature
dependency of these properties, it means that 1/ 7 since the density is calculated
using the ideal gas lawg;, ~ T+ from the property evaluation method by Fuller,
and p;, increases exponentially with rising temperatusecan be seen from Eq. (3.20).
Thus, the vapor pressure has the largest influemcéhe evaporation rate when the
temperature is varied. Combined all of the effettts,evaporation rate grows more than
exponentially for a rising temperature.
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3.4.4 Reference Temperatureand Property Evaluation

When the evaporation rate is very low, e.g., fohexadecane evaporating at
T, = 300 K, the droplet temperature is only slightly lowerarnhthe ambient
temperature. Under these conditiofis,= T, can be used as a reference temperature
with sufficient accuracy. But for higher evaporatioates, i.e., when the droplet
temperature is significantly lower than the ambidemperature during steady
evaporation, a suitable reference temperature beussed in order to avoid large errors
in predicting the evaporation rate.

In the following, an explicit equation for the calation of the droplet temperatui®@ is
derived, which is particularly well adapted to gwbstances and the temperature range
of interest. The temperature differenc&, — 7, is included in Eg. (3.6), which
describes the mass transfer rate due to diffuseat bransfer. In order to obtain an
explicit solution for this temperature differentiee mass transfer rate is eliminated with
Eqg. (3.3) and, in addition, the Lewis number isteainity resulting in

1- Yloo _ 1+ Cpl(Toc - TS)
1-v, A,

(3.34)

Now, if Y7, = 0 is assumed, and if;; < 1, Eq. (3.34) can be approximated by

(T — Ty)
Vi — pl{+ oo s .
1s Ahv (3 35)
Replacing Y3, by Eg. (3.23), which is a simplified expressionr fo;; < 1, in
combination with Eq. (3.18) and solving for the tmrature difference vyields the
approximation:

~ My ahy pr(Te)

Too - Ts approx. ™ (336)
( ) bp MZ cpl b

where all properties are evaluated at the temperdty .

In Fig. 3.2, values of the temperature differendel’ = 7., — 7, obtained from
Eq. (3.36) are compared with numerical values fi@2M. For the selected substances
and temperatures, these values are around 3, efxrepio values on the left side of
each curve, but in these cas@s /p > 0.1 and therefore the assumption Xif, < 1
does not hold any more.

Based on the results depicted in Fig. 3.2, the &zaipre difference from Eq. (3.36) is
corrected with a factor of 1/3 for a rough estimatehe temperature. The resulting
equation for the determination @j is

T, =T, — 120 s (3.37)
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where all properties are evaluated at the temperdty. This temperature is then used
for the calculation of the reference temperatueting to the 1/3 rule. All properties
for this model are calculated using the same meatlasdD2M.

( A T) (L[)pro.’lf,/ ( A T)DQM [']
w

6 8 10 12 14 16
No. of carbon atoms

Fig. 3.2. Comparison of temperature differenc®d’ = T, — 7T, from Eq. (3.36) with
numerical values from D2M for different n-alkanes and temperatures

3.5 Simplified Rapid-Mixing Model (SRMM)

The simplified rapid-mixing model (SRMM) is a moder multicomponent droplets

and is based on SD2M for pure-component dropleis. dalled a rapid-mixing model

because it assumes a rapid-mixing of the diffelignids within the droplet so that the
liquid mixture is always homogeneous. In this settithe governing equations of
SRMM are derived from SD2M. In the following sectjsets of differential equations
for the size of the droplet and its composition @eeved for two- and three-component
droplets. For the derivation of SRMM, ideas fromviRdran and Davis (1982), who

derived this model for a binary mixture droplet &llowed.

Here, the molar flux of species of a multicomponent droplet is considered. The
equation of mass conservation holds not only ferahtire flux, but also for the flux of
each species. The molar transfer rate of speciesa multicomponent droplet can be
expressed in an equation similar to Eq. (3.32)tfe molar transfer rate of a pure-
component droplet:

2% isz'pi,s
DRmolT

N
n, =

(3.38)
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In Eq. (3.38), Raoult's law was introduced statthgt the partial pressure of each
species in the gas phase is reduced by its maatidn in the liquid phase. This is an
approximation, since Raoult's law is, strictly dpeg, valid only for a small molar
fraction X, . However, for the ideal mixtures used in this gtiiccan also be applied in
general. In contrast, for non-ideal mixtures, atticoefficients for the liquids must be
calculated, as was done, for example, by Brenh €@03).

For reasons of simplification for the subsequenia¢igns, the constant

G, p:
= 3.39
& = o (3.39)

is introduced. Thus, Eg. (3.38) can be written as
il = 20k (3.40)

’ D
Another equation for the molar transfer rate ofcege: is obtained when Eq. (3.27) is
rewritten in the form

N nlé o 1 d 1 ™ 13
W= = gD (3.41)
where p™! represents the molar density of the mixture, whghassumed to be
homogeneous at each point in time. The molar deonsithe mixture can be determined
using the liquid molar volumeg;™*" of the pure components and their mole fractions
X‘ .

7"

1
mol — 3.42
p S XV (3.42)
Combining Egs. (3.40) and (3.41) yields
d mo
E(pm ZXiD3> = _SgbiXiD (343)

Equation (3.43) together with Eq. (3.44) (the cowagon equation of the absolute
molecular weight, see below) form a closed set-6fl equations for the unknowns3
and X .

dYoX =1 (3.44)

In the following, the time derivatives for the umkmns D and X; within these
equations are decoupled. In addition, this segaag&ons is rewritten such that the time
derivatives of the unknownd) and X; are expressed as functions of the other
guantities. In the subsequent sections, theseoketyuations are presented for the cases
of two- and three-component droplets.
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3.6 SRMM for Two-Component Droplets

3.6.1 Set of Differential Equations

When Egs. (3.43) and (3.44) are written for drapletth two liguid components,
denoted by the subscripts 1 and 2, the followirigpsequations is obtained:

d
E(ngolxlDi*‘) = —3p XD (3.45)
d mol 3
E(pm XoD?) = —3¢,X,D (3.46)
Differentiating the term in brackets in Eq. (3.4%lds
Qi mol mol i _ ¢1X1
3 dt(ﬁm Xl) + Pm detD - D (348)

Applying the definition of the mixture molar dengit.e., Eq. (3.42), to the first term in
brackets of Eq. (3.48) results in

d X X
el moZX _ = 1 — ( pmol\27/mol 1 3.49
Substituting Eqg. (3.49) into Eq. (3.48) leads to
2 mol\217mol Xm mol dD _ _¢1X1
R e (3.50)

3

An analogous manipulation to Eq. (3.46) for spe@eassults in an equation similar to
Eq. (3.50):

_2 mol\2y,mol @ mol @ _ _¢2X2
When comparing Eq. (3.50) with Eg. (3.51), only shéscripts are different and the
sign of the first term on the left side changesnfiglus to minus. Thus, in order to solve
for the derivative of the droplet diameter withpest to time, Eqg. (3.50) is multiplied
by V™ and Eq. (3.51) by3", so that adding these modified equations togetfitsr
some rearrangement yields

dD
DE = —¢1X1V1mOZ — ¢X 2VZW (3.52)

In order to obtain a result which is independenthef initial droplet diameteD,, the
non-dimensional droplet surface

= [_]2 (3.53)
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is introduced. For the droplet evaporation, thisangethat{ starts with¢ =1 for
D = D, and decreases t§ = 0 when the droplet is completely evaporated. In
addition, non-dimensional species property ratrestefined:

¢2 _ gmePZs Vlm/OZ
= =2=—"—""= ande = 3.54
K Cb]_ CQDZI:rerZI,s Vzm/OZ ( )
Introducing the quantities from Egs. (3.53) an®43}.into Eq. (3.52) results in
d(t) _ 8gV5™! [ £ ] ]
= 1- =Xt -1 .

Hence, the change in the non-dimensional dropleiase ¢ can be related to the
composition of the droplet and the physical prdapsrdf the pure components.

For the derivative of the molar fractiok; with respect to time, an equation can be
obtained in an analogous manner. Multiplying E¢p@3 with X, and Eq. (3.51) with
X; and subtracting, rearranging, and introducing dbantities ¢, ~, and ¢ from
Egs. (3.53) and (3.54) leads to

mol
dﬁi(t)zlz(%? f(lo[l_;l[<1—e>[Xl<t)]3+<s—2>[X1<t)12+X1<t>] (3.56)

Egs. (3.55) and (3.56) form a set of two equatifmsthe two unknowns{ and Xj;.
This set of equations is solved using an explicinge-Kutta method with time step
adaptation. The mole fraction of the second compbran then be determined by
rearranging Eq. (3.47) t&, = 1— X;.

3.6.2 Property Evaluation

For property evaluation, a suitable reference stéteregard to the droplet composition
must be selected in order to determine the referelemperature. The reference
temperature is then determined using Hubbard'sulé3 where the droplet temperature
is calculated from an equation analogous to E@7§3where mixture properties are
used instead of pure-component properties:

1 M,, Ay (P1sX1 + P2y X o)

Ts = Too A
3Mg Cpm p

(3.57)

If the initial composition is chosen as referenocenposition, the droplet temperature
will be underestimated for most of the evaporatiome. As a result, the evaporation
rate will be underestimated and the droplet lifetinoverestimated. If, for an
approximation, only the component with the lowelatitity is considered - that is, the
mole fraction of this component is set as unityt{s Eq. (3.37) for a pure-component
droplet may be applied) - it will lead, in contrast the before-mentioned reference
composition, to an overestimation of the tempeeafurd hence of the evaporation rate
during the time period when both components afé czintained within the droplet.
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However, if the volatilities of the two liquids ambout the same, this can be an
acceptable approximation.

3.6.3 Evaporation Rate

In section 3.2, the evaporation rate was introdwethe surface regression rate. When
the non-dimensional droplet surface is used instead of the droplet diameter,
Eq. (3.10) is transformed to

_ 248
B =-Dj 7 (3.58)

Introducing Eq. (3.55) into Eq. (3.58) results in

B = 863" (3.59)

1— [1—%])(1(15)

When X;(¢) = 0, this equation is identical to Eq. (3.25) for #neaporation rate of a
pure-component droplet consisting of species 2. ¥dt) = 1, the other evaporation
rate for a pure-component droplet consisting ofcigse 1 is obtained. For a binary
mixture droplet, the evaporation rate is betweessehlimiting cases for the pure-
component droplets. The value of the evaporatio® depends linearly on the droplet
composition represented by the mole fracti®p and on the species property ratios of
the two components. These ratios are representeddnyd v . They include the ratios
of the liquid molar densities, of the diffusion efficients in the gas phase, and, most
importantly, of the vapor pressures on the dropleface, as can be seen from the
definitions ofe and~, Eq. (3.54).

In the case of a two-component droplet, the evdporaate depends on time so that it
is not constant as it was for pure-component dtsplehis can be seen from Eq. (3.59).
Only when one of the two components of the drogleompletely evaporated does the
evaporation rate turn into a constant value whghhe constant value of a pure-
component droplet.

3.7 SRMM for Three-Component Droplets

Since, for this study, three-component droplets ewalso investigated, a set of
differential equations for the non-dimensional debgurface and the molar fractions as
well as an equation for the evaporation rate weréveld for three-component droplets.
In this section, only the results are given sifmedquations can be derived in a manner
analogous to that presented for two-component dispin the previous section.
Properties for this model are evaluated at a referestate analogous to the one
presented for two-component droplets in the prexesdection.

From Egs. (3.42) - (3.44), the following set of ations can be derived:
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G = T al6— 6 Xs+ (92— 03X o+ (0= 0A)(VE V)

+Xo[(¢r — 2) X1+ (P2 — 99X o+ (p3— 03] (VE" —V'E) (3.60)
(1 — d3) X1+ (92— P X o+ 04
.[(Vlmol . 3mol)X1 + (ngl . ngl)Xz—f- ngl ])

dX 12
T = D Kallr— 09X+ (2= 63X o+ (60 61 (3.61)

.[(V'lmol . VBmOZ)Xl + (ngl . ngol)X2+ ngl]

dX 12
d_tZ:D—géxz[(d)l—¢3)X1+(¢2—¢3)X2+(¢3_¢3] (3.62)

.[(Vlmol . V3mol)X1 + (Vénol . VénOZ)X2+ Vrsnol]

The molar fractionX; of the third component can then be obtained bystiramation
rule for the molar fractions (Eq. (3.44)), resuftin X; = 1— X; — X».

The evaporation rate can be derived from Eqgs. {268 (3.60), resulting in:
B =8X1[(¢1— pa) X1+ (¢2— ¢9X o+ (P 3— ] (VE" = V)
+X,[(f1— ¢ X1+ (D2 — 99X 24 (¢ 3— 9 (V" — V'3
+[(A — 93) X1+ (92— 93 X 2+ ¢4
[0 = Vg h Xy + (V3 = VX o+ VE!)

(3.63)

With this equation, the evaporation rate can berdahed for a given composition. For
example, the initial evaporation rate can be oletirusing the initial droplet

composition. When one of the three components mpbetely evaporated so that its
molar fraction equals zero, this equation reduceshe evaporation rate of a two-
component droplet, i.e., Eqg. (3.59). When finalhjyoone component is left, Eq. (3.63)
yields the same results as Eq. (3.25) for a punepoment droplet.

3.8 Analytical Solution for Binary Mixture Droplets

From the Simplified Rapid-Mixing Model (SRMM), prasted in the previous section,
an analytical solution (ARMM) is derived for a twomponent droplet. Since further
simplifications are introduced, ARMM is an approxzita solution of SRMM. However,
ARMM allows an explicit calculation of the temporalolution of the droplet diameter
and the droplet composition. In addition, one cam durther insight into the driving
parameters of multicomponent droplet evaporation.

From the equations of SRMM, it is not possible tdain analytical solutions for the
non-dimensional droplet surfacgt) or for the molar fractionXy(¢) as a function of
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time ¢. Instead, analytical solutions were obtained §0K;) and #(X;). This means
that X;(¢) can be determined from{X,), whereas{(t) can be obtained by using the
two equations fog(X;) andt(X;) together.

For the analytical solution, the molar fractidfj is the molar fraction of the component

with the higher volatility. DefiningX; in this way is necessary since, for the derivation
of the analytical solution, simplifications arermduced which concern the ratios of the

species properties. The introduction of these sfioglions is necessary in order to be

able to obtain an analytical solution, as will lrersin the following.

3.8.1 Solution for &£(X3)

In the following, the derivation of the analyticalution is presented. The starting point
is the set of equations of the simplified rapid-imgxmodel for two-component droplets,
l.e., Egs. (3.55) and (3.56), which are repeated for convenience:

de(t) _ 8gV3™

dt D¢

[1— %]Xl(t) - 1] (3.55)

dXy(t) _ 120V 1
. DE &

)[1—;1][<1— XM F + (e - DX+ Xi)]  (3.56)

Dividing Eq. (3.55) by Eq. (3.56) and integrating the method of separation of
variables results in an analytical solution §0X;):

e 1 1 \[s
L] o S
X10 1- Xy 1

Ao 1-¢
In obtaining this solution, the boundary conditialigt = 0) = X; o and{(t = 0) =1
have been used. For a better understanding ofighdisance of the different terms of
Eq. (3.64), this equation is transformed by usimg defining equations for the species
property ratioe, i.e., e = V4™ /V4l  and for the molar density of the mixtupg’,
l.e., Eq. (3.42), as well as the summation rulether molar fractions, i.e., Eq. (3.44), as
follows:

§(Xy) = [ (3.64)

3

§(Xy) =

2l 1

X1 H[Xz.o]l—v[Pﬁoé]
— ’ ’ 3.65
[XLO] X2 o (3:69)
Equation (3.65) demonstrates thgtX;) consists of three factors. The first two factors
consider the change in the molar fractions of W@ ¢components. The influence of the
factors is weighted by the exponent containing thpecies property ratio
Y = (Dom /D) (P25 / p1s), Which considers the ratios of the vapor pressares
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diffusion coefficients. If the difference in thelatlities of the substances is very large,
such thaty approaches zero, Eq. (3.65) becomes

2
3

lim €(Xy) = (3.66)

[Xz,o ][ P

mol
X2 Pm

The casey = 0 is also the case when batch distillation is assumleich means that
the two components evaporate one after the othéhatahe amount of the remaining
component stays constant when the other comporapbeates. It is interesting to note
that Eq. (3.66) can be easily obtained by assurmingpnstant number of moles of
species 2 and by forming a balance of the molaruausoof the droplet substances. This
will be briefly shown in the following paragraphs.

When the molar amount of species 2 remains constantn, = n,q, the ratio of the
instantaneous total molar amountof the two components divided by the initial total
molar amountny can be expressed by the ratio of the molar frastaf species 2:

n o _ Mo/n _ X, (3.67)
no  nao/no  X20
Relating the ratio of the molar amounts to the trogiameter yields
mol mol 13
no_ Vo pw D (3.68)

no  pneVo P D3
Equating Egs. (3.67) and (3.68) and solvingdoe= (D / Dy)? results in Eq. (3.66).

The third factor in Eg. (3.65) describes the vasiabf the liquid molar density of the
mixture p°! during droplet evaporation. In the following, tinluence of this factor is

investigated in more detail, since, for the deiomtof a solution fort(X,), the
variation of the liquid molar density of the mix¢éuis neglected. This factor is denoted

by fp(Xl) :

2
0 3 Xi—7 = |
fr(X1) :=[pm;,l] =|—0 (3.69)
m X _
1079 ¢

Neglecting the variation of the liquid molar degsdf the mixture means that the
simplification f,(X;) = 1 is introduced into Eq. (3.64). This leads to apragimate
solution for £(X;), which is denoted by (X;):

3

£(Xy) = (3.70)

B 1
Xl 1~ (1— XlO 1—
X10 1-X4

This approximate solution was also obtained by kos et al. (1970) who neglected
the variation of the liquid molar density of thextoire at the beginning of their analysis.
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In the following, the influence off,(X;) on {(X;) is demonstrated and the effect of
introducing the simplification f,(X;) =1 is briefly discussed. Regarding molar
densities in general, they have the same valualfalifferent species when they are in
the gaseous state and when the ideal gas law carappéed, resulting in
p;’wl = p/R™'T. However, in the liquid state, molar densities défer significantly
among species. Although the mass specific denfieke liquids for this study vary
only slightly, liquid molar densities differ sigrmeantly. This is because the molar
density is related to the mass specific density thg molecular weight M :
P =p /M.

Since f(X;) is a function ofX;, but also depends o, ande, as can be seen from
Eqg. (3.69), the influence of these three variables/,(X;) is investigated. In Fig. 3.3,
the value of the factof,(X;) is depicted for different binary mixture dropletkere the
initial composition remains constant & , = 0.8 and the species property ratiois
varied. During droplet evaporation, this factorreases fromf,(X1) = 1 to the value
of f,(0). Hence, using the approximate solutigX;) instead of {(X;) leads to
increasing error and an underprediction of the aatiwoplet size. It can also be seen
from Fig. 3.3 that the value ¢f (0) increases for a decreasing value=ofwhich means
that £,(0) increases for an increasing difference in theidiquolar densities of the two
components.

1.0

Fig. 3.3. Factor f,(X;) for binary mixture droplets of n-hexadecane (C16) with
n-hexane (C6), n-decane (C10), and n-tetradecane (C14) with = 0.8 and
T, = 293 K
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2.5 T T T T T T T T T

20

10 t 1 | 1 | 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0

X[

Fig. 3.4. £,(0) for binary mixture droplets of n-hexadecane (C16) with n-hexane (C6),
n-decane (C10), and n-tetradecane (C1l4Yat= 293 K

The value of f,(0) does not only depend an, but also on the initial molar fraction
X10: £,(0) = 1/(1— (1-¢)X10). In Fig. 3.4 it can be seen how(0) rises with
increasingX; q for different values ot .

From Fig. 3.4 one could get the impression thatagsimption off,(X;) = 1 can lead
to a large error for the prediction of the dropdéete. This is true with regard to the
relative deviation betweert(X;) and &(X;), because this relative deviation is
represented byf,(X;). However, the largest absolute deviation betwéék;) and
£(Xy) is reached for intermediate values &f,, as can be seen in Fig. 3.5, where
&(Xy) is compared with the approximate solutigfX;) for various binary mixture
droplets with different values of and different initial molar fractions(; . Although
/,(0) rises with increasingX, o, as it was observed in the previous figure, treohlte
deviation between{(X;) and £(X;) beyond intermediate values of;, becomes
smaller, since&(0) becomes small. Comparing Fig. 3.5 (a) and (b), effect of
different values fore on the deviation betweeé(X;) and £(X;) can be seen. As a
result, the deviation is nearly negligible for adniy mixture droplet of n-hexadecane
with n-tetradecane (C14/C16), whereas for a draglesisting of n-hexadecane and n-
hexane (C6/C16)(X;) and&(X;) differ significantly.
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(a) C14/C16¢ =0.89

— &(Xy)

"""" £(X1) (approx.) 0

X,,=03 0.6 08  0.95
(b) C6/C16¢ = 0.45 : . : :

— §(Xy)
"""" £(X1) (approx.)

0.0 0.2 0.4 0.6 0.8 1.0
Xl [']

Fig. 3.5. Comparison of(X;) with the approximate solutiod(X;) for two different
binary mixture droplets of n-hexadecane (C16) with (a) n-tetradecaid)(@nd
(b) n-hexane (C6) al;,, = 293 K

The results depicted in the previous figures waleutated for a reference temperature
of T. = 293 K. Since for this study the temperature is variedval$, the influence of
the temperature on the species property ratids depicted in Fig. 3.6. For this
investigation, the liquid molar density was caltethusing the Rackett equation (Poling
et al. 2000). As can be seen from Fig. 3.6ncreases for a rising temperature resulting
in a higher accuracy of the approximate solutf@X;). However, the influence of the
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temperature ore is small. This is true at least for the tempemttange depicted in
Fig. 3.6, which is larger than the temperature eanonder investigation for the
experiments of this study. This means that theiegqiplity of the approximate solution

&(X;) within this temperature range depends mainly erstiected substances.

1.0 ' | ' | ' | ' | '
I C14/C16 |
0.8 |
= | C10/C16 1
W
0.6 |
I C6/C16 |
04 L | L | L | L | L
280 300 320 340 360 380
T[K]

Fig. 3.6. Influence of the temperature on the species property eatfor different
binary mixtures consisting of n-hexadecane (C16) with n-tetradecane (&Cdéyane
(C10), or n-hexane (C6)

3.8.2 Solution for #(X3)

At first, the general idea for the derivation ofsalution for ¢(X;) is explained.
Expanding the derivative / dt with respect talX; leads to

ds _ dg dx;

dt  dX; dt (3.71)
From Eg. (3.71) one obtains the following #0X ) :
Xy
_ LW
)= [ (dX)/( dt)dX (3.72)
X=X10

An expression ford¢ /dX; can be obtained by differentiating Eq. (3.65), al{d/ dt
can be expressed as functionof by Eq. (3.55). However, in order to be able taaobt
an analytical solution for the integral in Eq. @).7simplifications must be introduced.

With regard to an expression fd¥ / dX;, the derivative of the approximate function

¢(Xy) from Eq. (3.70) instead of the original functigfX,) is used. At first, Eq. (3.70)
IS rewritten as:
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2 2
~ - X pBa ., - 1— X510 |319)
§(Xy) = &o| 7 ] with §o = [ — (3.73)
Differentiating Eq. (3.73) results in
~ ~ 5y-3 3-5
A€ _ 20 v 319)q _ v \AE) g
i~ 3 Xq 1- Xy X1+ 1 (3.74)

This equation is now simplified by assuming< 1. In Fig. 3.7, the species property
ratio v is depicted as a function of the temperature fiderent binary mixtures. As can

be seen from this figure, the assumptionk 1 holds true, especially for large
differences in the volatilities of the substances., for a mixture of n-hexane with
n-hexadecane (C6/C16). However, for a mixture eétradecane with n-hexadecane
(C14/C16), wherey is on the order of 0.1, this is still a good apgmmation.

Introducing the simplificationy < 1 into Eq. (3.74) yields

€ 28  Xi+~
€ 2% Xty 3.75
Xy 3 Xyl X3 (3.79)

With regard tod¢ / dt, Eq. (3.55) is simplified by assuming/ s < 1 resulting in:

d§ 8p,V3"! (€ ]
98 _ _S0aV2 1€ vy 41 3.76
dt D& v l( ) + ( )
1¢ ' T ' I ' T ' T 3
C14/C16 ]
10"
2
10 C10/C16

[EEN
, , . =] . ,
[
T IIIIIIII T IIIIIIII T IIIIII T IIIIIIII TTTIT III T T 1T

10" C6/C16
10°
106 1 | 1 | 1 | 1 | 1
280 300 320 340 360 380

T[K]

Fig. 3.7. Species property rati9 as a function of the temperature for different binary
mixtures consisting of n-hexadecane (C16) with n-tetradecane (C14)anedéc10),
or n-hexane (C6)
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In order to investigate the usefulness of the agsiom v /¢ < 1, the ratioy /¢ is
depicted as a function of the temperature in Fig. Sinces is on the order of unity,
there is not much difference between the curveBigs. 3.7 and 3.8. However, since
e <1, this means thaty /e > v and therefore the assumption 9f ¢ < 1 is more
critical than~ < 1. Fortunately, wheny is large,e is close to unity, so that the ratio
~ /& does not become too large either.

