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Characterization of the evaporation ofinteracting droplets using
combined optical techniques

Lionel Perrin - Guillaume Castanet- Fabrice Lemoine

Abstract A monodisperse droplet stream is injected intospacing and also the fuel volatility play an important role
a high-temperature enclosure supplied with air heated up o the reduction of the heat and mass transfers for these
540 °C. The two-color laser-induced uorescence (2cLIF)interacting droplets. Finally, the ability of the 2cLIF tech-
is used for measuring the droplet temperature. The liquidiques to address the case of multicomponent droplet is
fuel is seeded by pyrromethene 597-C8, which is a tempealso demonstrated.

ature-sensitive uorescent dye. Calibration tests are per

formed for different types of fuels including ethanol and

several alkanes and some of their mixtures. Morphologyt Introduction

dependent resonances (MDRs) are identied as a possi-

ble adverse effect for temperature measurements. Due ltauid fuels are often used in combustion systems for pro-
MDRs, lasing of pyrromethene 597-C8 may occur withinpulsion of aircrafts, rockets or automobiles. In the frame
uorescent droplets and affect drastically the uorescenceof the reduction in pollutant emissions, research is now
signal upon which temperature measurement relies. Theiented on optimizing the injection system used in the
determination of the droplet size and velocity is achievedombustion chambers. One of the dominant factors is the
by means of quantitative shadow imaging. A double cavdroplet concentration produced near the outlet of the injec-
ity PIV laser is focused on a piece of PMMA doped withtor, since the zone of high fuel concentration, despite being
a uorescent dye to produce the background illuminatiomecessary for the ignition, induces high levels of pollutant
of the droplets. A PIV camera is used to capture the dropmission, incomplete oxidation and unburned fuel. The pre-
motion between the pulses of the laser cavities. A largeent paper deals with a fundamental study of droplet evap-
range of initial distance parameters (the ratio between ttaration in an idealized con guration where interactions
inter-droplet distance and the droplet diameter) is exploredccur between closely spaced droplets. A line of equally
for different liquid fuels (ethanol, isohexane, n-heptanespaced and monosized drops is injected into a high-temper
n-decanen-dodecane) and their mixtures. To put forwardature enclosure. Important parameters such as the distance
the effects of the interactions between the droplets, size abdtween the droplets are modi ed in order to characterize
temperature measurements are compared to the isolatieir in uence on the droplet evaporation. Monodisperse
droplet whose evolution can be predicted with the use afroplet streams have been used in previous studies of drop-
classical models. Comparisons reveal that the inter-droplégt evaporation (Castanet ak 2005,2011; Deprédurand

et al. 201Q Virepinte etal. 2000. These studies empha-
sized the role of the dimensionless spacing parameter C,

L. Perrin- G.Castane(*) - F.Lemoine

Université de Lorraine, LEMTA, UMR 7563, de ned as the ratio between the droplet spatirend the

F-54500VandoeuvrelésNancy, France droplet size d. For low values of C, the heating and evap-
e-mail: guillaume.castanet@urlrraine. fr oration rates are reduced in comparison with the isolated
L Perrin- G.Castanet F.Lemoine droplet whose evolution can be predicted using class.lcal
CNRS, LEMT, UMR 7563, F54500Vandoeuvre_és-Nancy, models (Abramzon and Sirignano 1989). The mechanism

France of these interactions between the droplets is still not clear.
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For rapidly vaporizing droplets, it can be assumed that t- L N A
vapor released by the drops is transported in the vicinity : [+ Isolated wall
neighbor droplets reducing the gradients of vapor concel :

. . . . . Ce— Dropet stream
tration near their surface and thus their vaporization rat :

