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ABSTRACT

The evaporation of ternary mixture droplets coirgistof n-alkanes is examined both experimentalld an
numerically. This study is based on the work ofidlet al. [1], where the influence of compositionl ambient
temperature on the evaporation rate of binary mixtdroplets is investigated. In order to approach
multicomponent droplets, such as gasoline dropfletésnumber of components is increased from twibriee.

In addition, the range of components is extendehtds n-alkanes with a high volatility. Measurenseot
droplets consisting of these substances are natlgeswith the experimental setup for the optielitation of
single droplets. Therefore, a new experimentalpsébu single, freely falling droplets has been buip and is
used in addition to the experimental setup foragbtievitation in order to capture the entire evagion process.
Experimental results are presented for two differaixtures, the first one consisting of n-octaneladecane and
n-hexadecane and the second one consisting ofam@at-nonane and n-decane.

The experimental results agree well with resultsnfra numerical model, where the evaporation proisess
controlled by the diffusion of the evaporated ldjun the surrounding gas phase. The basic equatmnthis
model are derived in this work.

INTRODUCTION

Research on fuel evaporation is very important wékpect to fuel economy and emission reductiomadern
gasoline and diesel engines. Since gasoline aseldigel consist of many different hydrocarbon $g®cevaporation is
strongly affected by the broad variety of differduel volatilities. Therefore, there is a vital @nést in an accurate
modelling of multicomponent droplet evaporation tiee purpose of developing and validating numeicoales.

At the Institute of Aerospace Thermodynamics (ITLR)e evaporation of single fuel droplets is inigeged by
different experimental setups and measuring teciasigWith an optical levitation technique, the tenap evolution of
the droplet diameter of binary mixture droplets sisting of n-alkanes has been studied at differmbient
temperatures [1]. Low volatile n-alkanes rangingnirn-decane until n-hexadecane have been chossumbatances.
The ambient temperature has been varied betwee 20@ 324 K.

For this study, the number of components within mhigture has been increased from two to three tgeoto
approach multicomponent droplets with many différgrecies. On the other hand, more volatile compisrguch as n-
octane and n-nonane are used. For this purpos®y &xperimental setup has been built for the ingagon of single,
freely falling droplets. Also a different measuriteghnique is used, which allows to capture thedhange in droplet
size.

The combination of the two experimental setups,tihe setups for single, optically levitated drapland for single,
freely falling droplets, allow the measurementtwd £ntire evaporation process of mixture dropletls aoth high and
low volatile components as will be shown in thesgre paper.

EXPERIMENTAL SETUPS

Two experimental setups are used for the measutsep@re for the investigation of single, freelylifay droplets for
the initial evaporation phase where the evaporapimtess is dominated by the high volatile comptemd one
investigating single, optically levitated dropléds the following main evaporation phase wheredtiaporation process
is dominated by the remaining low volatile compdsgerespectively.

Experimental setup for single, freely falling droplets

The experimental setup for the initial phase ingesés single, freely falling droplets. A schematiew of the
experimental setup is shown in Fig. 1. The dropéets produced by a droplet on demand generatarhdnging the
orifice of the generator, the droplet size can hded from approximately 2Qm to 100um. After generation, the
droplets are injected horizontally into a vertigadrientated squared glass channel. Due to gravitiya slow airflow,



the droplets then start to fall downwards alongset beam, which is directed upwards within thenobhin order to
illuminate the falling droplets permanently. Whéae troplet reaches the laser beam, the measurstaetst

The droplet size at the beginning of the measurémeatetermined from the fringe spacing of the tecat laser light
in the forward hemisphere, which is detected byGb@amera. For the measurement of the decreasmjtet! size
during the evaporation, part of the scattered lagkt in the forward hemisphere is collected bigas and detected by
a photomultiplier. During the decrease of the deodiameter, morphology dependent resonances bedsibk in the
intensity of the scattered light [2]. The decreasedroplet diameter between two corresponding rasoe peaks
depends on the refractive index of the droplet Bndearly independent of the droplet size [3]. Timeasurement
technique allows a very detailed measurement ofaimporal evolution of the droplet size since teerdase in droplet
diameter between two corresponding resonance peakshe order of 0.um compared to a typical initial droplet size
of 50 um.

With this experimental setup, the evaporation obptits, consisting of pure n-alkanes, has been umeds
successfully [4].
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Fig. 1: Schematic view of the experimental setugsfogle, freely falling droplets.