Using Egs. (3.75) and (3.76), the integral in Bg72) for¢(X;) can be written as

~ X,
D§&o X1t~
HXy) = — 2 dX; 3.77)
12,3 ){ X1 X0)* 3 (eXa(t) + )

Integrating Eqg. (3.77) finally yields

- 2 1
vmel||1— X 1—- X 3 1
81 10 1 - X3 -1
2 1
1| A-X)3+(1-X)3+1
—|—§1n 2 T (3.78)
(1-X103+(1-X193+1
1 1
1- X3 +1 2 2(1— X10)% + 1
—=at —=at
—|—\/_a an 73 \/éa an 73
10° E T - T - T - T 3
- C14/C16 E
10" //
10° C10/C16 3
=0t
< . i C6/C16 ]
10'6 i 1 | 1 | 1 | 1 | 1 ]
280 300 320 340 360 380

T[K]

Fig. 3.8. Ratio ofy and e as a function of the temperature for different binary mixtures
consisting of n-hexadecane (C16) with n-tetradecane (C14), n-decane (C10), or
n-hexane (C6)
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3.8.3 Application of ARMM

This section explains how the temporal evolutiontie® non-dimensional droplet
surface for binary mixture droplets can be caladaising analytical solutions. For this
purpose, the evaporation of the droplet is sptib ivo phases. During the first phase,
the two components evaporate simultaneously, weedkaing the second phase, only
the remaining low volatile substance evaporates.tf® first phase{(t) is calculated
using the analytical solutions f@(X;) andt(X;), given by Egs. (3.64) and (3.78). For
the molar fractionX;, values are selected frot;(t) = X; o down to a certain limit
Xt jimit» €.9., Xpjimt = 0.01, which marks the end of the first phase. At thesifion,
&(t) is continued using the analytical solution for @rgacomponent droplet. This
means that for the second phase, the followingtemjues applied:

mol
£(t) = E(Xpiimit) — 8¢ZV22 [t — t(Xpjimit )] (3.79)

0

3.9 Modelswith Time and Space Discretization

This section is devoted to the remaining four mgdek., the Uniform-Temperature
Model (UTM), the Conduction-Limit Model (CLM), thRapid-Mixing Model (RMM),
and the Diffusion-Limit Model (DLM). All four of tese models include a discretization
in time. This means that the governing equatiomsdfoplet evaporation are solved at
each point in time. Thus, the transient heatingamling of the droplet at the beginning
of the evaporation can be simulated. For CLM andVDlthe droplet interior is
discretized in one dimension in order to considezrnal heat conduction and in case of
DLM also internal mass diffusion.

These four models were implemented by Gartung ataumerical code. A short
description of the code is given by Gartung et(2002). The modeling equations are
based on the work of Kneer (1993). Compared taviidx of Kneer, the numerical code
of Gartung differs mainly with respect to the prdpeevaluation methods and the
algorithm for the solution of the numerical equatioThe equations presented by Kneer
go back to the work of Abramzon and Sirignano (398ho presented an evaporation
model for a pure-component droplet.

For multicomponent droplets, ideal mixtures arauassd both in the gas and the liquid
phase. The vapor concentrations at the dropleasairére equated from Raoult's law.
Inside the droplet, heat conduction and diffusivasmtransfer are considered. Since
spherical symmetry is assumed, this results indimensional transport equations.

Separate consideration of all components contaimedhe mixture provides the
governing equations for heat and mass transfeugffiaut the droplet surface. Each fuel
compound is considered by a separate mass traegigation. Together with the
equations derived from film theory, this yieldset of parabolic differential equations.



40 3 DROPLET EVAPORATION MODELS

All equations are solved in a coupled fashion. Tiiachieved by a Crank-Nicholson
discretization and an efficient tri-diagonal matigorithm.

The numerical code of Gartung can also considéova ffelative to the droplet. In this
case, heat and mass transfer are enhanced dueviecton. This is taken into account
by correlations for the Nusselt and Sherwood nundegending on the Reynolds
number and the Prandtl or Schmidt number. Diffentelations are implemented in
the code, for example, the relations from RanzMadshall (1952a and 1952b):

Nu = 2 + 0.6Re/ 2pr¥ 3
Sh = 2+ 0.6Rel/28cY 3

Models taking into account convective heat and mteagsfer in this manner are
commonly known as effective diffusion models. Nuitar simulations demonstrated
that convection in the gas phase could be negldotethe experiments of this study.
This is because the phase where convection hadtieeable influence on droplet
evaporation, i.e., the injection phase of the debpl the measurement chamber, was
very short and since in the measurement chambeesReynolds number was very
small due to the small velocity of the air relatteethe droplet. Therefor&u = 2 and

Sh = 2 were used for the numerical simulations.

(3.80)

The thermophysical properties are estimated aaogrth the 1/3-rule. Some of the
properties are calculated with the same evaluatiethods used for the other models
and listed in Table 3.2. Others are evaluated withe elaborate models in order to
allow for a wider temperature range. Due to thénbigcomplexity of the models, more
property evaluation methods are necessary. In dodexclude discrepancies between
the code by Gartung and the other models due ferelift property evaluation methods,
results from RMM and D2M were compared and googement was found.

For the calculation of temporal and spatial disttitns of the refractive index, the
relations for the refractive index from Egs. (2a2)d (2.3) were implemented into the
numerical code.

When numerical simulations were carried out usingViCor DLM, the droplet was
discretized in the radial direction by 50 data p®irThe temporal discretization was
chosen depending on the use of the resulting draacomparisons of size histories
from numerical investigations and experiments, timtervals were chosen such that
about 1000 data points were obtained. If the nwakresults were used to perform
numerical simulations of the scattered light of tHeoplet in order to detect
morphology-dependent resonances within the resulitmensity distributions, much
higher temporal resolutions were selected.
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4  Light Scattering from Droplets

In this chapter, elastic light scattering from detp is briefly explained. The primary
phenomena and underlying principles are shown aifigreht theories for the
description of the scattered light are presentéus i important for the understanding
of the experimental setups and the optical measemetechniques, which make use of
these phenomena and theories. Moreover, the pragres®ed for the calculation of
intensity distributions of the scattered light ehgridroplet evaporation are presented.

4.1 Introduction

In the following, the interaction of a laser beanthwa droplet is considered. In this
study, lasers were operated in the TggNhode (transverse electromagnetic mode
without zero fields) creating a laser beam with ausian intensity profile. When the
droplet is small compared to the beam diameter&hessian intensity profile can be
approximated by a uniform profile so that the lasight can be described by
homogeneous plane waves. Thus, the interactiomaokpvave fronts with a droplet is
considered. This is shown schematically in Fig. dlthis figure, the wave fronts are
parallel to thex -y plane of the coordinate system.

Incident plane wave fronts

— > I
Receiver r

A T

/

Trec

¥
Scattering plane

0

V08
T T e

Polarization plane

Fig. 4.1. Schematic view of plane waves hitting a droplet and definition of coordinate
systems
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The laser light is linearly polarized, which medhat the electrical field of the light
wave lies in a plane called the polarization planeFig. 4.1, the polarization plane
coincides with they -z plane. The interaction of the laser light with treplet results
in light scattered in all directions around thepded. For the description of the scattered
light a spherical coordinate system is used walorigin at the droplet center and with
the coordinatesr, 6 (0 < 0 < 180), and ¢ (0 < ¢ < 360). In the following, the
droplet is considered as spherical and isotropib wd absorption, and the surrounding
gas as isotropic and homogeneous.

At a position defined by the vectat, ., the scattered light is captured by a receiver,
which is, for example, a linear CCD array. In tb#dwing, |7,..| is so large that only
the far field of the scattered light is consideredr the experimental setups, the linear
CCD array was arranged such that it lay within sbattering plane. This is the plane
defined by the vector of the receiver, and by the wave vectdt , which coincides
with the direction of the z-axis. The angle betwéen and  is called scattering angle

6 and lies in the scattering plane. The regior< # < 90° is termed forward
hemisphere, whereas the remaining region backwarddphere.

In the z-y plane, the anglep between the polarization and the scattering plane
measures the polarization of the light in the scatt) plane. Forp = 90°, the scattered
light has a perpendicular polarization. In thisezathe scattering phenomena appear
most distinctly. For that reason, perpendicular apphtion was used for the
experimental investigations and is considered enftilowing.

Light scattered from a droplet over the entire ean§the scattering angle is shown

in Fig. 4.2. In Fig. 4.2(a), a photo of a real mgity distribution is depicted and in
Fig. 4.2(b) results from numerical calculationsHig. 4.2(a), the laser beam enters the
photo from the right side and coincides with thésaxf the scattering angle. The
scattered light of the droplet illuminates a curgeceen.

Figure 4.2(b) shows results of the intensity of gwattered light, calculated with
Lorenz-Mie theory (see sections 4.2 and 4.3). Rerdalculation of the light intensity,
parameters from the droplet of Fig. 4.2(a) weredude Fig. 4.2(b), the light has a
perpendicular polarization. The same polarizatibthe light is reached in Fig. 4.2(a)
for light at the position of the axis of the scetig angle.

The main scattering phenomena exploited for thécalptmeasurement techniques are
clearly visible in Fig. 4.2. In the forward hemigpl, an interference pattern with a
regular fringe spacing occurs. Part of this scattdight was used to determine the
droplet size, to be described in section 6.1. k& backward hemisphere, the main
rainbow, or also called®lrainbow, becomes visible with the highest intgnait about

6 = 150°. The scattered light in this region was used &nbjow refractometry, to be
described in section 6.3.
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Fig. 4.2. Scattered light from iso-propanol droplets with~ 46 pm and n =~ 1.375,
illuminated by an argon-ion lase(A = 514 5 nm. (a) Photo (Schrdder, 2001), (b)
result from calculation with Lorenz-Mie theory

In Fig. 4.2, the ¥ rainbow is also marked. Under favorable conditighs 2° rainbow
can also be seen in nature, when a rainbow is damseunlight scattered on raindrops.
The region between the®land 29 rainbow with relatively low intensity is called
"Alexander's dark band". Both the™2rainbow and Alexander's dark band are
mentioned here in order to complete the picturd, vieere not used for the optical
measurement techniques.
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4.2 Theoriesfor Light Scattering

In the following, different theories are considemgldich can describe the elastic light
scattering of a plane wave on a spherical, isattopnd non-absorbing droplet.
Different theories are available and their appliligtdepends on the droplet size. If the
droplet size is much smaller than the wavelengttheflaser light D < \), Rayleigh
theory can be applied (Rayleigh 1871). Dependingherpolarization of the laser light,
the intensity distribution of the scattered ligasembles a dipole (Albrecht et al. 2003).
Since in this studyD > )\, Rayleigh theory cannot be applied.

If the droplet size is much greater than the wawgte of the laser light @ > \),
geometrical optics can be applied. This theory amprehensively explained in the
textbook by van de Hulst (1981). However, geomaltrioptics does not provide
accurate results at all scattering angles.

The theory which describes the elastic light scaigefrom a droplet, hit by a plane
wave, for all droplet sizes and scattering angtethe Lorenz-Mie Theory (LMT). This
theory is described in the original works of Lorgid890) and Mie (1908). It is also
explained in the standard works of Kerker (1968) de Hulst (1981), and Bohren and
Huffmann (1983). LMT is a field wave theory andist the solution of Maxwell's
equations for electromagnetic waves.

Although the theory of geometrical optics has sataBcits compared to Lorenz-Mie
Theory, it helps to understand the light scattephgnomena due to its intuitive nature.
The theory of geometrical optics involves ray tngcof single light rays. This concept
is illustrated in Fig. 4.3 for a single light ray e incident planar wave front. When
this light ray hits the surface of the droplet,tpaifrthe light is reflected and the other
part is refracted according to Snellius' law ofaetion. For a homogeneous droplet, the
refracted light ray propagates as a straight limnimv the droplet. Then it hits the
droplet surface again. Here again, one part ofitjint is reflected, this time in order to
continue to travel inside the droplet. The othent parefracted and leaves the droplet
contributing to the scattered light intensity distition. In Fig. 4.3, the scattering angle
as well as the scattering order, denotecbhyare shown.

Using the concept of geometrical optics (in Fi@)4the reasons for the main scattering
phenomena occurring in the intensity distributianFig. 4.2 can be understood. From
Fig. 4.3 it can be presumed, that th& refraction occurs mainly in the forward
hemisphere for all different possible light ray#tihg the droplet. The interference of
these refracted light rays together with the réélddight rays results in the interference
pattern shown in Fig. 4.2. The scattering angledifferent light rays from the "3
refraction attains a maximum at a certain angldedahe rainbow angle. For this
reason, the intensity distribution in Fig. 4.2 fe@& a maximum within the region called
the main rainbow or®irainbow.
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p =0, reflection

Spherical droplet

Incident plane

wave front p =1, Btrefraction

p =2, 29refraction

Fig. 4.3. Interaction of a light ray with a droplet according to geometrical optics

A better understanding of the intensity distribatiof the scattered light according to
Lorenz-Mie theory can be achieved by using Debyesalecomposition (Hovenack
and Lock, 1992). The mathematical description @f ithtensities can be reformulated
such that they can be split into individual ternmsilar to the different scattering orders
of geometrical optics. In Fig. 4.4, both the intgnaccording to Lorenz-Mie theory and
according to Debye series up to th® drder are shown. The calculations were
performed with the commercial program "LightLabr FFeeld Mie Scattering” (Valley
Scientific, 1998).

Figure 4.4 helps to understand what scatteringrazdetributes most to the prevailing
scattering phenomenon. In the following, the ligitensity of the different scattering
orders is considered, beginning with tHB Debye order. In contrast to geometrical
optics, the ) Debye order includes not only reflection, but atffraction. This is a
phenomenon from wave theory which is not covereddnymetrical optics. In Fig. 4.4 it
can be seen that the scattered light due to diifra@nd reflection plays an important
role at all angles. In the forward hemisphere, tlifom the #' refraction dominates
within the intensity distribution. The interferencé light from the ' refraction and
from diffraction and reflection results into thetarference pattern in the forward
hemisphere, as shown in Fig. 4.2. In the backwarthisphere, light from the"?2
refraction dominates within the region of the maamnbow and light from the ke
refraction within the region of the"®rainbow. When comparing these intensity
distribution with the intensity from Lorenz-Mie thig, it can be seen that in the regions
of the rainbow there is also interference with fiflom reflection. In Fig. 4.4, scattered
light resulting from ¥ refraction is also depicted. This shows that fus tand the
subsequent scattering orders, the intensity isrerofiemagnitudes lower and contributes
only sparsely to the overall intensity distributidviore results of intensity distributions,
calculated with Debye series at different condgiooan be found in the textbook of
Albrecht et al. (2003).
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Fig. 4.4. Decomposition of the scattered light using Debye series for perpkmdi
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4.3 Numerical Codesfor LMT

Different programs were used in this study for ¢laéulation of intensity distributions

of the scattered light from droplets according tMIT. These calculated intensity

distributions were used to investigate the accuratythe optical measurement

techniques. In this respect, they are helpful tsoise they allow one to study different
effects separately. For example, the refractiveexndnd the droplet diameter can be
varied. The effect of homogeneous versus an inhemsgus distribution of the

refractive index inside the droplet can also begtigated.

In addition, these programs were used in combinatiibh numerical models for droplet
evaporation for a comparison with experimental lissuespecially when rainbow
refractometry was applied and quantities of theteead light intensity distributions
were used for comparison.

Two different programs for LMT were used. The siampbne calculates the light
scattering for a homogeneous sphere according td.WMis program is based on the
subroutine BHMIE from the textbook of Bohren andffrfhan (1983).
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A more sophisticated program, written by Kuan Faam Rom the group of Gouesbet
and Gréhan, calculates the light scattering forpkts with an inhomogeneous
distribution of the refractive index such that #és a profile of the refractive index in
the radial direction. This program was used in coipon with the diffusion-limit
model.

4.4 Rainbow and Airy Theory

In the following, only the first rainbow is consireel and for simplicity is just called the
rainbow. Using the theory of geometrical opticg thinbow angle can be determined.
However, this approach is limited to large dropheith a diameter greater than 1 mm.
When the scattering angle for light rays of the satattering ordep is determined as
a function of the incident angle of all light rayting the droplets, it can be shown that
the scattering angle exhibits an extreme value. ddreesponding scattering angle is
called the rainbow angle. In this way, Descartesvdd a relation for the rainbow
angle. For the first rainbow, i.e. = 2, the rainbow angl#,, according to geometrical
optics is given by Eq. (4.1) (van de Hulst, 1981):

1 4-—n? — arcsin «’nz—l
n 3 3

This angle increases with increasing refractiveexad=or droplets smaller than 1 mm,
Descartes' theory becomes inaccurate. It turnstlmait the angular position of the

rainbow increases with decreasing droplet size ddeer, an interference pattern occurs
and becomes more and more dominant. Thus, waveytmeost be used in order to

provide accurate results.

0, =2

2arcsin

(4.1)

One possibility is to use the theory of Airy (1838his theory is an extension of
geometrical optics in the region of the rainbowinktludes Huygen's principle, which
states that each point of a wavefront serves asngtgoint for an elementary wave.
Moreover, the wavefront is approximated by a cdbietion. Airy derived the rainbow

integral, also known as the Airy function, whichgisen by Eq. (4.2) and explained by
van Beeck (1997).

Qpainson(¢) = [ cos 5 (n¢ =) dn (42)
0

In Eq. (4.2), the non-dimensional paramejedenotes the normalized angular deviation
from the geometric rainbow angle and is given by B®):

¢ = (9—%)(%)2/3["23_ 1]1/2(4 3 2)1/6 4.3)

—n
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In order to determine the intensity of the scattelight, the square of the rainbow
integral, Q2,,,,,., (¢) , must be evaluated. This was done for differenpléits diameters
and is shown in Fig. 4.5. For the large dropleg¢r¢his good agreement between Airy
theory and results for light from the%2refraction calculated with a Debye series.
Comparing these results with LMT, it is additioyatioticed that an interference pattern
occurs. This pattern is caused by an interfereridiglat from reflection and the "2

refraction and called the "ripple structure”.
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Fig. 4.5. Scattered light intensities in the region of the rainbow for spdledroplets
with two different diametersi(= 1.4, A = 532 nm)

Comparing Figs. 4.5(a) and (b), it can be seentti@atipple structure becomes more
pronounced for the smaller droplet leading to adesible differences of the predicted
intensity between LMT and Airy theory. Moreover,nggaring Airy theory and light
from the 29 refraction, there is only good agreement for thainmpeak but an
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increasing discrepancy for the following peaks datslled supernumerary bows) at
larger scattering angles.

Using the valugl = 1.0875 of the main maximum, a relationship for the paositof the
rainbow according to Airy theory can be obtainemhfrEq. (4.3):

o _ 1.0873 Azw/( 4—n?)/ 3] 4.4)
ra rqg (nz _1)/3 16D2

The positions of the rainbow angles according tmngetrical optics and Airy theory are
also shown in Fig. 4.5. It can be seen that therdihce between these angles becomes
significantly larger for a decreasing droplet size.

4.5 Morphology-Dependent Resonances (M DRS)

Morphology-dependent resonances generate inteelsis finside the droplet which are
concentrated near the droplet surface. AccordinGaaesbet and Gréhan (2000), the
name of the MDRs comes from the fact that resondremuencies depend on the
morphology of the scatterer, namely, on the si@ps, and refractive index. In a
geometric optics picture, MDRs are associated wais which undergo multiple
reflections inside the scatterer and, upon resaaneke an integral number of internal
reflections with a phase-matching condition.

During the experiments on droplet evaporation, MD&speared at very precise
diameters and caused perturbations of the scatligigddistributions. The appearance
of MDRs was used in this study to determine thengkaof the droplet size, as
described later in section 6.2.
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5 Experimental Methods

Two different experimental setups were used for theestigation of droplet
evaporation. Single, optically levitated dropletsrev studied with one setup, and with
the other setup, single, free-falling droplets wiresstigated. The setup for optically
levitated droplets was especially suitable for itheestigation of evaporation processes
which lasted a long time and where the evaporatada was low. This means that
substances with a low volatility could be investeggh very well. In the case of
n-alkanes, substances ranging from n-nonane toxadleeane could be used for pure-
component droplets evaporating at an ambient temyoer of about 295 K. For
example, a droplet of n-hexadecane with an initlEimeter of 50 um could be
investigated during nearly its entire lifetime dfoat 20 min.

The setup for single, free-falling droplets was igiesd for the investigation of
evaporation processes lasting a relatively shore @and when the evaporation rate was
high. As a consequence, this setup was suitabl@igily volatile substances. In the
case of n-alkanes, this means that at an ambiepet@ture of about 295 K, substances
ranging from n-pentane to n-decane could be useguce-component droplets. The
maximum measurement period was generally 2 s.

In the case of multicomponent droplets with substarof both high and low volatility,
a combination of the two experimental setups cdodéd used to study the entire
evaporation process.

In the first part of this chapter, a general ovenwiof the experimental setups is given.
In the following sections, details of the setupshsas the droplet-on-demand generators
and the observations chambers, where the motidheofiroplet and the gas flow are
analyzed, are described. The chapter concludes dscribing the measurement
procedure.

5.1 Setup for Single, Optically Levitated Droplets

5.1.1 Optical Levitation

For the investigation of the evaporation of a sngiotionless droplet, there are
different possible ways to compensate for the ga#ienal force on the droplet and to
stabilize it in a given position for observation.g&neral review of this subject can be
found in Frohn and Roth (2000). A very simple siolutis to suspend the droplet at the
end of a thin fiber. However, with respect to thealgof investigating an isolated
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droplet, this technique has the disadvantagestiigatiroplet shape is distorted by the
fiber and that heat transfer occurs between theglelrand the fiber.

Therefore, levitation techniques, which allow camfzee positioning of the droplet, are
more suitable. There are several different lewatattechniques which use different
forces. These forces include electrostatic or mddgnhamic forces or forces resulting
from light pressure or acoustical pressure. Elstata levitation requires electrical
charging of the droplet in the case of n-alkanepthis. Apart from the fact that this
causes additional complexity, the physical behagfahe droplet might be changed as
well. In the case of acoustic levitation, the dedp$ levitated in an acoustic field with a
standing wave. Due to the high-pressure gradights,evaporation behavior of the
droplet is generally considerably influenced.

Optical levitation is the most suitable levitatitechnique for the investigation of a
single, motionless droplet, both for the expectetial droplet size of abous0 pum and
the selected substances, n-alkanes. In the caswtwmfal levitation, the droplet is
levitated by the radiation forces of a continuaghtlsource. In this study, a continuous
Nd:YAG-laser with a wavelength @832 nnm was used. In order to avoid heat input
from the laser light, the droplet liquid must ndisarb the light. This requirement is
fulfilled in the case of n-alkanes. Since n-alkaaes highly transparent liquids for the
employed laser wavelength, most of the light passesugh the droplet and only a
small part of the light is reflected. Thus, thecof the laser light on the droplet results
mainly from refraction of the light on the droptairface.

In the experimental setup, the droplet was lewitdtg means of a single, vertical laser
beam which hit the droplet from below in the opp®sgiirection of the gravitational
force. Due to the Gaussian intensity profile of lwger beam, the forces perpendicular
to the laser beam acted to stabilize the droplethenlaser axis. This is described in
detail in a review by Ashkin (1980). In the vertiatirection, the laser beam was
focused by means of a lens. In this way, there avggadient of the forces in the
direction of the laser beam, which helped to corspenfor the gravitational force. In
the experimental setup, a droplet was injectechénlaser beam above its focus. Then
the droplet fell along the laser beam until it =t an equilibrium position. At this
position, the force of the light in the directiorf the laser beam balanced the
gravitational force.

When the beam waist at the focal point is consldgramaller than the droplet
diameter, which was generally the case for the mx@ats and is shown in Fig. 5.1,
there are two stable regimes for levitation as dlesd by Ashkin and Dziedzic (1974).
One is above the focus and the other one beloweghme along the axis of the laser
beam is called stable, when the gradient of theefan the droplet resulting from the
laser light and acting in the direction of the lalseam is such that there is a restoring
force when the droplet is moved away from its equim position.
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Droplet at different positions Light force Stability Effect of light on droplet
in the laser beam: on droplet: regimes: When moved in-direction:

@

intensity increases

stable

(B)

intensity constant,
refraction decreases

intensity constant,
refraction increases

intensity decreases

unstable stable unstable

Fig. 5.1. Stability regimes for optical levitation

The reasons for the stability or instability of tléfferent regions can be easily
understood with the help of Fig. 5.1. When the b in the upper stable regime at
position (A) and moves downwards to position (B force resulting from the laser
light is increasing, since the intensity is inciegs The maximum force is reached at
position (B) when the beam waist has the same deaanss the droplet. From this
position down to the position of the focal poini) {Ge force decreases. This is because
the magnitude of the refraction decreases as ftjiet Ibecomes more and more
concentrated near the axis of the droplet. Belogitpm (C), the lower stable regime
begins, where the force of the laser light agaandases to a new maximum (D) where
the beam waist again has the same diameter asrdipéetd Below position (D), as
expected, the force decreases with the decredhle intensity of the laser light.

Due to the different beam shapes with a convergeain below and a divergent beam
above the focus, the maximum force of the lowemnegs larger than that of the upper
regime. As a consequence, it is possible for aldtdp be initially levitated in the
lower stable regime, because its weight is tooelaig the upper regime. It then
evaporates and moves upwards until it reachesaba foint. At this position, the
droplet jumps abruptly to the upper stable regimbere it continues to evaporate.
Apart from the fact that the droplet moves overelatively long distance during its
evaporation, which was typically on the order®fnm for the experiments, a more
severe disadvantage concerns the negative effectthen optical measurement
techniques. Since the laser light is concentragad the axis of the droplet in the lower
stable regime, the intensity distribution of thatsered light changes. This is especially
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true in the region of the rainbow where the intgndistribution is mainly caused by
laser light, which enters the droplet further aweym the droplet axis. Hence, the
rainbow is almost undetectable in such an intendistribution. For this reason,
measurements were only performed with droplethéupper stable regime.

5.1.2 Experimental Setup

A schematic view of the setup for single, opticdlyitated droplets is depicted in

Fig. 5.2. The core component of the setup was thgemwation chamber, which

consisted of a square glass channel. The bottotheo€hannel was open and the top
was mounted to a flow module, which served to ohiice a slow gas flow into the

observation chamber. This slow gas flow transpottedevaporated liquid out of the

observation chamber in order to avoid vapor accationl inside. On top of the flow

module, a laser trap was attached. All three ofeheomponents were hermetically
sealed to each other.