Castanet etl. (2005) studied the evaporation of ethanol . / riledvial
droplet streams in a combusting ow. They observed sig R

ni cant reductions in the heat and mass transfer rates fc Metamc/ Hgter

C lower than 9. More recently, Deprédurandakt(2010) foam -

extended these works to several liquid fuels by conductin Thermal  — 252
experiments in air heated up to 3%0 They demonstrated regula.on Monodisperse

that the reduction in the heat and mass transfers can difi dropletinjector AirT+M

between the liquid fuels even at identical distance param-
eters and Reynolds numbers. They also observed signigg 1 Schema of thexmerimental setup: heated enclosure and drop-
cantly greater reductions than those reported by Castarnetmonodisperse stream
et al. (2005) for combusting droplets. These differences
were attributed to the fuel volatility. For volatile fuels, they
assumed that the Stefan ow induced by the ejection ¢ Pulsed ligh ng
vapor at the drop surface can be strong enough to have
incidence on the vapor dispersion in the outer ow.
Practical fuels are also composed of hundreds of cherr Thermocouples
cal species. From an experimental point of view, a cha ) v
lenge is to measure thermochemical quantities such |
temperature and composition of multicomponent droplets
Different optical methods have been developed in the pa
to measure temperature. Without being exhaustive, one ¢

LIF detec on
(Droplet temperature)

mention Raman spectroscopy, morphology-dependent res ! iy
nances (MDRs), rainbow refractometry and laser-induce PIV camera
uorescence (LIF; Lemoine and Castanet 2013). Eacl (droplet size and velocity)

method has its own advantages and limitations depending

on its basic principles. For instance, the uorescence sigrig. 2 Optical access for the implementation of theiedént optical

nal emitted by temperature-sensitive uorophores generall{gchniques

exhibits some dependence on the composition in addition

to the temperature. In fact, the chemical environment alters

some spectroscopic properties of the dye (generally vegnclosure so that the wall can be regulated at the same

diluted). In particular, it can modify collisional quenchingtemperature as the incoming air (Fig. Temperatures up

energy distribution in the excited state. The feasibility oto 540°C can be reached inside the chamber. Nitrogen is

temperature measurements based on LIF is presently madded to the incoming air to reduce the fraction of oxygen

thoroughly investigated for several mixtures made of alkanand thus avoid any ignition of the fuel vapor. The air ow

species (isohexane, n-heptamedecanen-dodecane and is quieted by forcing it to enter in the chamber through

n-hexadecane). For characterizing the droplet evaporatignetallic foam and a drilled wall. The gas velocity is small

and velocity, temperature measurements are combined witfanging between 0.1 and 18s) compared to that of the

an ef cient method based on quantitative shadow imagingdroplets (typically a few m/s). The gas ow ensures an
almost uniform temperature eld in the chamber and also
prevents vapor saturation. The high periodicity achieved

2 Experimental setup andoptical techniques with the monodisperse droplet stream allows converting the
distance covered by the droplets after their injection into

A monodisperse droplet stream is generated by the ditime, provided that the local velocity is measured. Three

integration of a liquid jet undergoing vibrations from amain parameters are measured at each investigated loca-

piezoceramic. The droplets are injected into an insulatetibns of the monodisperse droplet stream: the temperature,

enclosure supplied with hot air passing through an electrthe velocity and the diameter of the droplets. To that end,

cal heater (Figl). In order to limit the thermal losses, aquartz windows have been managed in the wall to offer

resistive electrical wire is inserted within the wall of theseveral optical accesses (F2j.
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2.1 Droplet temperature measurements the detector and the emission sourcg,Kis a constant
depending on the spectroscopic properties of the uores-

The two-color laser-induced uorescence (2cLIF), initiated cent dye in its chemical environment, K andKgpe;are

by Lavieille etal. (2001), is used to characterize the dropnot affected by the temperature meaning that the depend-

let temperature. The liquid fuel is seeded by a uorescergnce in temperature of the uorescence signal is exclu-

dye, pyrromethene 597-C8, which has a uorescence spesively contained in;fT). The measurement volumé.

trum that is resonant with the wavelength of a frequencyis formed by the intersection between the laser beam, the

doubled Nd-Yag laser at 532m. Pyrromethene 597-C8 detection solid angle and the droplet. The uorescence sig-

is easily soluble in alkanes contrary to other uorescenhal varies with time when the drop crosses the laser beam

dopants such as rhodamine B and Kiton red that are usand the detection volume. The shape and amplitude of the

ally used for temperature measurement in aqueous solworescence signal from a moving droplet depend on many

tions. Figure3 shows the broadband emission spectrum ofactors that are dif cult to control such as the size of the

pyrromethene 597-C8 dissolved into n-dodecane at seveidioplet relative to the diameter of the laser beam and the

temperatures ranging from 20 to 100. A pronounced droplet trajectory (if the droplet is off-centered relatively to

decay of the uorescence signal with the temperature cathe laser beam and the focal point of the detection optics).