Experimental setup for single, optically levitated droplets

In order to capture the following main evaporatirase, another droplet is measured under the samdéions with
an experimental setup where the droplet is ledtaatically. A schematic view of this experimerdgatup is depicted in
Fig. 2.

The droplet size is measured in the same way athéoinitial diameter in the experimental setuptteé falling
droplets, i.e. from the fringe spacing of the st laser light in the forward hemisphere. Théedihce is that the
droplet size is determined by this measurementnigqok at a certain sampling frequency in ordemteestigate the
temporal evolution of the droplet size. The maximaampling frequency is 8 Hz.

A second CCD camera has been placed in the backveanisphere in order to capture the scattered liggeiin the
region of the rainbow. From this scattered lightemsity distribution, the refractive index of theoplet can be
measured. Since the refractive index depends dnthettemperature and the composition of the dtapieture, these
properties can be determined as has been suctgsisfonstrated for the case of binary mixture tetsp[5].

Further details of this experimental setup candoed in [1].

Comparison of the experimental setups

Concerning the begin of the measurements, a timed the order of 1 s passes before the drapletvitated and
stabilized and the measurement can start whenherienental setup for single, optically levitategplets is used. In
contrast, only a time period in the order of 50etapses in the case of the experimental setumgfesifreely falling
droplets. Therefore, this experimental setup itehatited to measure the initial evaporation phase



On the other hand, the droplets can be investigitednly up to about 3 s for the experimental petd single,
freely falling droplets due to constraints of tleadth of the measurement chamber, whereas the sghgy allows to
measure the droplet until it is nearly completelamorated. Hence, low volatile substances can belynvestigated
with the setup for single, optically levitated diets.
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Fig. 2: Schematic view of the experimental setupsfogle, optically levitated droplets.

M easur ement uncertainties

For the measurement of the droplet size from tingdrspacing of the scattered laser light in thevdod hemisphere,
Hesselbacher et al. [6] report an accuracy of 28thfe determination of the droplet diameter.

The decrease of the droplet diameter between tegmonding peaks of the morphology dependent resesa
depends weakly on the refractive index [3]. Durihg evaporation of multicomponent droplets, theugabf the
refractive index changes, but for the evaluatiorthef measurements a constant mean refractive indexeen used.
For the presented experimental results, this lémdsmaximum error of 0.5 % for the decrease indifoplet diameter,
resulting in a maximum error of M for the first and 1 % for the last diameter dgrihe measurement period.

The air temperature around the droplet has beesuregwith thermocouples with an accuracy of £K.5

MODEL FOR NUMERICAL SIMULATIONS

For a fast computation and a rough estimate oftlaporation process a simple model is developeddorerical
simulations. The results of this model are usedfoomparison with the experimental results.

For the numerical model, the assumption is madettigaevaporation process is controlled by theuditfn of the
evaporated liquid into the surrounding air. It istfier assumed that the evaporation rate is smaligh so that the
temperature remains constant and uniform withindfeglet and the surrounding air. Concentratiordignats inside the
droplet are neglected.

A model including these assumptions has been dp&dlby Ravindran and Davis [7] for binary mixtudesplets. It
has already been successfully applied for measuntsnad single, optically levitated droplets for twomponents [1].
Now it is extended to three components.

In this model, the molar flux of the evaporatediidyis obtained by applying Fick's law of diffusiGmhich is strictly
speaking only valid for binary mixtures) as wellthe continuity equation to the gas phase surragnttie droplet. In
addition, Raoult's law is applied in order to obtdie molar fluxJ; of the speciek

D;p (1)




In Eqg.(1), r represents the droplet radius andhe molar fraction of specids The parameteyy consists of the
diffusion coefficient of the liquid in the mixturej consisting of air and the evaporated liquid, thpour pressurp; of
the liquid at the droplet surface, the molar gasstantR and the temperatuiie

A mass balance of the droplet requires that

__ 1 d(4 5 2)
‘ 4ﬂ2dt(3n pmxj

In Eq.(2),0m represents the molar density of the mixture. Bsuasng a homogeneous mixture, the molar density of
the mixture can be expressed by means of the molamesV; of the substances:
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Combining Eqgs.(1) and (2) and differentiating taiert in brackets in Eq.(2) yields to
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In the case of three componenmts 1, 2 and 3, Eq.(4) results in three equatioregether with Eq.(3) and the
summation rule for the molar fraction,

in =1 (5)

there are 5 equations for the 5 unknowns, X,, Xz andg,. Eliminatingxs ando,, and rearranging leads to
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For Eq.(6), the droplet radius has been replacetidygimensionless droplet surfafeith