Laser trap

Air flow > Flow module

Heatable region

Droplet in
position of
observation

Droplet generatoC]:H

Upper/lower
injection hole

L&N|

[* ¢

Cylindrical lenses for
optical Fourier transform

ANCANES

Windows of Z_

observaton |

[ Laser ] / Mirror

Fig. 5.2. Schematic view of the setup for single, optically levitated droplets
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Although the gas flow was very slow, special caeswaken in the design of the flow
module in order to create a uniform and smooth fieside the observation chamber as
reported by Bernholz (1997). For this reason, tleevfmodule was a complex
component. The gas flow was delivered from the aessged air supply of the ITLR. It
was controlled by a variable area flowmeter and egasected to the flow module by a
tube. Inside the flow module, the air entered autar channel and was thus distributed
around the observation chamber. From this circalannel, the air passed through
several uniformly spaced slots into a funnel-shapkd with a constant cross section so
that the air flow remained smooth. The opening @mglthe funnel was kept small so
that the flow finally entered the main channel abthe laser beam. The cross section
of this channel changed gradually from a circutea tsquare cross section, so that there
was a smooth transition to the square glass chaftie¢ observation chamber.

The Nd:YAG laser beam was directed vertically umganto the observation chamber
using a mirror. The laser beam was adjusted in sualay that it coincided with the
centerline of the observation chamber. It was fedusy means of a movable lens. The
focal point was located below the position at whilsa droplets were injected into the
observation chamber.

The droplet was produced by a droplet-on-demancergéor (described in detail in

section 5.4) and injected into the observation diemthrough a small hole in one of the
glass windows. The position of the droplet generatohe horizontal direction could be

varied relative to the laser beam and was adjustedch a way that the droplet exactly
reached the laser beam. Details of the movemenhefdroplet are described in

section 5.5.1. When the droplet falls along theddseam, the light forces of the laser
beam begin to act in order to move the droplet théequilibrium position.

There were two different positions for the injeatiof the droplet into the measurement
chamber, i.e., the upper and the lower injectiositmm. Initially the observation
chamber had been designed such that the dropleinyezsed and levitated at a lower
position and then moved into the measurement paostly shifting the lens. It was
designed this way because the droplet generatoetsoes behaved in an unstable
fashion, and the ejection range would change alytups a consequence, the droplet
hit the opposite wall of the observation chambédrisTied to a contamination of the
ambient conditions, since the liquid on the wallagorated. If this occurred, the glass
windows had to be cleaned. For this reason, thelelravas not injected directly into the
measurement position, but at a lower position, @hke contamination of the opposite
glass wall did not influence the evaporation bebiaef the droplet in the measurement
position.

The drawback of this method was that, due to the@ement of the droplet into the
measurement position, a time period on the ordé& fof the initial evaporation phase
was lost for the measurements. The method for dtapjection was changed for this
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reason, and also since a great deal of experieasegained in operating the droplet
generator more reliably.

When the new method was applied, the position efdifoplet generator relative to the
laser beam was calibrated using the lower injecposition. After calibration was
complete, the droplet generator was moved upwands far the measurements the
droplets were injected through the upper injectiote directly into the measurement
position. Ultimately, both methods gave valid résubut the measurements could begin
earlier using the newer method.

In the measurement position, a heating system wasntad around the observation
chamber so that the air around the droplet coulthdaed. Varying the heat allowed
measurements of droplet evaporation at differentbiamt temperatures. More
information on the heating system can be found lateection 5.5.3.

The temperature of the ambient gas was measured Kyype thermocouple with a
molded construction and with an exposed transijiorction. The diameter of the
thermocouple wa®.5 mm. The exposed transition junction of the thermodewpas
positioned about 2 to 3 mm horizontally from themlet when the droplet was in its
measurement position. Measurement errors due tinfheence of the scattered laser
light were taken into account.

The interaction of the laser light with the dropleas not only used to levitate the
droplet but also to perform measurements with aptimeasurement techniques. The
laser light was scattered by the droplet and paftshis scattered laser light were
recorded with two linear CCD cameras at differemgles relative to the laser beam.
The linear CCD camera in the forward hemispheraceal at the scattering andle,
was used to determine the droplet size from thegérispacing (described later in
section 6.1). The other camera in the backward $@mere, positioned at the scattering
angle 6, captured the scattered light in the region of rdiebow and was used for
rainbow refractometry which is explained in detaisection 6.3.

A cylindrical lens was placed one focal lengthriont of each camera, which resulted in
an optical Fourier transform so that the positibthe scattered light on the camera was
independent from the droplet position and deperaidg on the light scattering angle.
More details regarding the optical Fourier transfaman be found later in section 6.1.2.

5.2 Setup for Single, Free-Falling Droplets

The setup for single, free-falling droplets waseesglly designed to capture the initial
evaporation phase of the droplet. A schematic \wéthe setup is depicted in Fig. 5.3.
For this setup, the laser light was not used tddev the droplet, but to illuminate the
droplet and perform optical measurements from tia¢tered light.
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Fig. 5.3. Schematic view of the experimental setup for single, free-falling droplets

Many parts of this setup were similar to the congmis of the setup for single,

optically levitated droplets. For example, the alaBon chamber was also a square
glass channel. On top of it there was a flow modiiigilar to the one described in

section 5.1 where a gas flow entered the observatiamber in order to avoid vapor
accumulation inside the observation chamber. Atdcto the upper side of the flow

module there was the laser trap.

The droplet was produced by a droplet-on-deman@ngéor and injected horizontally
through a hole in one of the glass windows intodhservation chamber as shown in
the figure. The droplet then started to move dowdwalue to gravity and due to the
gas flow. The droplet moved along the laser beahichvwas used to illuminate the
droplet. Additional details regarding the motion thfe droplet are described in
section 5.5.1.

Part of the scattered laser light in the forwardnisphere was recorded by a
photomultiplier. Within the output signal of theqitbmultiplier, morphology-dependent
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resonances became visible. Using this informatilo@,change in droplet diameter was
determined as is discussed later in section 6.2.

As for the setup with optical levitation, one CCBnwera was used to determine the
droplet size by measuring the fringe spacing ofdtattered laser light in the forward
hemisphere. A second camera captured part of titeesed laser light in the backward
hemisphere and was used for rainbow refractometry.

The optical measurement techniques covered differenical distances during the free

fall of the droplet. For the CCD cameras, this ahise depended on the range of the
optical Fourier transform. Due to the configuratmfithe optical components, the CCD

camera for rainbow refractometry covered the sBbdestance. Depending on the angle
of observation, it was on the order of 20 mm. fRar photomultiplier, the measurement

section was limited by the length of the observatehamber and had a length of

100 mm.

The temperature was measured inside the observatiamber at two different
positions. K-type thermocouples were also usedHis setup. One thermocouple was
mounted at the beginning and the other one attdeoé the measurement section for
the photomultiplier to verify the uniformity of theemperature in the measurement
section. For the evaluation of the measuremengsiriban value of the temperatures at
the beginning and end of the measurement sectisruged as ambient temperature.

5.3 Comparison of the Experimental Setups

In this section, the setups are compared with eattler and typical operational
characteristics are given. An overview of the melmaracteristics of the experimental
setups is presented in Table 5.1.

Acquisition Rates and Devicesfor Optical M easurement Techniques

Since the setup for the free-falling droplets wasighed for evaporation processes with
high evaporation rates, this setup could captuoeldt characteristic data at the highest
acquisition rates. By applying a measurement metiisidg morphology-dependent
resonances (see section 6.2), size changes withceament on the order d.1 um
were detectable. Depending on the evaporationafatbe droplet, it was possible to
attain an acquisition rate of up t® kHz, as needed, for example, for the case of
droplets consisting of pure n-pentane evaporatingnaambient temperature of about
295 K. The output signal of the photomultiplier wasorded by a data acquisition
board. This board could store 64,000 data pointk @4bit resolution. Minimum time
intervals of 25 ns were possible. Typical time inés for the measurements were
between 10 and 40 us, resulting in measuremerdgseaf 0.64 to 2.56 s.

Two different types of CCD cameras were used ferdtiner optical techniques. For the
setup with optical levitation, camera systems Witkar CCD arrays were utilized that
were developed and built onsite at ITLR. The CCkays had a 12-bit resolution. A
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linear CCD array with 1024 pixels was used for sizeasurements and another one
with 1728 pixels for rainbow refractometry. The aisifion rate was limited by the data
transfer rate of the camera to the computer resgrdhe images. The maximum
acquisition rate ob Hz was reached when only the CCD camera with 1024l Pax
the measurement of the diameter was used. When dataeneeded to be transferred
while using both CCD cameras simultaneously, tligisdion rate decreased to 3 Hz.

Table 5.1. Comparison of Experimental Setups

Optically levitated droplets Free-falling droplets
Maximum acquisition rates:

Size change - > 1 kHz possible

Diameter 5 Hz 40 Hz

Diameter + rainbow 3 Hz 25 Hz
Measurement period:

Start 100ms-5s 10 ms - 50 ms

Duration arbitrary max. 2.5s
Droplet characteristics:

Initial diameter 30 um - 60 pm 40 pm - 100 pm

Requirements on liquid  no laser light absorption none
Laser characteristics:

Wavelength 532 nm 532 nm and 514 nm
Power 2-4 W 2W
Ambient conditions:
Gas dry air nitrogen
Temperature 290 K - 350 K ~ 295 K (room temp.)

For the setup with free-falling droplets, a SensiC&CD camera made by PCO
(Computer Optics GmbH, Kelheim, Germany) with SV@&elution was used. The
camera was positioned so that the side with thgetaamount of pixels, i.e., the side
with 1280 pixels, was located in the scatteringhplésee Fig. 4.1) for a high angular
resolution. Since only a single line of the CCDagrtogether with the highest possible
acquisition rate was sufficient, the smallest gassregion of the sensor area was
selected (32 lines) and the maximum hardware bgimas also chosen, which
combined 16 lines. In this way, the camera was gengsitive and at the same time the
acquisition rate reached its highest value. Whely @me camera was used, the
maximum rate was40 Hz. When both cameras were used, the acquisitionwate
limited to 25 Hz. This was due to constraints of the computersrdaéeg the images.

M easurement Period
The setup for single, free-falling droplets allowthd measurements to begin earlier in

the evaporation process. This was mainly due tohilgeer acquisition rates of the
measurement systems and the accurate determirdtithe exact point in time when
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the droplet reached the laser beam using the osigual of the photomultiplier. For the
setup with single, optically levitated dropletse tharliest start of the measurements was
possible, when the droplet was injected directtyg the measurement position.

With respect to the measurement period, the evaporaf the droplet could be
investigated until evaporation was nearly completieg the setup for single, optically
levitated droplets. When the droplet size decreasedstabilizing forces on the droplet
became weaker so that the droplet eventually félittee laser beam due to small
disturbances of the air inside the observation ddsamin the case of the setup for
single, free-falling droplets, the measurementquerias limited to the time period the
droplet remained within the measurement sectiorth®fphotomultiplier and the CCD
cameras, respectively. Usually, a maximum measuremmae of 2.5 s was reached.
Within this time period, the droplet either evapecdhor left the measurement region.

Droplet Characteristics

For the setup with optical levitation, the maximdnoplet size was abol@0 um for a
laser power o4 W. Although the laser could supply up%&% W, a maximum o4 W
was used to avoid too much additional heating ef dvservation chamber by the
scattered laser light. A requirement of the droptptid was that it must not absorb the
laser light in order to avoid additional heatingthé droplet. This requirement was
fulfilled in the case of n-alkanes.

The setup for free-falling droplets was not so rietste with regard to the
characteristics of the droplet liquids. With thitug, droplets up t@00 pr in diameter
were investigated, but larger droplets could akeehbeen studied. The disadvantage of
the increasing size was a higher free fall veloatyd a corresponding shorter
measurement period. Since the intensity of therldiglt was much smaller, an
absorption of part of the laser light would haveussd little influence on the
evaporation behavior of the droplet.

Laser Characteristics

For free-falling droplet setup, an argon-ion lasas initially used with a wavelength of
514 nir. But most of the results, presented in this thesisre conducted with a
Nd:YAG laser, which was also used for the opticaVvitation setup and had a
wavelength of 532 nm. For the free-falling drofgetup, a power o2 W was generally
used. For the other setup the laser power was tadjaepending on the initial droplet
size. The high laser power of up 40W was necessary for the trapping of the droplet.
After that point, the laser power could be reduicedrder to keep the droplet levitated.

Ambient Conditions

The gas used for the setup with optical levitatieas dry air from the pressurized air
supply of the ITLR. For the free-falling droplettse, nitrogen from a compressed tank
was used. The gas temperature was about 295 Ksm @iathe setup for free-falling
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droplets. For the optical levitation setup, the penature could be varied by a heating
system in a range from aboR90 K to 350 K.

5.4 Droplet-on-Demand Generators

Two different droplet-on-demand generators weral dse this study. One type had an
orifice plate (Fig. 5.4a), the other type a glaapilkiary (Fig. 5.4b). Inside these droplet
generators, a liquid column was compressed andng@@essed by a piezoelectric
ceramic. This piezoelectric ceramic was driven byekectric pulse generator, where a
single electric pulse was generated. The voltagpliarde of the pulse and the pulse
width could be changed to adjust the droplet geoera

The liquid ligament emerging from the droplet gexter generally disintegrated into

more than one droplet. Photographs of the dropletdtion process can be found in the
textbook of Frohn and Roth (2000). For the expeni®ian this study, the droplet

generator was adjusted so that a single dropletteesfrom the ligament. However, if

satellite droplets were unavoidable, an adjustnvesss made so that these satellite
droplets did not enter the observation chamber.

Using the generator with the orifice plate, theptied size could be varied by changing
the diameter of the orifice. The commonly usedirsgtivas a diameter o40 um, but
other diameters ranging fro0 um to 100 un were also used. The resulting droplet
size for n-alkane droplets ranged from about tlicerdiameter to 1.5 times this value
depending on the adjustment of the electric puéseeator and the selected substances.

The other droplet-on-demand generator consisted gfass capillary with a nozzle
(Ulmke et al. 2001). The glass capillary was fitieth a piezoelectric tube and stuck to
the tube using a two-component adhesive. The adgandf this droplet generator was
that the tip of the glass capillary was very snmratiameter so that the droplet generator
could be shifted through the hole in the observattbamber very close to the laser
beam without disturbing the ambient conditions acbthe droplet and the scattered
laser light. This allowed an earlier beginning bé toptical measurements, since the
time needed by the droplet to travel from the dzbglenerator to the laser beam was
shorter. It also facilitated the operation of tmeplet generator, since the occurrence of
satellite droplets was less probable for a shejestion range.

However, there were two major disadvantages ofdtioplet generator with the glass
capillary which limited its usage. First, with tisetup available at ITLR, the droplet
diameter could only be varied within a very limitede range. Therefore this droplet
generator was not used in combination with thecafiti levitated droplet setup since
the resulting droplet size was too large. The otlisadvantage was that the mixture
ratio did not remain constant; i.e., when multicamgnt droplets with highly volatile
components were investigated. There were smaltultions in the mixture ratio from
one droplet to the other and a strong decreasé&eofiraction of the high volatility
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component, when the droplet generator was usedefegral hours for the experiment.
This is explained in more detail in section 8.4egarding experimental results. It is
believed that effects of the glass capillary ledhe evaporation of the high volatility
substance even when no droplet was generatedhiSoretason, this droplet generator
was not used for multicomponent droplets with hygldlatile components.

L Inlet
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Exchangeable
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Inlet i v
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—[_| Filter gl —
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Fig. 5.4. Schematic views of droplet-on-demand generators: (a) with opfate,
(b) with glass capillary (Ulmke et al. 2001)
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The droplet generator with the orifice plate alsal the problem that the initial mixture
ratio did not correspond to the mixture ratio frahe preparation of the mixture.
However, the error was small and did not changeémie as significantly as with the
other generator. This change in the mixture rats wnavoidable since some time was
always needed before the droplet generator wastadjiand a stable droplet generation
was reached to provide a constant ejection range.

55 Observation Chamber

In the following paragraphs, different aspects bé tobservation chambers are
considered in detail, such as the motion of theplets, the gas flow, and the
temperature field inside the chamber. In principihe, observation chambers of the two
setups were quite similar. Apart from minor diffieces such as different dimensions,
the main difference was that the observation charfdvehe optically levitated droplet

setup also had a heating system.

55.1 Droplet Motion

In this paragraph, the movement of the dropleterafieir generation is described in
detail. This helps in the understanding of impdrtéwoundary conditions of the

experimental setups, for example, the earliestiplesbeginning for the measurements
or the falling distance of the droplets. Generahaes on droplet kinetics and the
underlying physical phenomena can be found in R83J).

From the corresponding fundamental equations, emsfor the motion of the droplets
are derived in the following. In order to illusiatthe order of magnitude of
characteristic parameters of the droplet movemessiylts are derived for a sample
droplet consisting of pure n-octane with an initddhmeter of Dy = 50 um. The
droplet evaporates in air at an ambient temperatfird’ = 293 K with material
properties of density g = 1.19 kg/n? and a viscosity at = 1.82- 10° kg/(m s.

For both setups, the droplets were ejected fromdtbelet generator in the horizontal
direction. The arrangement of the droplet generafithh respect to the laser beam is
depicted in Fig. 5.5. After ejection in the horitalirdirection, the droplet also started to
fall downwards due to the gravitational force. Thevement in the horizontal and the
vertical directions can be considered separatelgeshe total movement of the droplet
can be obtained by a linear superposition of these

In the following, first the horizontal and then thertical movement of the droplet are
considered. The origin of the coordinate system ihe middle of the exit hole of the
droplet generator. The droplet generator has bémeg such that the droplet exactly
reaches the laser beam.
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Fig. 5.5. Movement of the droplet

Horizontal Movement

The point in time when the droplet reaches therlasam and the measurement can
start, can be determined from the movement of toelet in the horizontal direction.
After ejection from the droplet generator, the devjs decelerated by an aerodynamic
drag force. Since the Reynolds number is small, fie is dominated by viscous
forces. Therefore, the droplet motion was in thek&s flow (creeping flow) regime for
these experiments. For movement in the horizontaéction, the simplifying
assumption is made that the droplet does not easgowhich means that the droplet
diameter remains constant@t= D .

The boundary conditions are such that the droeejected in the origin of the
coordinate system with the velocity= (0,v,) at timet = 0. It is then slowed down
to v = 0 and reaches the maximum horizontal distance y,,.. . The motion of the
droplet can be described by the Newtonian equationotion

dv
mE _Fd,y (51)
The aerodynamic drag fordg;, can be expressed by
P
Fd,y = Cq EAfUZ (52)

where p is the density of the gasl, the frontal area and, the drag coefficient of the
droplet. Yuen and Chen (1976) found out that ¥er Re < 2000 and 0 < By < 3,
the drag coefficient of a droplet agrees very wath the drag coefficient of a rigid
sphere. Sinc&ke is small in the case considered here, the flom e Stokes flow
regime and the drag coefficient is

24

Cd
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Using the definition of the Reynolds numbRe; = vDop /v and A; = mDE /4 for
the frontal area, the aerodynamic drag force careWwetten as

Fy;,, = 3ruvDy (5.4)

When the droplet mass: is expressed by means of the droplet diaméteand the
liquid densityp,, i.e., m = prD§ /6, the differential equation

do_ 1%, (5.5)
dt piDg
is obtained. Introducing a relaxation time constifined as
2
_ PDs
™ gy (5.6)
and separating the variables, Eq. (5.5) can bgrated:
v t
dv 1
v f dt (5.7)
(%) 0
Thus, the droplet velocity as a function of time is obtained:
o(t) = voe_%" (5.8)

A second integration in time results in an equafienthe distance travelled by the
droplet

y(t) = vor,(1— /) (5.9)
The maximum distance,,.. is obtained by taking the limit froth= 0 to infinity:
Ymax = lm y(t) = 7,09 = &DSUO (5.10)
max 00 T 18/,L

For the operation of the droplet generator, theimar distancey,,,, of the droplet
was varied by changing the amplitude and/or thesgowlidth of the electric pulse
generator. Thereby, the droplet diamet&g remained approximately constant.
According to Eq. (5.10), this means that the ihiocity vy, which is proportional to
the maximum distance,,,, , was varied.

A typical distance ofy,,.. IS 10 mm. For the sample droplet, this means that theainiti
velocity is vy = 1.9 m/s since the relaxation time constant is= 5.4 ms. The
maximum Reynolds number for the maximum spegds Re,,., , = 6.6. This means
that Eqg. (5.10) can only serve as an estimatiocgesaccording to Incropera and DeWitt
(1996), Eq. (5.3) for the drag coefficient is valiodr Re; < 0.5. When a more
sophisticated relation is used for the represemtati the standard drag curve of a rigid
sphere, for example,
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¢ (5.11)

_ ﬁ ]__|_ ReZ/B
" Re 6

as proposed by Putnam (1961), it turns out thatithg coefficient was underestimated
by about 40% foRe,,.x s = 6.6 using Eq. (5.3). However, since the Reynolds numbe
rapidly decreases during the droplet motion, thepgr relation in Eq. (5.3) still
provides a good estimate of the overall movement.

Next, the point in time;, when the droplet reaches the laser beam andd¢hsurement

could start, is estimated. For the estimationt,ofthe radiusn, of the laser beam is
needed, which defines the radius within which thbktlintensity is large enough for the
optical measurements. Hence, after the dropleelsaihe distance

M = Ymax — N (512)

the optical measurement can be started. Subsgttiiis condition into Eq. (5.9) and
solving for ¢; yields

h=r1, ln(ymax /rb) (513)

Assuming ¥,,..x =10 mm and 7, = 0.5 mm leads to# ~ 3r, = 16.2 ms for the
sample droplet. Moving the droplet generator closevards the laser beam, i.e.,
shortening the distancg,.. , reduces;.

Wheny,,... andn remain constant, the point in timgfor the start of the measurement
is proportional tor, and thus proportional to the square of the indi@plet diameter
Dy . According to theD?-law, the evaporation rate also depends on theraqfathe
diameter, so the same part of the evaporation psocannot be measured independently
from the initial droplet size. For the sample detpt follows that# = 16.2 ms and

t, /D3 = 6.5-10°° s/nfas the general lower time limit.

Vertical Movement

Now the vertical movement for the free-falling dietpsetup is considered. In the
vertical direction, not only the aerodynamic dragcé but also the gravitational force
acts on the droplet. This means that in thealirection the Newtonian equation of
motion is

du
During free fall, the droplet reaches its termivalocity «,, when there is zero
acceleration, which corresponds to the conditidn/dt = 0. This results in
F, = F; . Substitutingf; , with Eq. (5.4) written for the: -direction andF; with

i
F, = gngDS (5.15)

and solving foru, leads to
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_ P9 g2

u = 18,[LD (5.16)
As an estimate of the upper limit for the termimelocity, the initial diameteD, can
be used, yielding

Uy o, = T 5.17)
t,max rg (

For the sample droplet this results im,,, = 7.6 cm/s. Hence, u; ., < vp.
Therefore the motion of the droplet is always witlthe Stokes flow regime. This
condition holds true for all droplets investigatedhis study.

Since the point in timet; when the droplet reaches the laser beam is also a
characteristic time for the droplet to reach itsni@al velocity, the droplet reaches its
terminal velocity at the same time as the starthef measurement. When the droplet
evaporates, its diametd? decreases. Since the droplet adapts relativelgkiyuto its
terminal velocity, the simplifying assumption cam introduced that the droplet always
falls at its terminal velocity. From Eq. (5.16)c&n be seen that the terminal velocity is
proportional to the square of the droplet diametéhen the D?-law is used for the
description of droplet evaporation (see section3},2he square of the droplet diameter
decreases linearly with time. As a consequence,stmee is valid for the velocity
component in the vertical directidm, ~ t).

When there is a gas flow inside the observatiormtde with a maximum velocity
U, max 1N the centerline of the chamber, which coincigeth the laser beam, this
movement of the gas can be superimposed on theomofi the droplet so that the
droplet reaches the maximum velocity

Umax = Ut max + Ug max (518)

with respect to the observation chamber. For theeements, the gas velocity was
usually very small and in the range @fL— 1 cm/«.

For the determination of the total distance tradklby the droplet in the vertical
direction, the equation of motion of the droplettie z-direction is derived in the
following. Using Eq. (5.14) and substituting féj;, , with Eq. (5.4) written for ther -
direction and forF, with Eq. (5.15), it follows that

du 18

5.19

In this equation, the velocity and also the droplet diametér are functions of time

since droplet evaporation is considered. For trecmaion of droplet evaporation, the
D?-law is used. By introducing the droplet lifetime with Eqg. (3.14) and the

relaxation time constant. with Eq. (5.6), Eq. (5.19) can be rewritten as

du

U
e (5.20)
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Integrating this equation with the given boundampditions, a function for the velocity
in the z -direction is obtained:

) = - - e TR

A second integration leads to the equation fordistance travelled in the-direction:

(5.21)

_ g7y t2 Tr [ T A+ T%— ) }
(t) = —————|1t — +—F1-"7 =1 5.22
(t) 1_7’%_6[ 27, 1+T%_e ( %’e) ( )
The total distance travelled by the droplet in thelirection is then
2
1— =
1+,
Lot = x(Te) = %97—67—7’ % (523)
=7
When 7, <« 7,, this equation can be reduced to
Typ N %gTeTT (5.24)
The ratio
T _ b (5.25)

. 18u

is independent of the droplet diameter and is dateih by the evaporation rate. For the
sample droplet,5 = 3.61- 10° m/s using the D?-model as evaporation model.
Therefore 7, =0.69s and r,/7, ~8-103. Consequently, the simplified
relationship for z,,,, i.e., Eq. (5.24), can be applied and the regultiistance is
z;,; = 1.8 cm. This value corresponds well with observed fallthgtances and means
that in the setup for free-falling droplets the mwmation process could be measured
until complete evaporation is reached.