2
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wherer is the initial droplet radius. Eqs.(6) - (8) alldw calculate both the temporal evolution of thepliet size
and the droplet composition. Eq.(6) can be usedetermine the droplet surface regression f2f8], also called
evaporation rate:
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For a monocomponent droplet, the evaporation sage ¢onstant according to this model, but for theecof three
components, the evaporation rates varies with #meé can be expressed as a function of the molatidrs by
introducing Eq. (6) into Eq. (10):
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RESULTS

In the following, results for two different teriyamixture droplets evaporating in air are presenked both cases,
the initial volume fraction for each of the threemponents is one third. In the first case, a mitaf n-octane,
n-nonane and n-dodecane is investigated at an atrtbimperature of 300 K. In this case, the evapmrdime is short
enough so that the entire evaporation process eanvestigated with the experimental setup of ginfieely falling
droplets. The experimental results can be seerign3F The values of the axis of the plot are ndized with the
square of the initial droplet diametds so that droplets of different initial size can @mpared with each other.
Measurements from three different droplets areaegifor this mixture. These measurements coinadag well. Only
one out of 10 data points are shown for a bettastition. The results of the numerical simulatsiow good
agreement with the experimental results.
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Fig. 3: Experimental and numerical results of thaparation of ternary mixture droplets.
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Fig. 4: Experimental and numerical results of thaparation of ternary mixture droplets.



The second mixture consists of n-octane, n-dodeaaden-hexadecane. This means that the differeneelatility
between the components is larger than for the atligiure. The ambient temperature was slightly loate296 K. For
this mixture, both experimental setups had to kel s combination in order to capture the entiraperation process.
In Fig. 3, the initial evaporation phase is shownl also the region where results from both expertaiesetups
overlap. It can be seen that the results from tfferdnt setups agree very well with each othere @ifficulty in
combining the two experimental setups is to ensdextly the same ambient temperature. In ordetustriate clearly
the entire evaporation process, a logarithmic sfralehe time axis has been chosen in Fig. 4. Asathis mixture,
results from 3 different droplets are depicted. Témults of the numerical simulation show alsotkis mixture a good
agreement with the experimental results. Ther@isesdeviation at the beginning of the droplet evafion which is
due to difficulties in the determination of thetiai droplet diameted,. This is because the diametiris obtained by
extrapolation of the experimental data feowards O s.

For the second mixture, due to the large differennesolatilities, the points in time can be clgadentified, where
the different components cease to exist in theidiguate. It can be assumed that after 0.4imsbnly a mixture of
n-dodecane and n-hexadecane is left. After aboung@m? also n-dodecane is evaporated and only n-hexadecan
remains. This is confirmed by the experimental ltessince after this point in time the droplet pogates at a constant
evaporation rate which corresponds to the one of puhexadecane. However for the first mixture s¢hdifferent
regimes cannot be distinguished. But still aftecestain point in time, the evaporation rate remaingstant and
corresponds to the one of pure n-decane.

CONCLUSION

The experimental results demonstrate the podgibilimeasuring the entire evaporation process ufioomponent
droplets with both high and low volatile componebis combining two types of experimental setups, @rethe
investigation of single, freely falling dropletschanother one for single, optically levitated deipl When there are
large differences in volatilities of the componerdsferent regimes can be distinguished where dnty components
and then one component evaporate. In the oppoage, avhen the differences in volatilities of thenponents are
small, these different regimes cannot be identified

The results of the simple numerical model show gagrdement with the experimental data.

NOMENCLATURE

Latin symbols Greek Symbols
d droplet diameter m] B evaporation rate [ffs]
p vapour pressure [N & dimensionless droplet surface []
r droplet radius [m] o molar density [mol/r
R molar gas constant [J/K mol] @  species parameter [mol/m s]
t time [s]
T temperature [K] Subscript
\Y; molar volume [MYmol] Ou S ilrl?itisal
X molar fraction [] i index for liquid components

i mixture of air and evaporated liquids

m mixture of liquid components
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