For all droplets in this study, the ratio according=qg. (5.25) was small enough so that
the total distance travelled by the droplet cowddebtimated with Eq. (5.24).

When the time constants. and 7, in Eq. (5.24) are replaced by their definitions,,i
Egs. (5.6) and (3.14), it follows that

Ty A 39621 5 Dé (5.26)
From this equation, it can be seen that the tosshdce travelled by the droplet in the
vertical direction is proportional td§ and therefore strongly affected by the initial
droplet diameter.
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55.2 GasFlow

Gas Velocity at the M easurement Position

For both experimental setups, the flow rate of ¢fas flow inside the observation
chambers was measured by variable area flowmdtersrder to determine the gas
velocity at the measurement position, a relatigndior the gas velocity along the
centerline of the observation chamber as a funaifdhe gas flow rate is derived in the
following. For the optically levitated droplet spiuthis is the velocity relative to the
droplet, and for the free-falling droplet setupstis an additional velocity to which the
droplet adapts and moves relative to the observatiamber.

At first, the length of the hydrodynamic entranegion is estimated after which the
velocity profile is presumed to be hydrodynamicdillily developed. The orientation of
the Cartesian coordinate system with respect tobservation chamber is depicted in
Fig. 5.6. The internal width of both observatioragtbers wash = 10 mm. For an
upper limit of the hydrodynamic entry lengih), the Reynolds number is calculated for
a maximum speed af,,,, = 0.1 m. This results inRe, = 64 for air with a kinematic
viscosity of v = 15.66- 10° nt /: at a temperature 00 K. This means that the flow
is laminar and the hydrodynamic entry length camrstenated from an expression for a
laminar flow in a circular tube, which is

z, ~ 0.09 Re, (5.27)

given in Incropera and DeWitt (1996). With this atjan, the valuer;, ~ 3.2 cmis
obtained. This distance is smaller than the digtabetween the air inlet and the
measurement position in the case of the opticatageon setup or the start of the
measurement distance in the case of the freedatlmoplet setup. Therefore, it can be
assumed that the flow is fully developed in the soe@ment regions.
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Fig. 5.6. Observation chamber with coordinate system

From the measurement of the volume flow riteby a variable area flowmeter, the
mean velocityu of the flow inside the observation chamber caddtermined from the
equation:
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v

. (5.28)

u =

S

In order to calculate the velocity, = (u,0,0) along the centerline, the ratia. / u
must be determined. At the centerline, the velqgartfile reaches its maximum value in
the y -z plane. For a fully developed flow,. is a constant. When the velocity profile
inside a circular tube is used as an estimate, evtieare is Hagen-Poiseuille flow, the
ratio of u, with respect to the mean velocity is u. /u = 2. For a square channel, the
value is slightly higher, as is shown in the follog:

Spurk (1996) derived;, and w for a rectangular channel. The governing diffaednt
equation, which can be derived from thecomponent of the Navier-Stokes equations,
is given by

0%u (?Zu_ K

gu, du_ 2 5.29
dy? T D22 Iz ( )

In Eqg. (5.29), the inhomogeneous term isK /u with the constant
K = —-0p/0z + pg. In comparison to Spurk (1996), whei& = —9Jp/ 0z, the

influence of gravity is also considered. Howevevaaation of the constank has no
influence on the ratia,. /@, which is given by

1 - (="
= 4+16
“ 2 nzzl[(Zn—l)W]scos %(2”—1)} ) oue 550
3 7T5 n=1 (271—1)5

The velocityu, can then be determined by combining Eqgs. (5.28)(&r80):

u, = 2.096bK2 (5.31)

Numerical Simulation of the Gas Flow

During the design process of the heating systenthierobservation chamber for the
optical levitation setup, the flow inside the olys#ion chamber including parts of the
flow module was studied by numerical simulationshvihe commercial software code
FLUENT, version 6.0. The aim of these studies wagxamine the effect of heating
part of the glass wall on the temperature and wglaigstributions of the air flow inside
the observation chamber.

Numerical simulations were performed for air withtygical volume flow rate of
1 cnt/s. The air entered the flow module at a tempeeanir300 K. Calculations were
conducted for different temperatures of the glagsan the heated region.
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Fig. 5.9. Temperature and velocity distributions within the x-y plane afowall
temperature of 380 K

Numerical results for a wall temperature of 350rK shown in Figs. 5.7 and 5.8. This
temperature is about the maximum temperature ®retperiments. From the velocity
distribution in Fig. 5.7 it can be seen that, inngel, the air flow is directed
downwards. There is a small recirculation zone Wwetlee flow inlet, which is induced
by the incoming flow and probably enhanced by ratconvection.

Numerical simulations with the same flow rate bighler temperatures reveal that at a
wall temperature of 380 K, this recirculation whiefas axially symmetric with respect
to the x-axis becomes asymmetric, which can be sedng. 5.9. This is due to the
increasing influence of natural convection. Howevar 380 K there was still no
disturbance of the velocity distribution at the ifjoa of observation due to natural
convection.
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With regard to the air temperature, it can be de@n Fig. 5.8 and Fig. 5.9 that at the
measurement position the temperature shows minoatias along all three axes.
Important for the design of the observation chambéhe result that the slow air flow
adapts quickly to the high temperature when it @assto the heated region and
decreases quickly back to 300 K when the heatesbrmegnds. This means that the
temperature profile of the walls determines the perature profile inside the
measurement chamber.

5.5.3 Heating System

For the observation chamber of the optical lewtatsetup, a heating system was
constructed in order to allow measurements of @topvaporation at different ambient

temperatures. In the following, the ideas of thsiglie are explained and the measured
temperature profiles are presented.

Space for observation
Heated region—— < L

Heating foil 1 /

" Upper/lower
injection hole

Heating foil 2 —_|

Section for  — |
thermal insulation

Fig. 5.10. Heating system for the measurement chamber

Design of the Heating System

When the droplet was injected into the observatimeimber through the lower injection

hole and then moved into the measurement positi@njnitial evaporation phase was
lost for the measurements. For low volatility salbses evaporating at an ambient
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temperature of about 295 K, this resulted in atiretly small loss in time compared to
the entire time period of the evaporation procddswever, at higher ambient
temperatures and therefore at higher evaporatites,rahis time loss could be an
important part of the evaporation process.

In order to minimize this disadvantage for investigns at higher ambient
temperatures, the heating system was designedcim auvay that the high ambient
temperature was only supplied at the measuremesttiggn Further down the
temperature decreased abruptly in order to reaehntimimum temperature of about
295 K at the lower levitation position.

In section 5.5.2, where numerical simulations @& gas flow inside the observation
chamber were shown, it was found out that the teatpee of the gas flow equals
approximately the wall temperature. Therefore,ltbating system had been designed in
such a way, that the walls of the observation charpbovided the desired temperature
distribution. The design is depicted schematicallifig. 5.10.

The heated region was equipped with heating feiltésch were stuck to the glass walls
of the measurement chamber. The heating foilelaiugh space for the observation of
the droplet inside the chamber. The heat was bliged inside the glass walls, but then
blocked on the upper and lower end by heat resigastic with a very low thermal
conductivity. Heating foil 2 was added for fine-tog of the temperature profile.
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Fig. 5.11. Measured temperature profile along the centerline of the observat
chamber
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Temperature Profile

The measured temperature profile in the verticegdtiion along the centerline of the
observation chamber is depicted in Fig. 5.11. Rermeasurement of the temperature
profile, a thermocouple was introduced through ¢tipen end into the observation
chamber. After the thermocouple had been movedderi@in position, a time interval
of at least 5 min was allowed before the tempeeatvs measured. Data points were
collected both on the way up and down so that hgsi effects were accounted for.
The small magnitude of the hysteresis revealedttigtvaiting time interval was long
enough. The results show that the desired temperaitofile was reached, which
means that the temperature was low at the lowection position and that the axial
temperature gradient was nearly zero at the uppection point. When the gas flow
rate was augmented, the temperature profile wasthovthe flow direction (positive

x -direction).

56 Measurement Procedure

5.6.1 Optical Levitation

All of the primary devices, i.e., the droplet geater, the linear positioner of the lens,
the CCD cameras, the laser and the measurementfarnthe thermocouple were
connected to a single computer either by GPIB sar&al bus. This permitted control of
the setup by a single program written in LabVIEW.

For the execution of the measurements, the ejecticn droplet from the droplet-on-
demand generator was triggered manually via theébdayg of the computer. This
marked the start of the measurement period. Whentbplet was injected at the lower
position, a second manual triggering started theament of the droplet to the position
of observation and the image acquisition with tli&DCcameras. For the injection of the
droplet at the upper position, a single manual geig was used to start the
measurements.

5.6.2 FreeFalling Droplets

The setup for free-falling droplets was controllesing a trigger line. The triggering is
shown schematically in Fig. 5.12. The droplet gatien was triggered manually using
a high voltage pulse of a pulse generator. Theututgger of this pulse generator was
used to start the measurement with the photomutipThe output signal of the

photomultiplier was not only recorded by the datquasition board but also directed to
another trigger unit, which sent a trigger signalaacertain threshold value. This
threshold was designed to be reached when theedrapived at the laser beam. The
trigger signal of this unit was used to start segdh preset number of trigger signals
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with a preset time interval to the CCD camerasifiotege acquisition. Data from the
photomultiplier and the cameras were recorded pars¢e computers.

. )\ —_—
Man. | Pulse | Trig. . Trigger unit
trig. | generato Photomultipl signal CCD-cam. 1
i (e tos ) /S
High volt. | Droplet-on-
pulse demand gen, CCD-cam. 2
—— - o )

Fig. 5.12. Triggering of the setup for free-falling droplets
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6 Optical Measurement Techniques

For the measurements of droplet specific quantibpsical techniques were employed
in order to minimize the influence of the measurettechniques on the evaporation
process. In the present chapter, the principleshef measurement techniques are
explained together with the evaluation of the mesgudata. In addition, the
determination of the initial droplet diameter ame size history is described. For the
evaluation of the measured data, LabVIEW programewritten.

6.1 Droplet Sizing with Mie Scattering Imaging

6.1.1 Introduction

In chapter 4 it was shown that in the forward hgimése, the interference of light from
reflection and the ®1 refraction generates a regular pattern of interfee fringes.
Glantschnig and Chen (1981) published the firsotdecal study where a relationship
between the droplet size and these interferencgds was presented. Their relationship
is valid within an angular range between 30° antdaf@@l is based on geometrical optics
considerations.

The first experimental study on the determinatibthe droplet size from fringe spacing
was conducted by Konig et al. (1986). For the reicgy of the scattered light, they used
a linear CCD array covering scattering angles fi@hi to 35°. They presented size
measurements of monodisperse droplets with diaseterging from about 30 um to
110 um. For the determination of the diameter, thegd a simplified relationship.
Hesselbacher et al. (1991) described an improveitiadeor the determination of the
droplet size and used the relationship of Glantgcand Chen (1981).

Ragucci et al. (1990) showed, for the first time pait-of-focus image of a droplet taken
with a CCD camera. The CCD camera was placed attesing angle of 90°. They
compared the angular spacing of the fringes fopletosizes from 20 um to 100 pm
with results from LMT. In their following studiethey called this measurement method
Mie Scattering Imaging (MSI), as used within thagdy.

There are also other names for this measurememitpee: Glover et al. (1995) called
this method Interferometric Laser Imaging for Debdp®izing (ILIDS). This name was
also used by Maeda et al. (2000). In the textbddXlarecht et al. (2003) this technique
is denoted by Interferometric Particle Imaging (IPI

In this study, the relationship of Glantschnig @lgen (1981) is used. With as the
wavelength of the laser light,the real part of the refractive index of the dedpiquid,
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0; the observation angle of the camera, afd, the angular distance of the
interference fringes, the droplet diametBr can be obtained from the following
equation:

2 A
nsm(Q]/Z) AQF

JL+n® — 2ncos(9;/2)

D — (6.1)

cos(01/2) +

Eq. (6.1) is valid in the range 00; < 0;,, Wwith 60;,, = 2arccos(1/n)
(Semidetnov and Tropea, 2004). For this study,,, = 844 is obtained for
nmin = 1.35. In addition to the range of validity, other calesiations must be taken
into account for the selection 6f One issue is the general decrease of the inyeosit
larger scattering angles. Another issue is therastiti.e., the difference in intensity
between the maxima and minima. Anders (1994) redothat for droplets with a
refractive index ofl.3 < n < 1 4 and a Mie parameter ofD /A = 300 (D = 51 um
for A = 532 nm), the contrast attains a maximum for a scatteangle around 70°.
This is because the light intensity from reflectmmd the 1 refraction are of the same
magnitude. Moreover, with regard to the accuraci8i, Massoli and Calabria (1999)
showed that the dependence of the size measuremehe refractive index reduces to
a minimum at a scattering angle of 60°.

In this study, the cameras were placed at an aofglé; = 55°. They covered an
angular range ofAd; = 11. & (optical levitation) andA#; = 4.9° (falling droplets)
with an angular resolution of1.2-1072 °/pixe (optical levitation) and
3.8- 102 °/pixel (falling droplets). The angular fringe spacing,. was obtained from
the fringe spacingA N, on the CCD array measured in number of pixels:

Abp = forrANp (6.2)

where forr is the transformation factor of the optical Fourteansform for the
conversion ofA N into an angular distance.

6.1.2 Optical Fourier Transform

An optical Fourier transform was necessary in otdexvoid measurement uncertainties
since the droplet moved along the laser beam dutggvaporation as mentioned
before. The schematic in Fig. 6.1 shows the optoalrier Transforms where the lens is
placed one focal lengtlf in front of the CCD array. Light rays which leagieoplets
under the same scattering angle are detected aathe position on the linear CCD
array although the droplets are located at diffepaisitions along the laser beam. Thus,
the position of the light rays on the linear CClbagtis independent from the position of
the droplet on the laser beam and depends onligeosdattering angle.

The calibration of the optical Fourier transforng.,i the determination of the optimal
distance between the CCD array and the lens, waducted with an elaborate method
using a separate setup with a turnable mirror whiicacted a light ray on the CCD
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camera. After calibration was complete, the optialirier transform was verified in

the setup for optical levitation by replacing thieservation chamber with a turnable
mirror. The mirror directed the laser beam, whicasweonsiderably weakened, to the
CCD cameras. For various scattering angles, thdigus of the laser beam on the
linear CCD arrays were measured.

Laser beam /

Droplet at <:
different positions

Fig. 6.1. Optical Fourier Transform

Linear CCD array

Cylindrical lens

_'_'_‘ij'_@‘é{‘_\j_'éf‘_'_'_'_'_'_'_
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= 800} N -
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145 150 155 160

0[]

Fig. 6.2. Optical Fourier transform of the CCD camera used for rainbow refraetry
in the setup for optical levitation at three different positions alongaiie of the laser
beam.
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In Fig. 6.2, results are depicted for the opticaufier transform of the CCD camera
used for rainbow refractometry. The results showpeafect linearity between the
scattering angle and the position of the laser beartne CCD array, given by the pixel
number N,,. The mirror could also be moved along the axishef laser beam which
was the direction of the movement of the droplatirduevaporation. In Fig. 6.2, the
distance between the position of the mirror andpb&tion of the upper injection hole
on the z-axis is denoted byAz. The initial position for droplet evaporation was
usually at Az = +1/+2mm. During evaporation, the droplet moved to
Az = -1/-2 mm. The variation of the mirror position proved thhe optical Fourier
transform was valid within a region which was lar¢fgan the distance moved by the
droplet during evaporation. Results of the samdityusere also obtained for the other
optical Fourier transforms of the setups.

6.1.3 Determination of the Droplet Size from a Single CCD Image

An image of the linear CCD camera used for MSlheven in Fig. 6.3(a). The pixel
number on the linear CCD array is denoted By, with 0 < N, < (N, 0 — ).
N, maz 1S the total number of pixels, which was, for ex¢en N, ,,,,, = 1024 for the
optical levitation setup. In the figure, the maxiarad minima of the light intensity can
be clearly seen. In the following, the method foe tetermination of the corresponding
droplet diameter is explained.

From the signal depicted in Fig. 6.3(a), an autatation is performed. Setting the
intensity values/y = 0 for N, <0, the autocorrelated signdlk) is obtained using

Np,maz -1
IiIn, +k
N,=0
N

p,mazx

A(k) = with k& = _(Np,max - :D7_(Np,maz - 27"';Np,maz -1 (63)

1
I§

p
N,=0

In addition to the autocorrelation, the signal msosthed using a range of data points
which usually corresponds to 50% of the curremtgiel spacing. The resulting signal is
called A, (k) and shown in Fig. 6.3(b).

From A,(k), the mean distance between the maxima is detedmifi@s distance is
transformed to the angular distand®, using the transformation factgy,, obtained

from the calibration of the optical Fourier trarmsfio From Aéy, the droplet diameter
can be obtained using Eq. (6.1).

With this method, at least two maxima must be \eswithin the linear CCD array. For
n =14 and A = 532 nm, the smallest measurable diameters are 6 um é&bptic
levitation) and 14 pum (falling droplets), respeeti



6.1 DROPLET SIZING WITH MIE SCATTERING IMAGING 81

1000 T I T I T I T
800 |- |
< 600
3 I ]
— 4001
200
O I 1 I 1 I 1 I 1
0 256 512 768 1024
N, [
(€))
1-0 T I T I T I T T I T I T I T
05 |
§ 0.0
< L _
051 |
1.0 . | . | . | . | . | . | . | .
1024 768 512 -256 0 256 512 768 1024

k[
(b)

Fig. 6.3. MSI of a droplet: (a) scattered light intensity measured witlCB Camera,
(b) autocorrelation and smoothing of the signal shown in (a)

6.1.4 Initial Droplet Diameter D,

For the presentation of histories of the non-dineere droplet surface, it is first

necessary to determine the initial droplet diamebgr This is illustrated in Fig. 6.4.

After plotting the square of the measured dropleimeters versus time, a certain
number N,,,, Of data points beginning with the first data pamtused for a linear

interpolation with the least squares method.

The initial cooling phase, depicted in Fig. 6.4nat captured by the experiments. This
results in an underprediction of the initial drapdéameter when using an extrapolation
to ¢ = 0. For low evaporation rates, e.g., for a pure-comepd droplet of n-hexadecane
at 300 K, the influence of the initial cooling pkais negligible small. However, for



82 6 OPTICAL MEASUREMENT TECHNIQUES

high evaporation rates, the initial cooling phasestrbe taken into account. This was
done by performing numerical calculations and detieing a correction factor for the
diameter value obtained from the linear interpolatiDy ;,, .

D2A
> Initial cooling phase
D§ + /
DR
0,lin
DZ | B = const.
D3
2 B = B(t)
DN T TN
e
; ‘..
0-_
tl tz tNm(Lz

Fig. 6.4. Selection of the time interval for the determinatiohf

In order to determiné),;;, with a small uncertainty, a large number of daimts was
used for the linear interpolation. However, somesnonly a small number of data
points could be used. This is because the evapaoratite is only approximately
constant within a certain time, as illustrated ig./®.4. However, after some time, the
evaporation rate can change. For pure-componemiedsy this can only be due to a
variation of the ambient temperature. For multicomgnt droplets, this can also be due
to a change of the droplet composition, in whickecdhe evaporation rate decreases. If
data beyond the region of a constant evaporatio®e ase included for the linear
interpolation the initial droplet diameter is ungiexdicted. For that reason, the time
period for the linear interpolation must be cargfgklected.

6.2 Droplet Sizing with MDRs

6.2.1 Introduction

When the droplet diameter decreases due to dreypégtoration, morphology-dependent
resonances (MDRs) become visible in the intenditthe scattered light (Popp, 1994).
In the free-falling droplet setup, this was vismatl by collecting part of the scattered
laser light in the forward hemisphere with a lensd adetecting the light by a
photomultiplier. The decrease in droplet diametetween two successive resonance
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peaks depends on the refractive index of the drapid is nearly independent of the
droplet size (Chylek, 1990). The change in drogiaimeterAD between two resonance
peaks can be determined by the following equation:

Aarctan(vn? — 1)
an? -1

where fap IS a correction factor. The case #{, = 1 corresponds to the equation
given by Chylek (1990) and was used for pure-corepondroplets. For
multicomponent droplets, a correction wifip > 1 was used. In section 6.2.4, the
necessity of the correction as well as the deteatiun of the correction factor are
explained.

AD = fap

(6.4)

The change in droplet diameté&xD between two resonance peaks is very small. For
the laser wavelengths and refractive indices usetthis study, the change in droplet
diameter was in the rang&26- 10’ m< AD < 138 10’ r. This allows very
detailed measurements of droplet size histories.

6.2.2 Determination of D(t)

For droplet sizing with MDRs, the measurement oé tbsolute droplet size is
necessary in order to determine the temporal ewolutf the droplet diameter. For that
reason, the droplet size is measured with MSI atltéginning of the measurement
period. This results in the diametdr;, depicted in Fig. 6.5, which illustrates the
determination ofD(t).

® MSI
O MDRs

: >
tl tz tmax tn

Fig. 6.5. Determination of the droplet size as a function of time freasurements with
MSI and MDRs
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At the same point in time;, when the droplet size is measured with MSI, the
measurement with the photomultiplier begins. Thuasthe following measurement
period, MDRs can be detected in the output sigh#the@ photomultiplier. The points in
time when these MDRs occur are determined and ddrimt¢, up tot,. For j = 3 to

n, the corresponding diameter values are determimed); = D, ; — AD, where
AD is calculated with Eq. (6.4). Since the first tinmerval A, usually does not
correspond to a time interval between two MDRs,dizeneterD, is determined from
the equation D, = D; — (At12/ At,n9AD. The initial droplet diameterD, is
determined in the same way as presented previdasiSI.

6.2.3 Detection of MDRSs

MDRs are detected in the signal of the photomudtiplin the following, examples are
shown for different droplets. In the figures, tHesalute value of the negative output
voltage U of the photomultiplier is depicted and called amople. Thus, a large
amplitude corresponds to a high intensity of thetteced light. In Fig. 6.6, the signal of
a pure-component droplet consisting of n-nonarshasvn.

Ul M

0.0 0.5 1.0 15
t[s]

Fig. 6.6. MDRs within the output voltage of the photomultiplier during the evaporati
of a pure-component droplet of n-nonanelgt = 294 K
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At approximately 0.04 s the droplet reaches therld®am so that there is a sharp
increase in the amplitude. This sharp increasasesl @io trigger the measurement of the
droplet diameter with MSI. In the following, MDR&&ome visible as peaks within the
signal. This is highlighted in Fig. 6.6 for the #8mperiod0.5 s< ¢ < 06 ¢« The general

decrease of the amplitude is due to the decreabimglet size. At the same time, the
magnitude of the peaks decreases and the timevatdebetween neighboring peaks
become smaller. Due to the limited dynamic rangthefdata acquisition board, useful
data for the evaluation of this signal can be gtedionly up to a certain point in time.

Ul M

0.5

0.0 |-

|U-U| V]

0.0 0.5 1.0 15
t[s]

(b)

Fig. 6.7. MDRs within the signal of the photomultiplier during the evaporation of a
pure-component droplet of n-undecane At = 295 K; (a) absolute value of the
negative output voltage of the photomultplier; (b) fluctuation of the amplivitle
respect to a moving averagedfns
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Fig. 6.8. MDRs within the output signal of the photomultiplier for a binary mextur
droplet of n-heptanéZ, = 0.73 and n-hexadecangZ, = 0.27) at T,, = 2994 K;
(a): entire measurement period; (b) and (c): magnifications of (a)

When the evaporation rate is lower, the time irdkrbetween two neighboring MDRs
become larger. This can be seen by comparing Fgwith Fig. 6.7, where the

evaporation of an n-undecane droplet is depictedboth figures, the same time period
is shown and the ambient temperature is approxlyndte same. Since the evaporation
rate of the n-undecane droplet is low, the geneaflle of the amplitude, which is

depicted in Fig. 6.7 (a), remains roughly at thmasdevel. The large-scale fluctuation of
the amplitude is caused by a movement of the drgggpendicular to the axis of the
laser beam. Within the small-scale fluctuationghef amplitude, the locations of the
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MDRs are hardly detectable. However, when a moaewvgrage over 3 ms is subtracted
from the signal of Fig. 6.7 (a), as shown in Fig. ), the locations of the MDRs
become clearly visible. This method is applied I tLabVIEW program for the
evaluation of the signal.

In Fig. 6.8, the signal of a binary mixture droplebnsisting of n-heptane and
n-hexadecane is depicted as an example of a mnmiticnent droplet. In this case, the
time interval between two neighboring peaks in@easlue to the decreasing
evaporation rate, which can be seen in Fig. 6.8#jally, the structure of the signal is
comparable to a pure-component droplet, as showrkiQy6.8 (b). The more the
evaporation rate changes, the more complex thetsteuof the signal becomes. This
can be seen in Fig. 6.8 (c). The complex strudtikery demanding for the evaluation
of the signal. In this respect it is very helpfhlat the time intervals between two
neighboring MDRs increase continuously. This isvaman Fig. 6.9, which is an

intermediate result from the evaluation program.
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Fig. 6.9. Time intervals between two neighboring MDRs from the signaigo6.B;
t; represents the point in time of tite morphology-dependent resonance

6.2.4 Correction Factor f,,

The correction factorfap was introduced in Eq. (6.4). It is set unity whie refractive
index remains approximately constant during dropietporation since no correction is
needed. This is the case for pure-component dsoplédwever, when the refractive
index changes during droplet evaporation, whichthie case for multicomponent
droplets, a correction withix, > 1 is used. This is necessary because the variafion o
the refractive index causes a time shift of theuo@mnce of MDRs.
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Fig. 6.10. Numerical simulation of the experiments: (a) pure-component tirople
n-nonane at7,, = 297.8 K, (b) ternary-mixture droplet of n-octangZ, =1/3),
n-dodecand”Z, = 1/ 3) and n-hexadecangZ, = 1/3) at T,, = 2965 K
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The effect of this time shift on the measuremerdroplet size histories is illustrated in
Fig. 6.10. For the results shown in this figures tiroplet evaporation was computed
with the rapid-mixing model and the intensity oé thcattered light at each point in time
was simulated with LMT. The intensity of the scedte light was determined in the
angular range observed by the photomultiplier. Fithis intensity distribution, the
mean value was calculated representing the sigrtakegohotomultiplier. The temporal
evolution of this mean intensity was then evaluateitie same way as the output signal
of the photomultiplier. A very high time resolutiovas chosen so that MDRs became
clearly visible.

The results of a pure-component droplet of n-noremeeshown in Fig. 6.10(a). For a
better illustration of the results obtained by MDRsly every third data point is
depicted. As can be seen from the figure, thera erfect agreement between the
results obtained by MDRs and the initial size higtobtained by the rapid-mixing
model.

However, the case is different for the results démary mixture droplet depicted in
Fig. 6.10(b). When Eq. (6.4) is used withp, = 1 for the determination oAD, the
droplet size is overpredicted. This overpredicigrhowever, not due to the fact that a
constant reference value of the refractive indensied for the determination @k D.
The result of the surface history is only sligthifferent when, instead of the reference
value, the refractive index corresponding to thitialhor final composition of the
depicted time domain are used. Evaluations withaotifve indices corresponding to
these compositions were used for the error barSign 6.10(b). A small variation of the
surface histories becomes visible only in the miacation of Fig. 6.10(b).

In order to demonstrate that the disagreement legtvilee results obtained by MDRs
and the initial surface history calculated with tfagpid-mixing model is due to the
varying refractive index, the scattered light wdsoacalculated with a constant
refractive index. In this case, a perfect agreeniemeached. For the other results a
good agreement can also be reached when a conrdatitor of f,, = 1.055 is used,
which is also shown in Fig. 6.10(b).

The use of the correction factor helps to avoidystesnatic error. However, the
uncertainty of the results increases when usingreection factor since the correction
depends on the numerical model used for the cormpntaf droplet evaporation.

6.3 Rainbow Refractometry (RRF)

6.3.1 Introduction

Rainbow refractometry refers to a measurement tqaknused to determine the real
part of the refractive index of spherical particldsough analysis of the primary
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rainbow scattering (Albrecht et al.,, 2003). Frone tthetermination of the refractive
index, additional information about the droplet ¢enextracted.

In chapter 2, relationships describing the depecelesf the refractive index on the
temperature and the substance were presented. Ubiege relationships, the
temperature of pure-component droplets can be rdeted from the refractive index.
For binary mixture droplets, the droplet compositican be calculated with these
relationships when a constant droplet temperattae be assumed. These two
applications of RRF are based on the assumptioa lddmogeneous refractive index
inside the droplets. This is important since RRFasy sensitive to gradients of the
refractive index. Moreover, it is necessary tha dnoplets are spherical since RRF is
also very sensitive to non-sphericity. Both requieats were fulfilled for the
experiments when RRF was used for these appligtionaddition, RRF was also
applied to detect refractive index gradients, whgdescribed in more detail in section
9.3.

6.3.2 Determination of the Refractive | ndex

There are different possibilities for exploitingetimtensity distribution in the region of
the rainbow in order to determine the refractivdex of the droplet. This is because
several scattering phenomena occur in this regir@haan be linked to the refractive
index and the diameter of the droplet.

Roth (1998) conducted a detailed study on the chétation of the refractive index
from the intensity distribution in the region ofetlmainbow using different methods.
However, these methods could not be used for thidyssince their accuracy was not
sufficiently high. This is partly because the methased by Roth were founded on an
empirical rather than theoretical basis.

For this study, Airy theory was used in order tdedmine the refractive index by
comparing results from Airy theory with measureteisity distributions. Compared to
LMT, it is only possible to use Airy theory as appeoximation. However, this is
compensated for by using an elaborate evaluatidghodeThe advantage of using Airy
theory instead of LMT is the reduced computaticafédrt.

In section 4.4, it was seen that for large dropléisre is fairly good agreement of
results from Airy theory with LMT, and therefore tivireal intensity distributions,
within a large range of scattering angles. Sineeriipple structure is small, results from
Airy theory can be fitted to measured intensitytrddsitions in the region of the rainbow
in order to determine the refractive index. In ertteperform the fitting, it is necessary
to know the droplet diameter (see Eq. (4.3)), wirnields to be obtained by a different
measurement technique. However, it is also posdibleise the rainbow for the
determination of the droplet diameter. Van Beec89{) showed that the distance
between the maxima of the main rainbow peak arsd §ubsidiary bow is relatively
independent from the refractive index and can leel s calculate the droplet diameter.



6.3 RAINBOW REFRACTOMETRY (RRF) 91

On the other hand, for small droplets, the incregasliscrepancy between Airy theory
and LMT leads to large uncertainties of the refvacindex. For that reason, a more
elaborate method was developed in order to applly ®Rhe small droplet sizes of this
study. Results of the two main steps are showngn@:11. For the representation of a
real intensity distribution, numerical simulationgth LMT were used. The depicted
angular range corresponded to the range of the Cikras in the setups. In the first
step, the ripple structure is removed using a discFourier transform resulting in a
very smooth signal. This approach was also follome@amaschke et al. (1998). In the
second step, results from Airy theory are comp&odtie filtered signal. The refractive
index is varied until a best fit between Airy thg@nd the filtered signal is reached.
This iterative method yields the refractive indéxtlee droplet. As can be seen in the
figure, good agreement between results from Aisgotly and the filtered signal was
reached.

In order to facilitate the filtering of the signagsults from droplet size measurements
were used. According to van Beeck (1997), the anduéquencyf,;,,,. of the ripple
structure can be calculated when the droplet diemgknown:

D
fripple = 2_)\

5 s (6.5)

This information helps to edit the signal in thegquency domain after the discrete
Fourier transform has been applied.
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Fig. 6.11. Evaluation of a scattered light intensity calculated with LMTafdroplet
with D = 40 pmandn = 1.4.
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In order to reach a high accuracy, the range oktag¢tering angle was restricted to the
main rainbow peak. This was done because thene ilsceeasing discrepancy between
Airy theory and LMT at larger scattering anglegpexsally for small droplets, as was
seen in Fig. 4.5. Therefore, an upper limit ©f,, = 2.495% was used for the non-
dimensional parametet, introduced in section 4.4. This value correspotmghe
position of the minimum between the main rainbowakpand the first subsidiary bow.
As lower limit, ¢,,;, = —0.86 was chosen where the intensity reaches about 1@B& o
maximum intensity of the main rainbow peak accaydm Airy theory. These limits are
shown in Fig. 6.11.

Within the range(,,;, < ¢ < (.., tabulated results from Airy theory were compared
to the filtered signal using a cross correlatiors. #ready mentioned, the refractive
index was varied until a best fit of the resulinfr Airy theory with the filtered signal
was reached. In order to start the optimizatiorcedore for the fitting, an initial guess
of the refractive index was necessary. This waainbt by approximating the rainbow
angle 6,, with the position of the maximum of the measumensity distribution and
solving Egs. (4.4) and (4.1) numerically for th&aetive index.

For the sample droplet of Fig. 6.11, a refractimdex of n = 1.400Z was obtained
from the fitted Airy theory. This value is very sl®to the value of = 1.4 used for the
numerical simulations with LMT. For a pure-componéroplet of n-nonane, which has
a refractive index ofv = 1.4 at a temperature of 307.4 K, the result from RRiul¥
result into an underprediction of the droplet terapgre of AT = —0.4 K.

6.3.3 I mprovement of Accuracy

The accuracy of the described method was investighy numerical simulations with
LMT. Using these results, the accuracy was furtimproved with an empirical
correction function, which is described in thistgat

In order to investigate the accuracy of the evadnmatethod presented in the previous
section, the scattered light intensities of drapieith different diameters and refractive
indices, covering the complete range used for éxyaeits, were calculated using LMT.
For the refractive index, values from 1.36 to lid4teps of 0.02 were used. For each of
these refractive indices, the scattered light walsutated for diameters from 20 to
60 um in steps of 0.05um. For the angular rand#®)(Bnd resolution (0.01°),
parameters comparable to the experimental setupe wosen. The results of the
evaluation of the calculated intensity distribusare depicted in Fig. 6.12.

In Fig. 6.12, it can be seen that a scatteringhef tesults occurs. This scattering
increases for smaller refractive indices and diansetA general tendency of an
underestimation of the refractive index towards lfenaiameters and refractive indices
was noticed. For that reason, an empirical comwacivas introduced in the evaluation
method. This empirical correction was obtained ittjn§ an empirical function to the
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results depicted in Fig. 6.12. The result of theveditting is given by Eq. (6.6), which
allows to determine a corrected value of the réifiragndex, denoted by, .

Doy VH°
Neor(n, D) = n — 0.0001+ (1 734- 1 158)[%] with D,.; =10°° m (6.6)

Using this correction, a refractive index is ob&irwhich corresponds exactly to the
initial value used for the numerical simulationghwiMT, when results of refractive
indices are averaged over a sufficiently large @minterval. This shows that, for the
measurements, a high accuracy can be reached bwngawpe data from several
measurements where the droplet diameter and/orrdfractive index are slightly
changing.
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Fig. 6.12. Results of evaluations of scattered light intensity distribufmmsarious
droplet diameters and refractive indices

6.3.4 Sensitivity

For the experiments, a high angular resolutiorersessary for a high accuracy of RRF.
For example, for an n-hexadecane droplet, wherditjieest resolution is necessary, a
change of the temperature &f 7' = 1 K results only in a change ako,, = 0.046

for the rainbow angle. For the CCD-camera-systeing possible to measure this
change, since their angular resolutions are higldedl’ /pixel for free-falling and
0.009 /pixe for optically levitated droplets. However, it wast possible to calibrate
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the absolute angles of the cameras with respebittaser beam by mechanical means
with such a high precision. For that reason, resuotim measurements of droplets with
known temperature and composition were used fatiaration.
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7 Measurement Uncertainties

In this chapter, measurement uncertainties arerdeted and summarized. This is done
not only for measured quantities but also for detivquantities such as the non-
dimensional droplet surface and the evaporatian rat

For all measurement uncertainties, a confidencervat of 95% is used. This
corresponds to two times the standard deviafioof a Gaussian distribution.

7.1 Measured Quantities

711 Overview

Table 7.1 shows the ranges of the measurementtaimtass. The relative uncertainties
of the droplet diameteD and the refractive index depend on the absolute values of
the droplet diameter and the refractive index. Detan these uncertainties can be
found in sections 7.1.3 and 7.1.5. The variatiothefuncertainty ofA D is mainly due

to an uncertainty in the refractive index. Thigxplained in section 7.1.4.

Table 7.1. Measurement Uncertainties

Quantity Method Uncertainty

Ambient temp.7,,  Thermocouple(s)+0.5 K (at 300 K) <67 < + 1K (at 350 k

Droplet diameterD ~ MSI +1.5% < 6D /D < +4%

Change of droplet MDRs +0.1% < 6(AD)/AD < £1 5%
diameterAD

Refractive indexn RRF +0.001< én < £ 0 00¢

7.1.2 Ambient Temperature T,

The uncertainty of the temperature measuremeniasa several factors. For the entire
temperature range, there is an uncertainty offteentocouples 0b7;, = +0.3 K. This
systematic uncertainty was obtained by calibratimg thermocouples with a known
standard. Additional uncertainties depend on theeemental setups.

For the free-falling droplet setup, the temperatoa@ vary along the measurement
section. It is measured with two thermocouplesvat different positions. One is placed
at the beginning and the other one at the endeofrtbasurement section, and the mean
value of these temperatures is used as referenggetature. The uncertainty of the
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temperature of the observation chamber is estimatée 67, mper = £0.4 K. Hence,
the overall uncertainty of the temperature of g@tup can be determined using the law
of error propagation:

5Tfa|ling droplets — \/6Tt% + 5T§hamber: +0.5K (7-1)

For the optically levitated droplet setup, the meabf the observation chamber as well
as the thermocouple due to the scattered lightataom neglected. The heating of the
walls of the observation chamber leads to an inlggmeous temperature distribution.
This leads to an additional uncertainty since therrmocouple is placed at a certain
distance from the droplet. The heating of the tloEooiple leads to an overprediction of
the temperature. This systematic error was comeat¢h calibration measurements,
however, an additional random error remains. Thexaluncertainty due to the heating
is estimated to béT}eaing = £0.4 K. As a result, the temperature uncertainty for this
setup is 6Tjevitated droplets= 0.5 K, which is the same value as for the other setup.
However, it is only valid when the heating systenoif, i.e., at a temperature of about
300 K.

At higher temperatures, an additional uncertaintystmbe taken into account. This
uncertainty is due to an inhomogeneous heatindi@fobservation chamber, but also
due to heat conduction inside the thermocouple.s Tisi because part of the
thermocouple including the junction is exposed tie tigh temperature inside the
observation chamber and the other part to a loweipérature outside. For these
reasons, the uncertainty of the temperature inese@gth a rising ambient temperature
and reaches a value 61" = +1 K at 350 K.

7.1.3 Droplet Diameter D

The droplet diameter is measured with MSI. Its utasety depends mainly on the value
of the droplet diameter itself. This is due to anreasing inaccuracy of Eq. (6.1) for
smaller droplets. As a result, the uncertainty [of increases for smaller droplets.
Considering the typical size range during droplperation,15 um< D < 60 un,
the uncertainty increases from +1.5%/at= 60 pmto 4% atD = 15 pm.

In the following, the uncertainty ab is considered in detail. It consists of two paats,
shown in Eq. (7.2). The first term, subscribed wiHO (geometrical optics), is
determined using Eq. (6.1) and parameters froncémeera system used for MSI. The
second term estimates the error of EqQ. (6.1) fa matensity distributions. It is
determined using numerical simulations with LMT.

-1
DD

oD
+ ‘— (7.2)
go | D liyr
At the end of this section, other error sourcefhisagan inhomogeneous distribution of

the refractive index inside the droplet as welGagissian beam effects are discussed.
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Uncertainty of (0. D/D),

In this section, the uncertainty of the first tewh Eq. (7.2), i.e.(6D/D)qo, is
investigated using Eq. (6.1). For that reason laiaeof error propagation is applied to
Eq. (6.1) where the angular fringe spacifigr was replaced by Eq. (6.2). The result is
given by Eq. (7.3) and allows one to determineutheertainty of(6D / D)qo -

(3], - (T T 8T R (] oo

The estimation of the uncertainties of the indialierms of Eq. (7.3) is shown in Table
7.2. The first term under the square root of Eqg3)(tonsiders the influence of the
refractive index. The uncertainty of the refractimdex is mainly due to the constant
value of the refractive index used for the evabmatof size histories. This was done
since the dependence of the droplet diameter omefingctive index is relatively weak
according to Eqg. (6.1). Moreover, the droplet cosifpen during evaporation, which is
necessary to determine a more accurate value ofetfnactive index in case of a
multicomponent droplet, is unknown a priori.

Table 7.2. Uncertainties of individuals terms of Eq. (7.3)

Term Uncertainty  Error source

19D, +0.1% én = £5.5-10* (pure-component drople

——0n

D on +0.4% én = 40.02 (multicomponent droplet
10D

—Z7 50 0 60, = £1°

D a6, 06, +0.07% i

oA +0.1% oA = £0.5 nm

A

o

SJorr +0.3% From calibration of optical Fourier transform
Jorr

w +0.8% Resolution of CCD-camera, averaging withk#; , noise

Ir

(6D +0.9% (pure-component droplet

D Jeomar | £1.0% (multicomponent droplet:

During droplet evaporation, the refractive index azhange due to a change of the
droplet temperature or composition. For pure-conepblroplets, the uncertainty of

is only due to an uncertainty of the temperatureasugeement. For a maximum
uncertainty of the temperature &' = +£1 K this results in a maximum uncertainty of
the refractive index ofn = 5.5-10* according to Egs. (2.2) and (2.3). In order to
estimate the maximum uncertainty within the rang§ehe refractive index for this
study,1.35< n < 1 4E, the first term under the square root of Eq. (W@} evaluated
at n = 1.45 where the maximum uncertainty is reached. Forioartponent droplets,
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the maximum uncertainty of the refractive indexdached for a binary mixture droplet
of n-hexane(Z, = 0.71) and n-hexadecang, = 0.29 with én = 0.02. This leads
to a larger uncertainty of the first term under sig@are root of Eq. (7.3) compared to a
pure-component droplet. However, the uncertainstiisof an acceptable magnitude.

The uncertainty of the anglé, of the CCD-camera is a systematic error and can
therefore not be reduced by performing multiple soe@aments. However, this
uncertainty is very small compared to the othereutanties.

For the determination of the uncertainty of theda spacingA Ny, several influences
were taken into account. The resolution of the Gfirera contributes to this
uncertainty with an error of 0.2%. In addition, fhi@ge spacing ab; is determined by
averaging the spacing of several fringes in theumgangeA#d;. Since Af; varies
with the scattering anglé, this results into an error of 0.1%. Moreover,istdbance
of the signal due to noise is considered so tletdtal error of the last term is estimated
to be 0.8%.

Uncertainty of (0.D/D);

This section considers the estimation of the uac®st of the second term of Eq. (7.2).
As was stated before, Eq.(6.1) was derived usiagngetrical optics. Thus, the
evaluation of real intensity distributions leads @o error. This error increases for
smaller droplet diameters which was also found bgeks (1994). In addition, there is
an error at all diameter values due to the occuagenf morphology-dependent
resonances. This error is visualized in Fig. 7ibgisumerical simulations with LMT.
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Fig. 7.1. Uncertainty of MSI: Evaluation of scattered light intensity digtrons

calculated with LMT for conditions comparable with the setup for optatdtion;
A=532nmand n =14



7.1 MEASURED QUANTITIES 99

For Fig. 7.1, intensity distributions of the scegtk light were calculated with LMT for
the same angular range and resolution as for thB C&nera used for the optical
levitation setup. For the refractive index, an intediate value o, = 1.4 was chosen.

The droplet size was varied within a range of 40 around two different diameter
values Dy . A high resolution of 1 nm was chosen so thatrerdue to morphology-

dependent resonances became visible. Evaluatingatlcalated intensity distributions
with MSI and comparing the resulting diameters wtitle initial values yields the
deviations depicted in Fig. 7.1.

As can be seen from Fig. 7.1, the scattering ofetiner has a certain structure. Errors
due to morphology-dependent resonances occur &&Byum. For the smaller droplet
diameter, the scattering is larger resulting inaegér overall error for this droplet
diameter. For a confidence interval of 95%, theeutainty is £0.5% forD,; = 50 um
and +£1.1% forDy = 20 pum.

1.45
(6D /D) [%0]
1.43 0
0.5
1.41
_ 1.0
’y
1.39 15
2.0
1-37 2.5
3.0
1.35
15 20 25 30 35 40 45 50 55 60

D [pm]
Fig. 7.2. Error of Eq. (6.1), determined from numerical simulations with LMT

In order to estimate the error of the second tefap (7.2) for various diameters and
refractive indices, further numerical simulationshw.MT were performed. Similar to

the results in Fig. 7.1, the angular range andlugsa were the same as for the CCD
camera used for the optical levitation setup. Thapleét diameter was varied from
15 pm to 60 pum in increments &D = 0.5 um and the refractive index from 1.35 to
1.45 in increments ofAn = 2-103. The calculated intensity distributions were
evaluated with MSI and the results of the diametanpared to the initial values in
order to determine the standard deviation. The saicgy of (6D / D) for a certain

diameter and refractive index was determined tbMeetimes the standard deviation of
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49 neighboring values (results at 7 diameter valumess 7 refractive index values). The

results for the uncertainty ¢bD / D);,,r are depicted in Fig. 7.2. They show that the
error is minimal for an intermediate refractive exdand increases for a decreasing
droplet diameter.

Other Error Sources

The uncertainty of the size measurements can &soflnenced by an inhomogeneous
distribution of the refractive index inside the pliet or by Gaussian beam effects. For
this thesis, the occurrence of uncertainties dueth&se reasons was possible in
principle. For some of the multicomponent droplethpmogeneous distributions of the
refractive index were predicted by the diffusiomii model. However, it turned out that

the refractive index was always uniform inside tlreplets. Gaussian beam effects
could occur in the optical levitation setup, howe\this situation was avoided. In the

following, the effects of inhomogeneous distribngoof the refractive index and of

Gaussian beam effects on the uncertainty of the sizasurement are considered in
more detail.

The influence of an inhomogeneous distribution bé trefractive index on size
measurements with MSI was studied by Massoli antal@ia (1999). For their
investigations, Massoli and Calabria used LMT anmdaalel that they called the "finely
stratified sphere scattering model", which meaas tithe sphere is discretized by a large
number of thin layers. They reported that for detplwith a refractive index of
n = 1.43 at the center and a minimum value of= 1.33 on the surface, the sizing
uncertainty is within £4%.

The other source of inaccuracies is Gaussian bdgrate For the optical levitation
setup, Gaussian beam effects could occur whenrtpdeat is very large and close to the
focus of the laser beam. However, for these experis) this situation was avoided and
controlled by movement of the droplet during evapion and by the intensity
distribution of the scattered light in the regidrtlee rainbow. Hesselbacher et al. (1991)
investigated the influence of Gaussian beam effectMSI| by experiments. They used
droplets with a diameter ab = 52 pm and 90 um and a linear CCD array placed at a
scattering angle o#,; = 20°. They found that the droplet diameter can be nreasu
with an accuracy of better than +2% even if theptkbis illuminated by a Gaussian
beam with a beam diameter which is larger thardtbplet diameter.

Scattering of Experimental Data

The scattering of the droplet size, which was ol&aiby evaluating calculated intensity
distributions, was also observed in size measureaneilowever, for the measurements,
the scattering was often smaller. This is becansealtoplet size was not measured at a
specific diameter but over a small range of diansetiie to droplet evaporation. The
range of diameters used for a single size measuntedepends on the evaporation rate
of the droplet and on the exposure time of the Cé€inera. An increase of the
evaporation rate or exposure time leads to a snmapt the size measurements.
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For the optical levitation setup, the largest sraty occurred for the substance with the
lowest volatility, i.e., n-hexadecane, evaporatatga low temperature and using the
highest acquisition rate of the CCD camera. Resuis1 these measurements are
shown in Fig. 7.3. In addition to the experimentasults, results from calculated
intensity distributions are shown where the dropigameters for the numerical
simulations with LMT were taken from thB?-law fit of the experimental results. The
results from numerical simulations show a scatteohthe droplet size similar to the
one obtained by the experimental results. Thushtimerical results demonstrate that a
scattering of this order of magnitude is unavoiddbl this technique.

42.0 T | T | T | T | T
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Fig. 7.3. Scattering of size measurements of an evaporating pure-component droplet of
n-hexadecane al,, = 306 1 K with an acquisition rate 06 Hzand exposure time of
8.2 ms

7.1.4 Changeof Droplet Diameter AD

The change of the droplet diamet&rD is determined from morphology-dependent
resonances. The uncertainty &fD can be calculated with Eq. (7.4) which was derived
by applying the law of error propagation to Eq4{6.

00 [T [T

§fap |

oo (7.4)

The uncertainty of the individual terms of Eq. {(7igl given in Table 7.3. As for the
uncertainty of D, presented in the previous section, the unceigaigfiven in Table 7.3
are not for single measurements &D but for all measurements during the
evaporation of a single droplet. As can be seem fitee table, the uncertainty &D is
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very small for pure-component droplets (£0.1%). ldger, for multicomponent
droplets, the uncertainty @k D is considerably larger (£1.5%).

Table 7.3. Uncertainties of individuals terms of Eq. (7.4)

Term Uncertainty
Pure-component droplets Multicomponent droplets
67)\ +0.1% +0.1%
1 O0(AD)
S S— + 0 + 0,
N on +0.03% +1.1%
OJap - +1.0%
Jap
5(AD)
—_— +0.1% +1.5%
AD 0.1% 5%

In the following, the estimation of the uncertaastiof the individual terms of Eq. (7.4)
is explained. For the wavelength, an uncertainty o= +0.5 nm was used resulting
in a relative uncertainty of A / A = +0.1% . The other two terms under the square root
of Eq. (7.4) depend on the composition of the dropFirst, the term with the
uncertainty of the refractive index is consider8dnilar to the measurement @f, a
constant refractive index during droplet evaporaidas assumed for this measurement
technique. This was done because fob the dependence on the refractive index is
weak according to Eq. (6.4).

As was pointed out previously, the refractive ind@x change due to a change of the
droplet temperature or composition. For pure-conepblroplets, the uncertainty of

is only due to an uncertainty of the temperatureasueement. For a maximum
uncertainty of the temperature &8f' = +1 K, this results in a maximum uncertainty of
the refractive index ofn = 5.5-10* according to Egs. (2.2) and (2.3). In order to
estimate the maximum uncertainty within the rang§ehe refractive index for this
study, 1.35< n < 1 4L, the term with the uncertainty of the refractivedex of
Eq. (7.4) was evaluated at = 1.35 where the maximum uncertainty is reached. The
resulting uncertainty of £0.03% is small comparedhte uncertainty of the wavelength.
Therefore, the uncertainty kD is approximately equivalent to the uncertaintytred
wavelength and has a value of £0.1%.

For multicomponent droplets, the uncertainty of trefractive index reaches a
maximum value ofén = 0.02 for this study as was shown in section 7.1.3. &loee,
the uncertainty of the first term under the squadt of Eq. (7.4) is larger than for pure-
component droplets and has a value of £1.1%.

The correction factorfyp is used for multicomponent droplets. It is deteraai using
numerical simulations and is influenced by the nucaé model used for the calculation
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of droplet evaporation. The uncertainty ff, is estimated to be +1%. As a result, the
uncertainty ofA D is approximately £1.5%.

7.15 Refractiveindex n

In order to determine the uncertainty of the refvacindex obtained by RRF, numerical
simulations of scattered light distributions witMT for various refractive indices and
diameters were performed and evaluated with RRE.r€&hults of the refractive indices
were compared with the initial values for the nuicar simulations in order to
determine the standard deviation. The uncertaintyth® refractive index was
determined as two times the standard deviation9oh&ighboring values (results at 7
refractive index values times 7 diameter valuesp Tesults for the uncertainty éof.
are shown in Fig. 7.4. In addition, an estimatiéthe uncertainty of the temperature is
given when the refractive index is used to deteenthre droplet temperature. For the
estimation ofsT' , the substance n-heptane with /dT ~ 0.000% (see chapter 2) was
selected.

For the results shown later in chapter 9, combamatiof diameters and refractive
indices were such that the uncertainty was sméitem 6n = 0.003 (67 = 6 K). This
uncertainty was further reduced by performing npigtimeasurements with slight
variations of the diameter and refractive indespextively.

1.45
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1.43 0 0
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1.41
— 0002 4
® 0.003 6
1.39 :9" '
% 0004 8
O
1.37 0.005 10
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Fig. 7.4. Uncertainty of RRF, determined for various refractive indices caoglet
diameters. The uncertainty of the temperat(§&), resulting fromén, is given for
n-heptane.
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7.2 Derived Quantities

The purpose of this section is to give equatiomgHe calculation of the uncertainties of
the initial droplet diameter, the non-dimensionebpdet surface, and the evaporation
rate. Actual values of these uncertainties aregotesl with the results.

7.2.1 Initial Droplet Diameter D,

With respect to the uncertainty @, , it is assumed that the uncertainty of the time
values can be neglected so that the uncertainty,otlepends only on the uncertainty
of the size measurements and is given by Eq. (B&jow 1989):

S [ S 352 (7.5)
o = St mazx B mar g ' .

Generally,6Dy;, is small compared téD since a large numbe¥,,,, of data points
is used for the linear interpolation.

7.2.2 Non-dimensional Droplet Surface (D/ Do)

According to the law of error propagation, the utaaty of the non-dimensional
droplet surfacet = (D / Dy)? is given by Eq. (7.6):

=2l (% i

Since the uncertainty ab, is usually very small, the uncertainty §fis dominated by
the uncertainty ofD .

7.2.3 Evaporation Rate 3

For pure-component droplets where the evaporat® is a constant after the initial
cooling phase, this constant is determined from smesnents of size histories.
Therefore, the uncertainty of the evaporation iatdue to an uncertainty of the size
measurement. This uncertainty is relatively smafices a large number of size
measurements is used for the determinatio oHowever, the evaporation rate also
depends on the ambient temperature. Since the tatnpe has a large influence on the
evaporation rate, as was shown in section 3.4e8utitertainty ofg is dominated by
the uncertainty of the ambient temperature. In iotdeevaluate the influence of the
uncertainty of the ambient temperature, numerigaluktions were used. In the
following, the uncertainty of3 due to an uncertainty of the size measurements is
discussed.
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Using droplet size measurements with MSI, the uagdy of a constant evaporation
rate corresponds to the uncertainty of the slopehef linear interpolation shown
previously in Fig. 6.4. This uncertainty is givenbq. (7.7):

1

0f = ——m
ﬁ StVNmax

Using measurements with MDRs, the uncertainty efdtaporation rate is determined
in a different way. For that reason, the definitiarf the evaporation rate,
B = —dD?/dt, is rewritten as:

6D 7.7)

0= —ZD% = —201% (7.8)
where the droplet diametdp, is determined by a measurement using MSI) is the
decrease of the droplet diameter between two nergidp morphology-dependent
resonances, andt is the mean time interval between two neighborimayphology-
dependent resonances. According to the law of @napagation, the uncertainty of the
evaporation rate is given in this case by Eq. (7.9)

R (5D )2 (6AD)2
g D AD
The uncertainty ofA¢t decreases the more peaks are used. Usually, erdargber of

peaks was used so that this uncertainty was sroaipared to the uncertainty db
which had the main influence on the uncertaintyof

—\2
Mt] (7.9)

At
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8 Resultsof Droplet Sizing

8.1 Overview

In this chapter, size and non-dimensional surfas®iies are presented for droplets of
different compositions and at different ambient penatures. In the first part, results
from pure-component droplets are shown. These teesudt as a validation of the
experimental setups. For the free-falling dropletup, results obtained by the two
different measurement techniques were compareddier @o prove the accuracy of the
techniques. Finally, evaporation rates are predepofedifferent substances and at
different temperatures. These results are compacedresults from numerical
simulations. Since theD?-law is valid for the conditions of the experimenthe
comparison can be understood as a comparison ddteracies of the experimental
results and of the selected relationships for texies properties implemented in the
numerical models.

Subsequently, results of binary and ternary mixtdreplets are presented. A large
variety of data is provided for the validation afmerical models. The comparison of
the experimental results to results from numerarad analytical models demonstrate
the accuracy and applicability of these models. &studies of binary mixture droplets
considered conditions where there was a large rdiff®e in the volatilities of the
substances so that concentration gradients wetkcped by the diffusion-limit model.
Experimental results are compared to results ofdbel-mixing and the diffusion-limit
model in order to investigate the influence of ing# heat and mass transfer and to
identify the dominating process for droplet evagiora

8.2 General Remarks

Results of the droplet size measurements are gessantwo different types of graphs.
One type depicts diameter histories so that theahohagnitude of the droplet size can
be seen. The other type is of more general usshaivs the non-dimensional droplet
surface¢ = (D / Dy)? as a function of time divided by the square ofitfigal diameter
t/D¢. From these graphs, the evaporation ratewhich is the magnitude of the
negative slope of the curves, can be obtained ttirethus, if the curve is a straight
line, the evaporation rate is a constant. Howewenen there is curvature, the
evaporation rate changes. One reason for this @hean be the initial cooling of the
droplet. This transient phase is not captured byettperiments and can only be seen in
the numerical results. The other reason for a charighe evaporation rate is a change
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of the droplet composition. This influence is ofeirest in this study and shown for
various mixture droplets.

The use of this type of graph is also advantagsow®, by normalizing both axes with
the square of the initial droplet diameter, thailtssbecome independent from the initial
droplet size. This is valid not only for the statwy evaporation phase, when thg -
law can be applied, but also for the initial cogliphase. During this phase, the rate of
change of the droplet temperature depends on thereaf the droplet diameter. This
can be shown using an energy balance of the dropketh is, for example, presented
by Mills (2001). The dependence of the temperatmethe square of the droplet
diameter is also valid for models with internalfdgion (CLM and DLM) as shown by
Kneer (1993). As a consequence, the temporal ewvoluf the droplet temperature as
well as the temperature profiles inside the droplet the same when they are scaled
with the initial droplet diameter. This is basedtba assumption of constant properties
during the initial cooling phase, which is generadin appropriate assumption, but
especially for the small changes of temperatureioirg in this study. Analogous to
the droplet temperature, histories of the diamatel composition are also the same for
different droplets when normalized with the squztrthe initial droplet diameter.

8.3 Pure-Component Droplets

In this section, results from pure-component drgplee presented. These results are
used to illustrate the range of application andatercharacteristics of the experimental
setups and of the measurement techniques. At theoérthis section, results for
evaporation rates are shown for various substaarug$emperatures.

8.3.1 N-Hexadecane

Results for a pure-component droplet consistingndfexadecane are depicted in
Fig. 8.1. The experiments were conducted with tbiecal levitation setup. The droplet
had an initial diameter ofD, = 47 um and was levitated for roughly 21 min. The
droplet size was determined with MSI at an acqgoisitate of 1 Hz. A running average
of 10 data points was applied so that a very smootirdimensional surface history
was obtained, which is depicted in Fig. 8.1(a).

As can be seen from the surface history, the ewadiporrate changes slightly during
droplet evaporation. The variation of the evaporatiate is shown in Fig. 8.1(c). For
this figure, the momentary evaporation rate waerdahed from the surface history
over time intervals of 100 s.
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Fig. 8.1. Evaporation of a pure-component droplet of n-hexadeé@ne 46.6 um in
the optical levitation setup. (a) Non-dimensional droplet surface, (b) amnbie
temperaturel,, (C) evaporation rate3 . All graphs have the same time axis

In addition to the droplet surface, the ambient gerature was measured with a
thermocouple at a horizontal distance of 3 mm fribra droplet. The temperature
history is depicted in Fig. 8.1(b). It shows thia¢ tambient temperature varied during
the measurement period. The change of the ambeempdrature was caused by the
scattered light of the droplet which was absorbggdrts of the observation chamber.
Subsequently, the walls of the observation chartrbesferred their heat to the air flow.
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For that reason, the ambient temperature attainelavalue when the droplet and
therefore the intensity of the scattered light warge.

When the evaporation rate is calculated with Rhemodel for different ambient
temperatures the results are in good agreementtetiexperimental data, as shown in
Fig. 8.1(c). The results demonstrate that the Bigries must be evaluated carefully.
In order to minimize a change of the ambient terajpee, a low air flow was used for
the experiments. By doing so, there was a mininralg dorce in addition to the
gravitational force which needed to be compens&edy radiation pressure. As a
consequence, the scattered light was weak. Howtheistabilization of the droplet by
the air flow was very helpful in order to reachoad measurement period, especially at
higher ambient temperatures, where natural cormectvas prevented. At higher
temperatures and for more volatile substancesgeWagoration rate was generally so
large that the influence of the scattered light &aduch smaller effect.

8.3.2 N-Nonane

For a more volatile substance with higher evaponatates such as n-nonane, the setup
for free-falling droplets was used. Results of @hiferent droplets with different initial
diameters are presented in Fig. 8.2. The resitstrate the effect of the optical Fourier
transform for MSI very well. This is because theaswwements were not restricted to
the distance within which the optical Fourier tfans was valid. As a consequence,
measurement errors occurred. Results for two diffiedroplets with an initial diameter
of about 62 um are shown in Fig. 8.2(a). Theseldtghave a relatively large terminal
velocity. Thus, they quickly leave the region oé thptical Fourier transform leading to
an increasing measurement error. As a consequétare, is an increasing discrepancy
between results from MSI and MDRs.

The situation is different in Fig. 8.2(b), wheree timitial droplet diameter was smaller
(about 50 um). In this case, the droplet fell ahach lower speed so that it remained
within the region of the optical Fourier transfofar a longer time period. As a result,
there is good agreement between the results freniwtb measurement techniques for a
relatively long part of the droplet lifetime.

For the measurement with the MDRs, up to 250 resmm@eaks were obtained for a
single droplet. For a better illustration of theuks, only one out of three data points is
shown in the figure. As can be seen in Fig. 8.8ults from the two different droplets
agree very well with each other.

From numerical investigations, results from ffemodel and the uniform-temperature
model are shown in Fig. 8.2. There is only sligkadreement between the two models.
This is mainly due to different relationships fdret evaluation of properties. The
discrepancies are not due to the initial coolinghaf droplet, since at these conditions,
the influence of the initial cooling is negligibgenall. With respect to the evaporation
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rate, the difference between the two models ishendrder of 6%. In general, the
numerical results match very well with the experra¢ data.
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Fig. 8.2. Evaporation of n-nonane droplets at an ambient temperature of
T, = 297.7 K and with an initial droplet diameter of (a))y ~ 62 um and

(b) Dy ~ 50 um. Results from two different droplets, distinguished by different
symbols, are shown.
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8.3.3 N-Pentane

N-pentane droplets could only be investigated \whth free-falling droplet setup due to
their high evaporation rate at an ambient tempesadii about 295 K. Because of the
high evaporation rate, the size of the dropletsesesed rapidly. Therefore, the droplets
decelerated so fast that they evaporated completéhin the range of the optical
Fourier transform. As a consequence, it was passiobbtain size histories for a large
change of the droplet diameter.

For n-pentane droplets, an orifice with a diameteB88 um was used instead of the
standard orifice with a diameter of 40 um. The Itesy initial droplet diameter was
about 100 um. This orifice was selected in ordeattain a sufficiently long lifetime of
the droplet, of up to 0.25 s, as seen from Figa8.3

Experimental results from two droplets with diffietenitial diameters are depicted in
Fig. 8.3. About 290 resonances were detected éosthall droplet and 370 for the large
droplet. In the figure, only one out of five dataints of the measurements with MDRs
are shown to allow for a better illustration. Atcartain droplet size, no further
resonances could be detected due to the limitedrdynrange and the limited time-
resolution of the data acquisition board used tone of the output signal of the
photomultiplier.

In Fig. 8.3(b) it can be seen that the experimergsallts agree very well for the two
different droplets. With respect to the differerdasurement techniques, Fig. 8.3 shows
that results between MSI and MDRs agree very wedl.a

In addition to the experimental results, numerreslults from the uniform-temperature
model are depicted in Fig. 8.3. For the numeri@twdations, the size of the initial
droplet diameter was selected in such a way tleahtimerical result coincided with the
experimental result for the first size measuremditte results from the uniform-
temperature model show that there is a signifiedfgct of the initial cooling of the
droplet. This phase is neither captured by the mxm@amts nor with th@?-model.
When the experimental data is evaluated in thelwgag such that the initial diameter
is obtained by extrapolating data to = 0, the initial droplet diameter is
underestimated. However, this underestimation doet affect the result of the
evaporation rate.

The uniform-temperature model can be used to cotrex initial diameter obtained
from the experimental results. When results fromM)JWhich do not include the initial
cooling phase, are extrapolated back te 0 in the same manner as the experiments,
the results show that the droplet diameter is 8.4i¥aller than the initial droplet
diameter used for the numerical simulation. Thsuliewas used to correct the initial
droplet diameter obtained from the experimentahdat

When comparing experimental results with numerigdtulations, it can be seen from
Fig. 8.3(b) that the evaporation rate, i.e., tlpslof the curves, from the experiments is
between those from D2M and UTM. Results from thadewmtion-limit model where
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internal heat transfer is considered are also shawig. 8.3(b). Since the internal heat
is transferred very fast compared to the diffusnass transport in the gas phase around
the droplet, the results from CLM and UTM are ngatentical.
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Fig. 8.3. Results from two different pure-component droplets of n-pentane at
T, = 296.2 K. (a) Droplet diameter, (b) non-dimensional droplet surface



114 8 RESULTS OF DROPLET SIZING

8.3.4 Evaporation Rates of Different n-Alkanes

In this section, evaporation rates of pure-compbdenplets are presented for different
substances and different ambient temperatures.eVaporation rates were obtained
from histories of the non-dimensional droplet scefa

Variation of the Substance

Results for different n-alkanes at approximately shme ambient temperature of about

300 K are shown in Fig. 8.4. Details on the ambtentperature can be found in Table
8.1.

Table 8.1. Evaporation rates of n-alkanes

Name of n-alkane No. of carbonT}_ [K] B [m?s] B [m?s]
atoms (exp.) (D2M)
n-pentane 5 296.2+0.5 (3.06 +0.04810 3.22-1C
n-hexane 6 298.7+0.5 (2.02+0.0310 2.01-1C
n-heptane 7 297.3+0.5 (1.03+0.02810 1.01-1C
n-octane 8 296.7+0.5 (4.6 +0.1)™10 4.39-10
n-nonane 9 297.8+0.5 (1.83+0.05°10 1.80-1C
n-decane 10 298.7+05 (6.97 +0.24)40 6.83-10°
n-undecane 11 2908.7+05 (2.25+0.09f%0 2.29-10°
n-dodecane 12 302.6 +0.5 (9.8+0.4)10  1.05-10°
n-pentadecane 15 301.7+05 (3.6+0.2°20 3.66-10"
n-hexadecane 16 298.7+05 (9.1+0.5510  9.00-10°

The logarithmic scale of the evaporation rate ig.Bi4 demonstrates the large
difference in volatilities of the substances. Thease good agreement between
experimental results and results from Hfemodel. In Table 8.1, values of the
evaporation rates are also given. Since, the &rorainly due to an uncertainty of the
temperature measurement for the experiments, it @esrmined using D2M and
assuming a uniform uncertainty of £0.5 K.

Variation of the Ambient Temperature

For pure-component droplets of n-pentadecane amekaedecane, the evaporation rate
was measured at different ambient temperaturesserltesults are depicted in Fig. 8.5,
where the evaporation rate is also shown on a itbgaic scale. The evaporation rate
shows a high sensitivity to the ambient temperatasewas expected from the analysis
presented in section 3.4.3. Results from D2M aréhiwithe uncertainty of the
experiments due to the uncertainty of the tempezaheasurement.
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Fig. 8.5. Evaporation rate3 of pure-component droplets of n-pentadecane and
n-hexadecane at different ambient temperatures
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8.4 Binary Mixture Droplets

In the following, results of binary mixture dro@edre presented where component one
was always n-hexadecane. Initially, results arevshwhere the second component was
n-tetradecane. Subsequently, the volatility of dbileer component was increased. The
largest difference in volatilities was reached tfog combination of n-hexadecane with
n-hexane.

8.4.1 N-Hexadecanewith n-Tetradecane

In Fig. 8.6, results are shown for pure-componemi &inary mixture droplets of
n-hexadecane and n-tetradecane with differentalrebmpositions at approximately the
same ambient temperature. For the mixture dropthts,initial evaporation rate was
between the limiting evaporation rates of the prosyponent droplets. This means that
both substances evaporated simultaneously. Afteertain time, a transition phase
occurred where the evaporation rate changed signifly. At the end of the transition
phase, n-tetradecane was depleted from the draptethe evaporation rate of a pure
n-hexadecane droplet was reached. From this poititrie, the slopes of the surface
histories for the mixture droplets were nearly ittEal to the slope of the n-hexadecane
droplet. Small differences among the slopes inetkgerimental data are due to small
variations of the ambient temperature.

In addition to the experimental results, resultsrfrthe simplified rapid-mixing model
and from the analytical solution of the simplifieapid-mixing model are shown in
Fig. 8.6. Since the evaporation rate was very ke, ambient temperature was chosen
as reference temperature. Results from both moneiched very well with the
experimental data. SRMM also showed good agreenmvihtexperimental results of
binary mixture droplets of n-hexadecane with n-a@age which is presented in section
9.2 where rainbow refractometry was applied in &oldito size measurements.

8.4.2 N-Hexadecanewith a Highly Volatile n-Alkane

Overview

In order to have a large difference in the voladi of the substances, binary mixture
droplets of n-hexadecane with a highly volatile Ilkeae were investigated. The

experiments were conducted with the free-fallingptiet setup. Mixtures were selected
for which measurements with MSI still provided stifnt data for a representation of

the surface histories. This was the case for mestwf n-hexadecane with n-heptane or
n-hexane.

For the highly volatile n-alkane (n-heptane or ndree), an initial volume fraction of at
least Zy = 0.5 was chosen for several reasons. First, it was fitapbto have a nearly
constant initial evaporation rate. This permitthed tetermination of the initial droplet
diameter with a small uncertainty. It was also im@ot to have sufficient data points
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when only n-hexadecane was left in the dropletrdepnto determine the initial volume
fraction.
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Fig. 8.6. Evaporation of binary mixture droplets of n-tetradecane and n-hexadecane at
an ambient temperature @, ~ 304 K and with an initial diameter ofy ~ 50 pm

Correction of Initial Diameter and Composition

The types of mixtures presented in this sectiomiredq corrections of the initial droplet
diameter as well as the initial droplet compositibhe correction of the initial droplet
diameter was necessary since the initial coolingspmot captured by the experiments
had a considerable influence on the size histohys Torrection was performed in the
same way as presented for a pure-component draplag results from numerical
simulations. However, for a mixture droplet, it msore difficult to perform this
correction. This is because, even during the inttiling phase, the evaporation rate
can change due to a change of the composition emrtbplet surface. If this occurs,
different corrections are possible depending onstflected numerical model. In order
to minimize the influence of the droplet compogsitia large initial volume fraction of
the high volatile substance was chosen. In thie,aasrections predicted by the rapid-
mixing model and the diffusion-limit model were nigadentical. Since even for large
initial volume fractions of the highly volatile cgmonent, the change of the droplet
composition at the beginning of the evaporationcess cannot be neglected, exactly
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the same time interval was chosen for the detetinimaf the correction as for the
determination of the initial droplet diameter fraxperimental data.

In addition to the correction of the initial dropldiameter, another correction was
necessary concerning the initial droplet compasitieor mixtures with low volatility
substances, the initial droplet composition wasiiaesl to be equal to the composition
of the mixture prepared with pipettes. In secticdh2it was shown, that the uncertainty
of the mixture composition is very small and cannaglected with regard to other
uncertainties. For mixtures with a large differemteolatilities, however, it turned out
that the initial droplet composition was signifitigndifferent from the composition of
the prepared mixture. This was mainly caused bydtbplet-on-demand generators, as
will be shown in the following.

One possible cause for this discrepancy can betdube large difference of the
volatilities which leads to a preferential evapamatof the highly volatile component
from the mixture stored in the reservoir of the plet-on-demand generator. As a
consequence, the composition of the mixture chartidesever, it is believed that this
effect is of minor importance. This is becausevibkeme of the liquid in the reservoir is
large compared to the size of the small openinghendroplet-on-demand generators.
Therefore the time scale for the change of the asitipn is large.

The discrepancy is mainly caused by another ef@oservations of the behavior of the
mixture in a glass jar revealed that there wasgh tendency of the liquid to climb up
the glass wall. A similar behavior was noticed ba orifice plate where a small liquid
film spread out from the opening. It is believedttthis behavior is caused by capillary
forces and helps the highly volatile substancestape from the mixture. As a result,
the composition of the mixture at the opening o throplet-on-demand generator is
different from the composition of the bulk mixturethe reservoir. After some time, the
composition of the bulk mixture may also be affdct€his effect was very significant
for the droplet-on-demand generator with a glagslleay but still noticeable for the
other generator with an orifice plate.

Figure 8.7 shows results which demonstrate thiscefind its influence on the droplet
composition. The results were obtained by the tifferént types of droplet-on-demand
generators at different conditions. For all invgstions, a binary mixture of
n-hexadecane with n-heptane was used, where thel iniolume fraction of
n-hexadecane wag, = 0.05. In the following, the initial droplet compositiowas
determined from droplet surface histories and cospwvith this value.

For the determination of the initial compositiomtal of the surface history can be used
during the time interval when only n-hexadecanlefisin the droplet. Extrapolating this
data linearly tot / D¢ = 0, the initial volume fraction can be calculatednirthe value

of the non-dimensional droplet surface. Since ftifferénce in volatilities is large for
this mixture, batch distillation can be assumedtfar time period depicted in Fig. 8.7.
This means that the volume of n-hexadecane renagpsoximately constant, which is
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confirmed by both the experimental and the numekriesults. As a consequence, the
initial composition can be directly calculated frahe mean droplet surface in the time
interval 10° s/n? < ¢t/ D& < 15 16 s/rf. For the numerical results using the rapid-
mixing model, a mean surface @P / Dy)? = 0.136 was obtained in this interval. This
yields an initial volume fraction of, = 0.136-> = Q Of for n-hexadecane, which is in
perfect agreement with the initial condition of themerical simulation.
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Fig. 8.7. Results for binary mixture droplets of n-heptafg, = 0.95 and
n-hexadecangZ, = 0.05 at approximately the same ambient temperatiiig; 4
groups of measurements, (A)-(D), are presented; the different typdesomlet-on-
demand generators (DODG) are denoted by DODG-1 (glass capillary) and DDDG
(orifice); the time elapsed since the preparation of the mixtudemoted byAt ; the
residence time of the liquid mixture in the DODG is described by

The results in Fig. 8.7 show that, for the expentagthe initial volume fraction of

n-hexadecane was larger than 0.05, especially winerroplet-on-demand generator
with a glass capillary was used. The smallestahitolume fraction was reached shortly
after the first filling (A) or a subsequent ref{lC) of this generator. In addition, there
was a large scattering of the initial droplet cosipon. For the two different droplets of
group (A), initial volume fractions of 0.14 and 8.ivere obtained. The longer the
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mixture remained in the droplet generator, thedathis volume fraction became. After
a residence time of 5 hours of the mixture in theptet generator, the initial volume
fraction reached a value of 0.28.

The generator with the orifice plate attained ne#re desired initial composition. For
the experiments of group (D), an initial volumecfian of 0.061 was obtained for
n-hexadecane. With this generator, the scatterinth® initial volume fraction for
different droplet was much smaller and the depeceler this volume fraction on the
residence time of the mixture in the reservoir wa$ as distinct as for the other
generator.

In order to reach initial droplet compositions @a® the desired composition which
was given by the composition of the mixture pregasgh the pipettes, the droplet-on-

demand generator with the orifice plate was useexfperiments with multicomponent

droplets. The initial composition of the dropletasndetermined from the size histories
as explained above. This was done after the irdtiaplet diameter was corrected using
results from numerical simulations.

8.4.3 N-Hexadecanewith n-Heptane

73% n-Heptane

In Fig. 8.8, results of binary mixture droplets wfheptane with n-hexadecane are
presented. The mixture was prepared with a voluraetibn of 75% n-heptane. The
initial composition of the droplets, which was deteed using results from MSI, was
slightly smaller ¢, = 0.73).

From the experiments, results of three differeptits are presented. Although there
was a considerable difference of the initial droglee, as can be seen from Fig. 8.8(a),
good agreement for the non-dimensional dropletaserfdepicted in Fig. 8.8(b), was

reached. For the measurements with MSI, the lardegplet permitted the largest

amount of data points to be obtained before n-Imept@as depleted from the droplet.

However, due to the increasing terminal velocitylyaa few data points were obtained

when only n-hexadecane was left. The contrary eseéhtwo aspects is true for the
smallest droplet. This demonstrates the importaidie selection of the appropriate

initial droplet size depending on the evaporatiehdvior of the droplet.

In addition to size measurements with MSI, resfitisn MDRs are shown in Fig. 8.8.
These results were corrected using the method miexbén section 6.2. There is good
agreement between the results from MDRs and MSivé¥er, since the measurements
with MSI provide sufficient data and are more aateinin the case of multicomponent
droplets, only measurements from MSI are presentéte following.
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Fig. 8.8. Binary mixture droplets of

(Zy = 0.27) at an ambient temperature 8f, = 299 4 K

n-heptddg = 0.73 and n-hexadecane

Figure 8.8(b) shows that the experimental resujtea very well with the numerical
results of the rapid-mixing model and also of timapdified rapid-mixing model. For
SRMM, a reference composition was chosen with aumel fraction of 0.25 for
n-heptane. This results in a reference temperatir8 = 288 6 K, which is 10.8 K
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below the ambient temperature. This correspondthéoresult of RMM where the

droplet reaches a surface temperature of 287 K einitial cooling phase. According
to RMM, the surface temperature increases subs#ygumml reaches the value of the
ambient temperature when only n-hexadecane is kt. that reason, the good
agreement of the results from SRMM with the otlemuits is only reached within the
depicted time period.

Different Initial Compositions

Figure 8.9 shows results of binary mixture droptdta-heptane and n-hexadecane with
different initial compositions at approximately tlsame ambient temperature. The
initial droplet compositions were determined frowmdad points of the surface histories
for t /D& > 108 s/n?. The n-heptane volume fractions of the preparedurés were
slightly larger (0.5, 0.75 and 0.95).

For each composition, experimental results froneghdifferent droplets are presented
which agree very well with each other. Comparing #&xperimental results with the
numerical results, it can be seen that the expat@heata agree best with results of the
rapid-mixing model, whereas the diffusion-limit nadpredicts too slow of an
evaporation.
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Fig. 8.9. Binary mixture droplets of n-heptane and n-hexadecane with differgal ini
compositions at approximately the same ambient temperature



8.4 BINARY MIXTURE DROPLETS 123

8.4.4 N-Hexadecanewith n-Hexane

When n-hexane instead of n-heptane is used fobittery mixture with n-hexadecane,
the difference in volatilities is larger. Howevégss data points can be obtained during
the droplet evaporation.

Figure 8.10 shows the experimental results of twwardy mixture droplets with an
initial volume fraction of Zy = 0.71 for n-hexane. For the measurements, the
maximum acquisition rate of 40 Hz was used. Thst fiwo data points from each
droplet were used to determine the initial droptkameter. When results from
numerical simulations for the same time interval @ased to determine the initial droplet
size, it was found that the initial droplet diamefeom the experiments must be
corrected by a factor of 1.04 (There was a nedggilifference between the results for
the correction factors of RMM and DLM.).
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Fig. 8.10. Evaporation of binary mixture droplets of n-hexai® = 0.71) and
n-hexadecanéZ, = 0.29 at an ambient temperature @f, = 298 3 K

In Fig. 8.10, error bars due to an uncertaintyhaf non-dimensional droplet surface of
3.6% in this case were added to the experimental plaints. When the experimental
results are compared with the numerical resultgait be seen that for this binary
mixture, the experimental results also agree béhtnasults from RMM.
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8.45 Property Variation of DLM

In the previous sections, it was seen that expettiahe@esults agreed very well with
results from the rapid-mixing model whereas théudibn-limit model predicted a too
slow evaporation rate. However, the rapid-mixingdelois physically not reasonable
due to its assumption of infinite diffusion insithes droplet. For that reason, this section
investigates whether a good agreement between img@al results and results from
the diffusion-limit model can be reached by varyipgrameters for the numerical
simulations with this model.

In the first part of this section, the ambient temgture was varied for the numerical
simulations. This was done because, in additionth® uncertainties of the size
measurements shown by error bars in the previoetgosethere is also an uncertainty
of the temperature measurement. In the second thaatliquid mass diffusion is
increased artificially. The liquid mass diffusios the major process which causes the
difference in the predictions of the rapid-mixingdadiffusion-limit model for the
investigated mixture droplets. It is possible thhe liquid mass diffusion is
underpredicted due to an inaccurate property etialuamethod or due to neglecting
convective mass transport inside the droplet.

For the investigations of this section, the caseaobinary mixture droplet of

n-hexadecane with n-heptane with an initial voldraetion of Z, = 0.47 of n-heptane

was selected. In this case, there was a signifiddference between the predictions of
the droplet surface histories of RMM and DLM. Fig@.11(a) shows results where the
ambient temperature was varied. It can be seenatHatge increase of the ambient
temperature was necessary to reach good agreernthrthes experimental results. This
increase was much larger than the uncertainty efatimbient temperature of £0.5 K.
Therefore, the discrepancies between the experahesgults and the results from the
diffusion-limit model cannot be due to the uncertpiof the temperature measurement.

Next, liquid mass diffusion was considered. For mioenerical simulations, the binary
liquid diffusion coefficients at infinite dilutiorwere calculated with the estimation
method of Lusis and Ratcliff (1968). When Mattheav&l Akgerman (1987) compared
this method with other methods for various binamalkane mixtures at various
temperatures, they found that the method of Lueib Ratcliff was one of the best
methods. However, for the present mixture, witlyéadifferences in volatilities of the
substances, there was a noticeable underprediaifothe diffusion coefficients.
Comparing the results from this method with expental data at a temperature of
298 K (Vadovic and Colver, 1973), the diffusion ffméent of n-hexadecane in
n-heptane was underpredicted by only 2%, howeuss, diffusion coefficient of
n-heptane in n-hexadecane was underestimated by 33%
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Fig. 8.11. Evaporation of a binary mixture droplet of n-heptdiig = 0.47) and
n-hexadecané¢Z, = 0.53 at an ambient temperature @f, = 296.5 K. (a) Variation
of the ambient temperature for the numerical simulations with DLW a(bficial

variation of liquid mass diffusion for

the numerical simulations with DLM
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For the calculation of the liquid mass diffusionvatious compositions, the correlation
proposed by Vignes (1966) was used. According im&¢2000), this correlation gives
excellent results for ideal mixtures such as meguof n-alkanes. Thus, no further
increase of the error for the calculation of ligmdss diffusion was expected.

Although the liquid mass diffusion was underpreglictby the selected estimation
method for the liquid diffusion coefficients, thexror was not responsible for the
discrepancy between the results from the expersnand the diffusion-limit model.
This can be seen in Fig. 8.11(b) which shows resutere the liquid mass diffusion for
the computations with the diffusion-limit model wakreased artificially. This was
done by multiplying the diffusion coefficients obited by the estimation method of
Lusis and Ratcliff (1968) with a constant factoigu¥e 8.11(b) shows that an increase
of the liquid mass diffusion by a factor of at letfwee was necessary to reach good
agreement with the experimental results.

According to Sirignano (1978), a factor of threghie maximum increase in heat and
mass transfer due to circulation inside the dropethis respect, it is interesting to note
that for the present mixture an increase of thausie heat transfer for the numerical
results would not be noticeable due to the largeidi Lewis number. Sirignano (1978)
investigated internal circulation due to a flow wrd the droplet. As was shown
previously, a flow around the droplets only ocadwsing a short time period before the
measurements start and with a relatively low Reysmalumber. For these reasons,
internal circulation cannot be generated or manetdiby an external flow in the present
case. However, internal circulation can still be tkeason for an increase of the mass
transfer inside the droplet. It is assumed thaindudroplet generation the liquid starts
to circulate and continues to do so during dropleporation. It is also possible that
effects which are not considered in the numericadl@s play an important role in this
case. For example, an initially inhomogeneous itistion of the substances inside the
droplets might lead to internal circulation drivienthe Marangoni effect.

Although other liquid properties might be incortgcpredicted for the numerical
simulations with DLM, it is believed that the unpexdiction of the mass transport in
the droplet is the most probable cause for a dewaif the results from the diffusion-
limit model compared to experimental data. ForHertinvestigations on this subject,
the distribution of the liquid inside the dropletasv investigated using rainbow
refractometry. These results are presented incse6tB.

8.5 Ternary Mixture Droplets

This section presents results from ternary mixtn@plets. It contains two parts: the
first part considers ternary mixture droplets walifferent substances and the second
part shows the influence of the ambient temperature
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85.1 Variation of Substances

In this section, the substances were varied sothieadlifference in volatilities changed.
The initial composition was set 6, = 1/ 3 for each component. N-octane was used as
one component for all mixtures. For the mixture hwihe lowest difference in
volatilities, n-nonane and n-decane were selectedadditional components. The
substances used for the other mixtures are showabte 8.2.

Table 8.2. Temperatures

Mixture T [K] T, [K] T [K] T. [K]
(free fall) (levitation) (average) (nonane)
octane, nonane, decane 299.9 - 299.9 297.8
octane, decane, dodecane 299.2 299.8 299.5 297.5
octane, dodecane, hexadecane 296.5 296.2 296.3 7 294,

One objective of this investigation was to dematstthe possibility of combining the
two experimental setups in order to investigatetanes with both low and highly
volatile components. For the mixture with n-octanenonane, and n-decane,
evaporation occurred fast enough so that the easiparprocess could be captured with
the free-falling droplet setup. For the other twixtores it was necessary to also use the
optical levitation setup.

For each mixture, the experiments were conductecheatrly the same ambient
temperature, as can be seen in Table 8.2. In 8eeafahe free-falling droplet setup, the
size was measured with MDRs. The results for thedimensional droplet surface are
depicted in Fig. 8.12. Measurements from threeesffit droplets for each composition
and experimental setup are shown.

For these mixtures, there was an additional diltjcin determining of the initial
diameter in the case of the optical levitation petWhen the measurements using
optical levitation started, n-octane was nearly pletely depleted from the droplet.
This means that the evaporation rate had alreaalyged considerably so that the initial
diameter could not be determined in the usual weyr that reason, data was
extrapolated t¢ = 0 when only the component with the lowest volatilitgs left. As a
consequence, the uncertainty fbfy was larger than usual. However, comparing the
results of the two different setups, especiallyhi@ regions where results were obtained
from both setups, good agreement was reached.

When the difference in volatilities is low, as farixtures of n-octane, n-nonane, and
n-decane, the number of components cannot be ddteathin the surface histories
since the evaporation rate changed continuouslyweder, for the mixture of n-octane,
n-dodecane, and n-hexadecane, the time domains wirerof the three components
dominated the evaporation process can be clealyiseFig. 8.12(b).
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Fig. 8.12. Evaporation of ternary mixture droplets with, = 1/3; (a) linear time
scale, (b) logarithimic time scale; temperatures are given in Table 8.2
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For the numerical simulations, a reference compusitf a pure-component droplet of
n-nonane was chosen, with the corresponding referégmperatures shown in Table
8.2. As can be seen in Fig. 8.12, there is gooeeagent with the experimental and
numerical results obtained with the simplified dymixing model.

8.5.2 Variation of Temperature

With the optical levitation setup, ternary mixtuteoplets consisting of n-tetradecane,
n-pentadecane, and n-hexadecane were investightemriaus ambient temperatures.
The initial volume fraction of each component ire tixture wasZz;, = 1/3. The
ambient temperature was varied from 302 to 356 &téps of about 10 K and the initial
droplet size varied between 47 and 55 pm.

At each temperature level, the temporal evolutibthe droplet size was measured for
several droplets. At the highest temperature lavetas possible to levitate a droplet
for about 6.6 s. At this temperature level, anchwiite highest possible acquisition rate
of 6 Hz, about 40 size measurements were perfordugihg the evaporation of the

droplet. At lower temperature levels, beginninghw®24.4 K, the acquisition rate was
reduced so that a maximum amount of about 400 plaitats for each droplet was

obtained. At the lowest temperature level, the titopas levitated up to about 950 s.

The ambient temperature was measured continuousiygidroplet evaporation. At the
lowest temperature level, there was the largesatian in temperature during droplet
evaporation. As discussed before, this temperataration was due to heating of the
measurement chamber from the scattered light ofitbplet. The temperature history
revealed that at the lowest temperature leveldifierence between the maximal and
the minimal temperature was about 2.2 K. For thghést temperature level, this
difference was only about 0.1 K. For each droglet, mean ambient temperature was
determined and used as a reference temperature.

In Fig. 8.13, results of three different droplete @hown at each temperature level
together with the mean ambient temperature. Fosethmeasurements, the maximal
variation of the ambient temperature among theldtspvas 0.4 K. Using a linear time
scale in Fig. 8.13(a) shows how the evaporatioe m@tanged continuously. The
logarithmic time scale in Fig. 8.13(b) illustratémat the shape of the surface histories
was similar at different ambient temperatures. Tas because the evaporation rate is
strongly influenced by the vapor pressure which edels exponentially on the
temperature as discussed previously.
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Fig. 8.13. Variation of ambient temperatur&,_ for ternary mixture droplets of
n-tetradecane, n-pentadecane, and n-hexadecane with an initial volume faction of
Z;0 = 1/ 3; (a) linear time scale, (b) logarithmic time scale
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In addition to the experimental data, results frommerical simulations with the
simplified rapid-mixing model are depicted in Fgl3. For the calculation of the
reference temperature, a binary reference mixttine-mentadecane and n-hexadecane
with a volume fraction ofZ;, = 0.5 for each component was selected. When
Eq. (3.37) was used to determine the reference @mhype, it was found that the
difference between droplet and ambient temperatadd be neglected for lower
temperatures. For the highest temperature levedfaaence temperature was obtained
which was 0.2 K lower than the ambient temperature.

When the numerical results are compared with tipemental results, good agreement
is found, especially with respect to the curvatofehe surface histories. The largest
disagreement with respect to the curvature wasedioivest temperature level. This was
due to the variation of the ambient temperaturetiigr experiments. The difference
between numerical and experimental results is Wedieto be mainly due to
uncertainties of the temperature measurement.
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9 Resaultsof Rainbow Refractometry

In addition to droplet size measurements, RainbeivaRtometry (RRF) was applied in
order to gain further information on the droplet.the first two sections of this chapter,
a uniform refractive index within the droplet issamed. From the measurement of the
refractive index with RRF, the droplet temperatwas determined for a pure-
component droplet. This is presented in the fiestisn.

In the second section, the droplet temperatureagsasamed to be constant for a binary
mixture droplet with a low evaporation rate. Instiease, the droplet composition can be
determined from the refractive index measurements.

RRF is very sensitive to inhomogeneous distribgiofh the refractive index within
droplets. Therefore, RRF was used for droplets whsuch inhomogeneous
distributions of the refractive index were predittby DLM. Results of these
measurements are presented in the last section.

9.1 Droplet Temperature

In this section, results of pure-component dropleftsl-hexadecene are presented.
Assuming a uniform refractive index, the droplehperature was determined from the
measurements with RRF. Measurements were perfoanéde different temperature
levels. At each temperature level, several dropheise investigated. The diameters of
the droplets were within 35 and 40 um. The measemesnwere conducted with the
optical levitation setup.

Results from measurements of three different dispd¢ each temperature level are
depicted in Fig. 9.1. Using RRF, several tempeeatneasurements were performed for
a single droplet. The measurement period was shnogh in order to ensure a constant
temperature within the observation chamber. Fangles droplet, about 70 temperature
measurements were performed at the lowest temperdivel and about 20
measurements at the highest temperature level. Fnese measurements, the mean
temperature was determined and is shown in thediglhe error bars are determined
from the standard deviatiof, where the magnitude of the error bars correspémds
+2S (95% confidence interval). The resulting error floe temperature is in the range
11K< 6T <1.8K.

For a comparison of the results from rainbow refmaetry, the droplet temperature
was simultaneously determined by a different metiddirst, the evaporation rate was
obtained from measurements with MSI. Then, the ldtogmperature was calculated
with D2M.
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Fig. 9.1. Determination of the droplet temperature from measurementRRiEhand
from measurements of the evaporation rate with MSI for pure-componenttdrople
1-hexadecene; results from 3 different droplets are shown at each temperature level

Since no absolute values are obtained by RRF, glgiegd in section 6.3.4, all values
of the rainbow refractometry were shifted by theneaemperature incremet 7" in
order to fit best with the values obtained from #waporation rate. Figure 9.1 shows
that good agreement between the two different nusthéor the temperature
measurement is reached and the deviation of thédtseis within the uncertainty of
RRF.

The results show that temperature measurementsRRRth are possible for relatively
small droplets. They further demonstrate the higtueacy of the RRF measurement
system. Moreover, they confirm the relationshipdependency of the refractive index
on temperature, which is used for the evaluatiothefrainbow signal.

9.2 Droplet Composition

When the evaporation rate is low, the droplet teatpee can be assumed constant. In
this case, the composition of two-component drepkHn be determined from the
measurements of the refractive index with RRF.tRerdroplet temperature, a reference
temperature is used which is determined from théiamt temperature for a certain
reference composition. The measurements of thifoseavere performed with the
optical levitation setup.
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Figure 9.2 shows results for a binary mixture debplf n-dodecane and 1-hexadecene
with an acquisition rate of 3 Hz. Only one of evesp data points is shown for a better
illustration. Figure 9.2(a) shows that the expentaéand numerical results for the non-
dimensional droplet surface match very well.

The results for the volume fraction are depicteg. Bi2(b). For the evaluation of the
experimental results, results from the previousestigations for the determination of
the droplet temperature were used as a calibrafitime absolute value of the refractive
index. As expected, the volume fraction of n-dodecaattained a value of

approximately zero when only 1-hexadecene waswéfiin the droplet. Comparing

experimental and numerical results, good agreemastreached.

As can be seen in Fig. 9.2, the scattering of ttpeemental data was larger for the
volume fraction than for the non-dimensional drolerface. However, the magnitude
of the scattering was in good agreement with reduttm numerical simulations using
LMT.

The scattering of the data is due to morphologyeddpnt resonances. This becomes
visible when a higher resolution of the time axdsused. This is the case in Fig. 9.3,
where results of binary mixture droplets of n-decand n-hexadecane are presented. In
this figure, the resolution of the time axis is aBhone magnitude larger than in the
previous figure. For this mixture, the measuremerdre also performed at the highest
acquisition rate of 3 Hz. In addition, results frahmee different droplets instead of a
single droplet are shown in order to increase tmaber of data points. Moreover, the
temporal begin of the measurements was slightlyfteshiin order to avoid an
overlapping of the data points. The droplets hadnéral size of Dy =~ 45 um and
reached a size dD ~ 36 pmwhen only n-hexadecane was left.

As can be seen from Fig. 9.3(b), morphology-depehdesonances cause a relatively
large scattering of the measurements at aboutDé = 2.5-1F s/nf and
5.5-1F s/nt. This is in good agreement with the numerical $ation of the rainbow
signal with LMT. For the calculations with the rdpnixing model, a high time
resolution of approximatelyA(t/ DZ) = 10" s/n? was chosen. As can be seen in
Fig. 9.3(a), the same morphology-dependent resasahead to a much smaller
scattering for the results of the non-dimensiomaptet surface.
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Fig. 9.2. Evaporation of a binary mixture droplet of n-dodecane and 1l-hexadecene
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surface, (b) volume fraction of n-dodecane
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9.3 Refractive Index Gradients

In this section, droplets with an inhomogeneousridigtion of the refractive index are
considered. The special case of spherical symmistryegarded where there is a
continuous increase or decrease of the refractidex from the droplet center to the
surface. In the following, this is referred to agradient.

RRF is very sensitive to gradients of the refractimdex, shown by Anders et al.
(1995). They found out that in many cases the minposition is a measure for the
gradient itself. In their investigations, the gexus were caused by droplet heating or
cooling.

Due to the high sensitivity of RRF to gradientsisitan appropriate technique to gain
further insight into the processes occurring in dheplet interior. In the following, the
focus is on refractive index gradients caused maigl concentration gradients. Thus,
the mass transport inside the droplets was invagsiig

The two limiting cases for the mass transport iaséd droplet can be numerically
simulated by the rapid-mixing model and the diffuslimit model. In section 8.4,
experimental results for the non-dimensional drogerface were compared to
numerical results obtained by the two models. Gagteement of the experimental
results with results from RMM was found. In thicsen, RRF is used to investigate
this subject in more detalil.

First, the effect of refractive index gradientstbe angular position of the rainbow is
explained schematically. Then, results are showaralthe effect of refractive index
gradients on RRF was simulated numerically. Finalymerical and experimental
results for binary mixture droplets of n-heptand arhexadecane with different initial
compositions are compared and discussed.

9.3.1 Effect of Refractive Index Gradients on the Rainbow Angle

According to DLM, gradients of the refractive indegcur because the evaporation of
the highly volatile component at the droplet sugfas fast compared to the time scale
for the mass diffusion of this substance within threplet. Thus, there is a higher
concentration of the highly volatile substancehat droplet center. For n-alkanes at the
same temperature, the refractive index decreasem \lie volatility increases (see
Fig. 2.1.). Therefore, the refractive index is lowa the droplet center than at the
surface, which is shown schematically in Fig. 9.4{@ this figure, the special case of a
constant gradient of the refractive index is degulct

The schematic in Fig. 9.4(b) shows the effect akefractive index gradient on the
angular position of the rainbow. In Fig. 9.4(b)ffelient paths of a single light ray
contributing to the rainbow are shown. If thereaisonstant refractive index in the
droplet, e.g.,n = n,, this results into a certain rainbow angle dendigd,_,,. For a

droplet with a gradient of the refractive index wdéhe refractive index is lower at the
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center than at the surface, e.g., for a dropldt thie refractive index profile depicted in
Fig. 9.4(a), the resulting rainbow angle, denotgdlf,,,y, is smaller. This is because
the light rays are not straight lines within theomlet. Instead, they are bent in the
direction of higher optical thickness.

o Droplet
n(r) -
A —_—
—>
nz |

Incident plane
Ny~ wave front
- r

(a) (b)
Fig. 9.4. Influence of an inhomogeneous distribution of the refractive index on the
rainbow angle; (a) distribution of the refractive index, (b) schemegugeometrical
optics

9.3.2 Numerical Smulation of Refractive Index Gradients

In Fig. 9.5, numerical results for a binary mixtudroplet of n-heptane and
n-hexadecane with an initial volume fraction B§ = 0.66 for n-heptane are shown.
This composition was chosen since droplets withstimae initial composition and under
the same conditions were also investigated by éxeets.

First, the results from RMM with a uniform refracti index are considered. In
Fig. 9.5(a), the time dependency of the refractivex is depicted. In Fig. 9.5(b,c), the
two quantities which have an influence on the wiva index, namely the temperature
and the mass fraction of one of the componentsstare/n. Looking from the left to the
right in the graphs, the initial rise of the retiae index up tot / D§ = 10" s/n? is due
to the initial drop of the temperature.

After that point, the change of the refractive de dominated by the change of the
droplet composition. At the same time, the tempeeatiecreases due to the decreasing
evaporation rate. Simulating the scattered lighthwiMT and evaluating the results
with RRF yields good agreement for the refractiveeix.
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Fig. 9.5. Numerical simulation of a binary mixture droplet of n-heptéie= 0.66)
and n-hexadecane a7, = 0.34 at 7,, = 2959 K; (a) refractive indexn with
labels of points in time of profiles (P1-P4) shown in Fig. 9.6, (b) drdplaperature
1}, (c) mass fraction of n-heptan.nepiane All graphs have the same time axis
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Considering internal heat and mass diffusion withVDyields significantly different
results. Since the internal heat transfer occurshniaster than the mass diffusion, the
temperature is nearly uniform within the dropledr Ehat reason, the temperature can be
represented by a single curve, as is shown in %igb). With respect to the
composition of the droplets, the mass fraction aastderably different between the
center and the surface of the droplet, as showRign9.5(c). As a consequence, the
refractive index is also different at the cented am the surface. Radial profiles of the
refractive index at certain time points are showfig. 9.6.
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Fig. 9.6. Refractive index profiles from numerical simulations with DamMhe droplet
of Fig. 9.5

When the scattered light is determined using LMW awaluated with RRF for the
refractive index profiles, values for the refraetimdex are obtained which are smaller
than any of the values of the profiles as can lem s Fig. 9.5(a). This is due to the
shape of the profiles. The refractive index prafiteave their largest gradient close to
the droplet surface. Most of the light which is pessible for the rainbow travels
through this region.

Comparing the results of RMM and DLM for the retrae index from RRF, one can

see that there is a large difference between thdtse This difference is much larger
than for the non-dimensional droplet surface asvshia the following. For that reason,

concentration gradients can be detected more dilstiny measurements with RRF than
by droplet size measurements.
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9.3.3 Comparison of Experimental and Numerical Results

In the following, results are presented for binamxture droplets of n-heptane and
n-hexadecane with different initial compositionbeTlexperiments were conducted with
the free-falling droplet setup. The maximum acdigisirate of 25 Hz for simultaneous
measurements with both CCD-cameras was used. lar dad increase the virtual
acquisition rate to 50 Hz, results from two growbsiroplets are presented where the
measurements of one group were started with a delay\¢ = 20 ms. For each
mixture, results of six different droplets are aéd. The initial droplet diameters were
between 50 and 55 pm.

Figure 9.7 shows experimental results for dropletder the same conditions as for the
numerical simulations of Fig. 9.5 discussed presfpuwith respect to RRF, results of
the angle of the inflection point of the rainbdly are shown instead of the refractive
index as before. In the previous section, resilte@refractive index were only used to
illustrate the sensitivity of RRF to gradientsgthdients occur, it is more appropriate to
use a quantity which is directly linked to the mdéty distribution of the scattered light.
For that reason, the angle of the inflection poirthe main peak of the*rainbow was
selected. This is the angle corresponding to they-parameterz = 0, which is
equivalent to the geometrical angle of the rainbdwe advantage of this angle
compared to Airy's angle of the rainbow is thas independent from the droplet size.

Comparing the numerical results from the two mod@BISIM and DLM) both for the
non-dimensional droplet surface, shown in Fig.&),74nd for the angle of the inflection
point, shown in Fig. 9.7 (b), one can see thatdifference of the results between the
two models is considerably larger for the anglehef inflection point than for the non-
dimensional droplet surface. Thus, results from RR¥vide more detailed information
on the mass transport in the droplet interior.

For the experimental results, there is only a smedttering from different droplets.
Since RRF is very sensitive to deformations of dhgplet shape, the small amount of
scattering also justifies the assumption of theesphty of the droplets.

Comparing the experimental with the numerical rssuhere is good agreement with
RMM for the non-dimensional droplet surface, asnseeFig. 9.7(a). These types of
measurements were already discussed in sectioB. &éod agreement with RMM is
also found in the results of the angle of the ttften point, depicted in Fig. 9.7(b).

For other initial compositions, experimental resudtso match very well with results
from RMM. In Fig. 9.8, results are shown for antiadi volume fraction of n-heptane
which is lower than for the results of Fig. 9.7. tlms case, the difference of the
numerical results from RMM and DMM is larger. Thésbecause the diffusive mass
transport inside the droplet had a larger influeatan earlier point in time due to the
lower fraction of n-heptane at the droplet surface.
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Fig. 9.7. Evaporation of binary mixture droplets of n-heptafi® = 0.66) and
n-hexadecangZ, = 0.34 at T,, = 2959 K; (a) non-dimensional droplet surface
(b) angle of inflection point of first rainbow
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Fig. 9.8. Evaporation of binary mixture droplets of n-heptafi® = 0.45 and
n-hexadecangZ, = 0.595 at 7,, = 296 0 K; (a) non-dimensional droplet surface
(b) angle of inflection point of first rainbow
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Fig. 9.9. Evaporation of binary mixture droplets of n-heptafi® = 0.89 and
n-hexadecangZy = 0.11) at 7,, = 297.1K; (a) non-dimensional droplet surface
(b) angle of inflection point of first rainbow
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In Fig. 9.9, results are depicted for droplets vétkiery high initial volume fraction of
n-heptane. In this case, it is interesting to rbéd the longest measurement period was
reached. This is because the droplets decelerapedly in the measurement chamber,
since the droplet size decreased quickly to a sdiatheter of abouD = 27 um. The
long measurement period made it possible to oldaweral data points when only
n-hexadecane is left in the droplet. The resultsasthat the angle of the inflection
point remains constant as it is expected from fiteeal Fourier transform.
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10 Conclusions

The aim of this thesis was to investigate the exatpmn of droplets with up to three
components in a quiescent atmosphere at standaaspheric pressure and at different
ambient temperatures. To accomplish this goal, exgatal setups at the Institute of
Aerospace Thermodynamics were modified and builtti@ investigation of droplet
evaporation. Due to contact-free investigationhef eiroplet using optical levitation and
free fall, the experimental techniques were supa@danany other methods found in the
literature. The use of non-intrusive optical measwent techniques allowed for
measurements with very high accuracies comparedther techniques found in
published studies.

For droplets with low evaporation rates, an optieaitation setup was used since it
allowed for long measurement periods until neadynplete droplet evaporation. The
droplet size was measured from the fringe spacinthe scattered laser light in the
forward hemisphere by a technique called "Mie scatty imaging”. For droplets with

high evaporation rates, the free-falling dropld@upeproved to be very suitable since it
allowed for an early start of the measurements dft@plet generation. In addition, data
for size histories could be gained at a high adtims rate with a technique using
morphology-dependent resonances.

First, measurements of pure-component droplets wweréormed covering a broad
range of volatilities by using substances from ntpee to n-hexadecane at different
temperatures. These measurements were used tatealide experimental setups.
Results of surface histories showed that the ewijoorrate was a constant as expected
from the classicalD? -law. Moreover, the evaporation rate showed a gtdependence
on the volatilities and on the temperature as ebggeftom a theoretical analysis using
property evaluation methods.

Next, multicomponent droplets with two and threenponents were investigated. In
order to use the measurement technique with moogladependent resonances for
these droplets, a correction method was proposéw) usumerical simulations for
droplet evaporation and for the scattered light.

Results of surface histories from two-componenpbits showed that both components
evaporated simultaneously and that the initial evaggon rate was intermediate to those
of the pure-component droplets. The evaporationaien was close to batch-
distillation, only when there was a large differemc the volatilities of the substances.

Next, results of three-component droplets were gmiesl. For the investigation of
droplets with both low and highly volatile compotgrboth experimental setups were
used in order to capture the entire evaporatiosga® Results of the surface histories
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showed that the evaporation rate changes contihuans the number of components
cannot be identified when the difference in voiag¢i$ of the substances is small.
Different phases where one of the components ddesriie evaporation process can
be distinguished only when the difference in vditas is sufficiently large. With
respect to a variation of the ambient temperatilve,surface histories were similar at
different temperatures when the time axis was dclgarithmically. This is because
the evaporation rate is strongly influenced by tlamor pressure which depends
exponentially on the temperature.

In addition to the experimental investigations, esal numerical models for droplet
evaporation were developed. From the classiz@llaw, numerical models for droplets
with up to three components were presented assuraingpnstant and uniform

temperature. Due to their simplicity, these moddliswed for a fast calculation of the
evaporation process with reasonable accuracy. Hoaryp mixture droplets, an

analytical solution was presented giving furthesight into the driving parameters of
droplet evaporation. Experimental results of thapevation rate of pure-component
droplets were in excellent agreement with resuitenf these models. For two- and
three-component droplets, results from these mosdetsved good agreement with
experimental results when the appropriate referéagerature and composition was
selected.

In addition to these models, a rapid-mixing modathwtime-dependent droplet
temperature and a diffusion-limit model with intakiheat and mass diffusion were used
for numerical simulations. These two models repredbe limiting cases for mass
transport inside the droplet. The diffusion-limibdel represents the lower limit since it
only considers diffusive transport, whereas thedrapixing model represents the upper
limit by assuming diffusion at infinite speed. Ttnee evaporation behavior is between
these limiting cases since convection can enhameemass transport in addition to
diffusion. When binary mixture droplets were invgated where the difference in
volatilities of the substances was large so thetettwas a significant difference of the
surface histories predicted by the rapid-mixing atiek diffusion-limit model,
experimental data agreed very well with resultsnfithe rapid-mixing model. In order
to reach good agreement between the experimergaltseand the diffusion-limit
model, a large increase of the diffusive mass pariswas necessary. Therefore it is
believed that there is a strong convective magsssp@art in addition to the diffusive
mass transport. The convective mass transport & hkely due to internal circulations
caused by the generation process of the droplet.

Rainbow refractometry was applied in order to ghirther information about the
droplet in addition to the droplet size. An elalteravaluation technique was developed
in order to provide high accuracy for the smallpdets of this study. First, rainbow
refractometry was applied to pure-component drepietmeasure the temperature. The
results were in good agreement with results ofitioplet temperature obtained from the
measurement of the evaporation rate. For two-commordroplets, where the
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evaporation rate was so low that a constant drapleiperature could be assumed,
rainbow refractometry was used to measure the efropbmposition. The results
showed good agreement with numerical models. Finadinbow refractometry was
applied to binary mixture droplets with a largefeliénce in volatilities in order to
detect gradients of the refractive index which wpredicted by the diffusion-limit
model. However, experimental results showed thatehgradients did not occur.
Instead, the experimental results agreed verywighl the rapid-mixing model meaning
that there was rather a homogeneous distributiothefrefractive index inside the
droplet. These results further support the preWyoogentioned assumption of enhanced
mixing inside the droplet due to internal circutati Further investigation of this subject
would be a very interesting research topic.

Overall, a large amount of experimental data watainbd for the evaporation of

droplets with up to three components. Experimemsililts considered surface histories,
droplet composition and temperature, and refraciiviex gradients inside droplets.

These results can be used to validate numericakelmo®esults from the developed
simplified numerical models were in good agreemefith these data. The best
agreement with experimental data was reached log @lse uniform-temperature model

for pure-component droplets and the rapid-mixingleidor multicomponent droplets.






151

References

Abramzon B and Sirignano WA (1987) Approximate tlyemf single droplet
vaporizing in a convective field: effects of vafdatproperties, Stefan flow and
transient liquid heating. Proc. 2nd ASME-JSME Tharrgngng. Joint Conf.,
Hawaii, 1: 11-18

Albrecht HE, Borys M, Damaschke N, and Tropea Q0®0.aser Doppler and phase
Doppler measurement techniques. Springer, Berlin

Anders K (1994) Experimentelle und theoretische ednichung der
Tropfenverdampfung fir Knudsen-Zahlen im Ubergargsich. Shaker Verlag,
Aachen

Anders K, Roth N, and Frohn A (1995) Influence @fiactive Index Gradients within
Droplets on Rainbow Position and Implications f@imbow Refractometry. Part.
Part. Syst. Charact. 13: 125-199

Airy GB (1838) On the intensity of light in the glbourhood of a caustic. Transactions
of the Cambridge Phylosophical Society, 6: 397-403

Ashkin A (1980) Applications of Laser Radiation 8sere. Science 210 (4474): 1081-
1088

Ashkin A and Dziedzic JM (1974) Stability of optidavitation by radiation pressure.
Applied Physics Letters, 24 (12): 586-588

Barlow RJ (1989) Statistics. John Wiley & Sons, cDleister

Beard KV and Pruppacher HR (1971) A Wind Tunneleltigation of the Rate of
Evaporation of Small Water Drops Falling at Ternhialocity in Air. J. Atmos.
Sci, 28: 1455-1465

Bernholz U (1997) Messung von GrélRe, Regenbogetiposind Verdunstungsrate an
optisch levitierten Tropfen aus Kohlenwasserstoffédtudienarbeit, ITLR,
Stuttgart.

Bohren CF and Huffman D (1983) Absorption and $caig of Light by Small
Particles. John Wiley and Sons, New York

Brenn G, Deviprasath LJ, and Durst F (2003) Contpria and experiments on the
evaporation of multi-component droplets. Proc ICISAZ03, Sorrento, Italy

Camin DL, Forziati AF, and Rossini FD (1954) PhgsiProperties of n-Hexadecane,
n-Decylcyclopentane, n-Decylcyclohexane, 1-Hexadecand n-Deylbenzene.
Journal of phys. Chem., 58: 440-442

Camin DL and Rossini FD (1955) Physical Propertiésl4 American Petroleum
Institute Research Hydrocarbonsg © Gs. Journal of phys. Chem., 59: 1173-
1179



152 REFERENCES

Castanet G, Lavielle P, Lebouché M, and Lemoine2608) Measurement of the
temperature distribution within monodisperse comibgs droplets in linear
streams using two-color laser-influenced fluoreseeixperimental in Fluids, 35:
563-571

Catoire F, Gauthier JED, Bardon MF, and Benaisga99) Quasi-steady evaporation
for real multi-component fuel droplets. Journattweé Institute of Energy, 72: 134-
142

Chen G, Aggarwal SK, Jackson TA, and Switzer GLO{)%Experimental study of pure
and multicomponent fuel droplet evaporation in atbd air flow, Atomization
and Sprays, 7 (3): 317-337

Chylek P (1990) Resonance structure of Mie scatjeiDistance between resonances.
J. Opt. Soc. Am., 7 (9): 1609-1613

Daidzic N (1995) Nonlinear Droplet Oscillations aBtwaporation in an Ultrasonic
Levitator. Dissertation, Universitéat Erlangen-Nuiendp

Daif A, Bouaziz M, Chesneau X, and Ali Chérif A @ Comparison of
multicomponent fuel droplet vaporization experingeint forced convection with
the Sirignano model. Exp. Therm. Fluid Sci. 18 @§2-290

Damaschke N, Heukelbach K, Tropea C (1998) Messwoy Partikeldurchmesser,
Brechungsindex und Temperature mit dem Regenbdgefrachtagung Laser-
methoden in der Stromungsmef3technik, Shaker-VeiNadghen: paper 23

Daubert TE and Danner RP (1993) Physical and Thadymamic Properties of Pure
Chemicals: Data Compilation. Hemisphere Publ. @ew York

Davis E.J. and Ray A.K. (1980) Single Aerosol R#tiSize and Mass Measurements
Using an Electrodynamic Balance: J. Colloid aneérfatce Sci., 75 (2): 566-576

Downing CG (1966) The evaporation of drops of digeids at elevated temperatures:
rates of evaporation and wet-bulb temperatureshE&IC. 12 (4): 760-766

Faeth GM (1977) Current Status of Droplet and Lldg@ombustion. Prog. Energy
Combust. Sci., 3: 191-224

Forziati AF (1950) Refractive Index as a Functidiavelength for Sixty API-NBS
Hydrocarbons. J. of Research of the National Butd&&tandards, 44: 373-385

Frossling N. (1938) Uber die Verdunstung fallen@iepfen. Gerlands Beitr. Geophys.
52: 170-216

Frohn A and Roth N (2000) Dynamics of Droplets.igger-Verlag, Berlin

Gartung K, Arndt S, Roth N, and Weigand B (2000)agnration of Tetradecane-
Hexadecane Mixture Droplets: An Experimental andmiddcal Study. Proc.
ILASS-Europe 2000, Darmstadt, Germany

Gartung K, Arndt S, and Seibel C (2002) Vaporizatiof Multicomponent Fuel
Droplets: Numerical and Experimental EvaluatiormdLASS-Europe, Zaragoza



REFERENCES 153

Glantschnig WJ and Chen SH (1981) Light scattefign water droplets in the
geometrical optics approximation, Appl. Opt. 20)(12499-2509

Glover AR, Skippon SM, and Boyle, RD (1995) Inteoimetric laser imaging for
droplet sizing: a method for droplet-size measurgnie sparse spray systems.
Appl. Opt., 34 (36): 8409-8421

Glushkov VE, Todes OM, and Fedoseev VA (1970) Evafan Kinetics of Drops of
Binary Mixtures of Organic Liquids. Colloid J. dfe USSR, 32 (5): 566-570

Godsave, GAE (1953) Studies of the combustion opslin a fuel spray: The burning
of single drops of fuel. Fourth Symposium (Interoiaél) on Combustion,
Williams and Wilkins, Baltimore, 818-830

Gokalp I, Chauveau C, Berrekam H, and Ramos-Armdyo(1994) Vaporization of
Miscible Binary Fuel Droplets under Laminar and Bulent Convective
Conditions. Atomization and Sprays, 4: 661-676

Gouesbet G and Gréhan G (2000) Generalized LoreeziMeories, from Past to
Future. Atomization and Sprays, 10: 277-333

Hesselbacher KH, Anders K, and Frohn A (1991) Expental investigation of
Gaussian beam effects on the accuracy of a drepetg method. Appl. Opt.,
30 (33): 4930-4935

Hovenac EA and Lock JA (1992) Assessing the coumtiobs of surface waves and
complex rays to far-field Mie scattering by useDafbye series. Opt. Soc. Am. A,
9 (5): 781-795

Hubbard GL, Denny VE, and Mills AF (1975) Dropletaporation: Effects of transient
and variable properties. Int. J. Heat and MassSfean18: 1003-1008

Incropera FP and DeWitt DP (1996) Fundamentals @httand Mass Transfer. John
Wiley & Sons, New York

Kastner O. (2001) Theoretische und experimentetiekiduchungen zum Stoffiibergang
von Einzeltropfen in einem akustischen Rohrlevitaissertation, Universitéat
Erlangen-Nurnberg

Kays WM, Crawford ME, and Weigand B (2005) ConveetHeat and Mass Transfer.
4th ed., McGraw-Hill, New York

Kent JC (1973) Quasi-steady diffusion controlledpdiet evaporation and condensation.
Appl. Sci. Res. Ser. A, 28: 315-359

Kerker M (1969) The scattering of light and othkxceromagnetic radiation. Academic
Press, London

Kiefer W, Popp J, Lankers M, Trunk M, Hartmann kldub E, and Musick J (1997)
Raman-Mie scattering from single laser trapped odimplets, J. of Molecular
Structure, 408/409: 113-120

Kneer R (1993) Grundlegende Untersuchungen zurhBréhlausbreitung in hoch-
belasteten Brennraumen: Tropfenverdunstung undhSpehlcharakterisierung,
Dissertation, Universitat Karlsruhe



154 REFERENCES

Kdnig G, Anders K, and Frohn A (1986) A new ligltttering technique to measure
the diameter of periodically generated moving detgplJ. Aerosol Sci., 17: 157-
167

Kuo KK (1986) Principles of Combustion. Wiley, Nétork

Law CK (1975) Quasi-steady droplet vaporizationotigewith property variations.
Physics of Fluids, 18: 1426-1432

Law CK (1982) Recent advances in droplet vaporraiind combustion. Progr. Energy
Combust. Sci. 8: 171-201

Lee ER (2003) Microdrop Generation. CRC Press, Btatan, Florida

Lide DR (1998) Handbook of Chemistry and Physi&h#&d., CRC Press, Boca Raton,
Florida

Lorenz L (1890) Lysbevaegeisen i og uden for enpiahe lysbolger belyst kulge.
Vidensk Selk Skr 6: 1-62

Lusis MA and Ratcliff GA (1968) Diffusion in Binaryiquid Mixtures at Infinite
Dilution, Can. J. Chem. Eng., 46: 385-387

Maeda M, Kawaguchi T, Hishida K (2000) Novel inegdmetric measurement of size
and velocity distributions of spherical particlesfiuid flows. Meas Sci Technol
11:L13-L18

Massoli P, Calabria R (1999) Sizing of dropletsdactive fuel sprays by Mie scattering
imaging. Proc ILASS-Europe '99, Toulouse, France

Matthews MA and Akgerman A (1987) Diffusion Coeféints for Binary Alkane
Mixtures to 573 K and 3.5 MPa, AIChE Journal, 33@51-885

Mie G (1908) Beitrage zur Optik triber Medien, gpdzolloidaler Metalldsungen.
Annalen der Physik 25 (3): 377-447

Mills AF (2001) Mass Transfer, Prentice Hall, Upi@addle River, New Jersey, USA

Ochs M (1999) Verdunstung monodisperser, frei bdialegr Brennstoff-Tropfen in
einer turbulenten Heissluftstromung, Dissertati®niH Zurich, Switzerland

Poling BE, Prausnitz JM, and O'Connell JP (200® Properties of Gases and Liquids.
5th ed., McGraw-Hill, New York

Popp J (1994) Elastische und inelastische Lichiatig an einzelnen spahrischen
Mikropartikeln. Dissertation, Universitat Wirzbuigerlag Shaker, Aachen

Putnam A (1961) Integrable Form of Droplet Drag fiioent. ARS Journal, 31: 1467-
1468

Randolph AL, Makino A, and Law CK (1986) Liquid-FeaDiffusional Resistance in
Multicomponent Droplet Gasification, 21st Symp. t(inon Combustion, the
Comb. Inst., 601-608

Ranz WE and Marshall WR (1952a) Evaporation fronod3r Part I, Chemical
Engineering Progress, 48 (3): 141-146



REFERENCES 155

Ranz WE and Marshall WR (1952b) Evaporation fromo@dt Part Il, Chemical
Engineering Progress, 48 (3): 173-180

Ragucci R, Cavaliere A, and Massoli P (1990) Driging by laser light scattering
exploiting intensity angular oscillation in the Miegime. Part Part Syst Charact
7. 221-225

Randolph AL, Makino A, and Law CK (1986) Liquid-FeaDiffusional Resistance in
Multicomponent Droplet Gasification, 21st Symp.t{inon Combustion/ The
Comb. Inst., 601-608

Ravindran P, Davis EJ, and Ray AK (1979) Diffusestof Low-Volatility Species in
Light Gases. AIChE Journal, 25 (6): 966-975

Ravindran P and Davis JE (1982) Multicomponent Bvaiion of Single Aerosol
Droplets. Journal of Colloid and Interface Scier@®(1): 238-248

Rayleigh Lord (1871) On the light from the sky, pslarization and colour. Philos.
Mag., 41: 107-120

Reid CR, Prausnitz JM, and Poling EP (1987) Theées of Gases and Liquids. 4th
edition, McGraw-Hill, New York

Rossow B, Kriger S, and Grinefeld G (2004) Evapmrabf droplet streams and
isolated free falling droplets investigated by meahlILIDS and planar LIF. Proc.
Conf. Atomization and Spray Processes, Dortmunpep8.3

Roth N (1998) Bestimmung des Brechungsindex in @trapfen aus dem Streulicht im
Bereich des Regenbogens. Shaker Verlag, Aachen

Roth N, Anders K, and Frohn A (1988) Simultaneowasurement of temperature and
size of droplets in the micrometer range. Proc.IiithCongr. on Optical Methods
in Flow and Parcticle Diagnostics ICALEO 88, L.I.Aunnyvale, USA, 67: 294-
304

Roth N, Anders K, and Frohn A (1994) DeterminatafnSize, Evaporation Rate and
Freezing of Water Droplets Using Light Scatterimgl &adiation Pressure. Part.
Part. Syst. Charact 11: 207-211

Roth N and Frohn A (1997) Measuring technique t@stigate the evaporation process
of droplets consisting of hydrocarbon mixtures.drof the 13th Int. Conf. on
Liquid Atomisation and Spray Systems, Florencdy Ita

Runge T, Teske M, and Polymeropoulos CE (1998) Lewperature vaporization of
JP-4 and JP-8 fuel droplets, Atomization and Spi@y25-44

Schréder U (2001) Personal communications, ITLRt&unt

Semidetnov N and Tropea C (2004) Conversion relatigps for multidimensional
particle sizing techniques, Meas. Sci. Technol:,112-118

Sirignano WA (1978) Theory of Multicomponent Vapaiion, Arch. Thermodynam.
Combustion, 9: 231-247



156 REFERENCES

Spalding DB (1953) The combustion of liquid fudteurth Symposium (International)
on Combustion, Williams and Wilkins, Baltimore, 8884

Sparrow EM and Gregg JL (1958) The variable fluidgerty problem in free
convection. Tans. Am. Soc. Mech. Engrs 80: 879-886

Spurk JH (1996) Strémungslehre, Einfuhrung in diedrie der Stromungen. Springer-
Verlag, Berlin

Stengele J, Prommersberger K, Willmann M, and Wi8i (1999) Experimental and
Theoretical Study of One- and Two-Component Dropaporization in a High
Pressure Environment. Int. J. Heat Mass Transgr2@83-2694

Tuckermann R, Bauerecker S, and Neidhart B (20@2p&ration rates of alkanes and
alkanols from acoustically levitated droplets, An@ll and Bioanalytical
Chemistry, 372 (1): 122-127

Ulmke H, Wriedt T, and Bauckhage K (2001) Piezorie®roplet Generator for the
Calibration of Particle-Sizing Instruments. ChemgETechnol. 24 (3): 265-268

Vadovic CJ and Colver CP (1973) Infinite Dilutionffdsion Coefficients in Liquids.
AIChE Journal, 19 (3): 546-551

Valley Scientific (1998) Software package "LightLabar Field Mie Scattering”,
version 1.00

van Beeck JPAJ (1997) Rainbow Phenomena: develdpofea laser-based, non-
intrusive technique for measuring droplet size, gerature and velocity.
Dissertation, Technical University of Eindhoven tiNerlands

van de Hulst HC (1981) Light Scattering by Smalitiekes. Dover Publications, New
York

VDI-Warmeatlas (1988) 5th ed., VDI-Verlag, Dissefd®88

Vignes A (1966) Diffusion in binary solutions, Infing. Chem. Fundam., 5: 189-199

Walker JD (1976) Multiple rainbows from single dsopf water and other liquids. Am.
J. of Physics, 44 (5): 421-433

Wenck H et al. (1993): Chemisch-physikalische Datem Otto- und Dieselkraftstoffen
(Collection of chemical and physical data of auttiweofuels), DGMK (Deutsche
Wissenschatftliche Gesellschatft fir Erdél, Erdgas Kiahle e.V.), Hamburg

Wong SC, Lin AR (1992) Internal temperature disttibns of droplets vaporizing in
high-temperature convective flows. J. Fluid MecBi7:2671-687

Yarin AL, Brenn G, Kastner O, Rensink D, and Tropea(1999) Evaporation of
acoustically levitated droplets. J. Fluid Mech.93951-204

Yarin AL, Brenn G, and Rensink D (2002) Evaporatioh acoustically levitated
droplets of binary liquid mixtures. Int. J. Heatiiel Flow 23 (4): 471-486

Yuen MC and Chen LW (1976) On Drag of Evaporatinguid Droplets. Combustion
Science and Technology, 14: 147-154



157

Appendix: Property Data

Physical Properties of n-alkanes from n-pentane to n-hexadecane and of 1-hexadecene

(]
[0) () =
E g £ o g g 8
S S g S S S @
Name of compound c X o 8 c O o
(] () (] (8] o ] c
& < < Q < 2 7
c c c c c c c
Structural formula CsHy, CegHis C7Hig CgHig CoHog ChioH oo CiiH o

Mol. massM [kg/kmol] Y 72.15 86.18 100.20114.23 128.26 142.28 156.31
Melting temp.T,,,. [K] Y*? 1435 177.9 182.6 216.4 219.7 2435 247.6
Boiling temp.7; [K] *? 309.2 3419 371.7 398.8 424.0 447.3 469.0
Density p; [kg/m] 2% 626 659 684 703 718 730 740
Vap. pressure [Pa]”® 5.6.10 1.6-1¢ 4.7.16 1.4.16 420 128 385
Refractive indexnss, [[] ® 1.3583 1.3776 1.3901 1.3993 1.4066 1.4127 1.4179

) e @ D
c [ S S
Q o) ] o T @
< c o [} e ©
S Q <} o 2 2
Name of compound 0] S B 8 o] o
i) 5 — c X X
o = "q__)' o Q Q
? 7 7 & < <
c c c c c —
Structural formula CioH 56 C13H 28 C1aH 39 CisHao CieHza CigH 3o

Mol. massM [kg/kmol] Y 170.34 184.37 198.39 212.42 226.45 224.43
Melting temp.T,,, [K] "2 263.6 267.9 279.0 283.1 291.3 277.3
Boiling temp.7; [K] Y*? 4895 508.6 526.7 543.8 560.0 558.1
Density p, [kg/m* 2% 751 756 763 768 775 781
Vap. pressure [Pa]?’® 11.8 349 1.1  0.338 0.107 0.148
Refractive indexnss, [-] © 1.4224 1.4264 1.4300 1.4333 1.4363 1.4441

1) Lide (1998)

2) At 101.325 kPa

3) VDI-Warmeatlas (1988)
4) At 293.15 K

5) Eq. (3.20)

6) Egs. (2.2) and (2.3)
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