be clearly observed. A sharp high-pass lIter with a cutoff aThe most common methods for eliminating this problem

542 nm (optical density of 6) is utilized to record the specare based on measurements of intensity ratios. The uores-

tra presented in Fig3 in order to avoid any perturbation cence ratio between uorescence intensities collected on

of the laser wavelength. Doing so, a secondary emissidwo separate spectral bands is given by:

peak around 53%m was partially hidden. The decrease

in this second peak with the temperature is less important _

than that in the main peak centered aroundr6@Depré- (2)

durand etal. 2008). According to Lemoine and Castanet

(2013), the uorescence intensity; Idetected over a spe-

ci ¢ spectral band noted i can be expressed as: The use of a single reference point where the tempera-
ture is known allows eliminating the optical and spectro-

1) scopic constants in EQ meaning that B(T)/RTef)

In this expression, C denotes the concentration of the,(T)/f,,(T,.). The ratioR;, is independent on the dimen-
uorescent dye. § is the intensity of the laser beam,{  sions of the intersection between the droplet, the laser
is an optical constant that accounts for the ef ciency ofxcitation volume and the photon collection volume. The
the detection, which includes the solid angle betweem uence of the local laser excitation intensity and dye con-

centration are also totally eliminated. For accurately meas-

. uring the temperature, spectral bands of detection should be
High-passlte r  Bandl Band2

at542nm  [540-560] [610-630] selected so that their sensibility to the temperature is highly
1 \ i i (K1) different. The sensibility factor is
' L0 plotted in Fig.3. A marked difference in temperature sen-
10, sitivity can be observed between the green-yellow region
' | 500 and the orange-red region of the emission spectrum. Tem-
05 peratqre measurements can be thgref_ore optimiged by
' | 1000 choosmg thg spectral bands that are indicated |n3.3ug.
. / schemgtlc view of the 2_cL.IF measurement system is pre-
' sented in Fig4. The excitation volume of the uorescence
04 ] - r-1500 is formed by two crossing laser beams, which helps posi-
' tioning the droplets at the beamweast of the laser beams to
02 ~N | -2000 optimize the LIF signal intensity. A ber-coupled achro-
' matic doublet allows the uorescence emission to be col-
00 2500 lected at right angle. Mie scattering by the droplets at the
“500 550 600 650 700 750 800 850 laser wavelength is eliminated using the already-mentioned

(nm) sharp high-pass lIter. A set of beam splitter and interfer
ence lters enables the uorescence signal to be separated
Fig. 3 Emission spectra of ypromethene 597-C8 recorded at in the two spectral bands of interest. The uorescence sig-
different temperatures. In green, the temperature sensitivitpal is then detected by means of two photomultiplier tubes
— with , 630nm equipped with rapid pre-ampli ers.
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Fig. 4 Schematic vie of the 2cLIF system for droplet temperature 08
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. A callbratlo.n In t.em.perature of the measurement SySteﬁg. 5 Calibration cures showing the effect of temperature on the
is performed in a liquid cell regulated in temperature. Theignal ratio R, (T, 25°C)

liquid is progressively heated while measuring the uores-

cence ratio B and the liquid temperature by means of a

thermocouple. To limit the reabsorption of the uorescencdt can be observed that the sensitivity to temperature of
by the dye, special care is taken to position the measurite uorescence ratio is in uenced by the liquid solvent
ment volume at a short distance from the glass windowven within the same group of chemical compounds such
of the calibration cell. Indeed, Ef.does not account for as alkanes. Temperature sensitivity is lower in

the effects of the absorption of the laser beam and the re-heptane (about 0%/°C at 25°C) and higher in ethanol
absorption of uorescence in the liqguid medium. This(about 1%/°C at 25°C). Interpretation for these differences
approximation is acceptable for droplets given their verys that intermolecular deactivations of the excited states
small size but may fail for measurements performed in émainly by collisional quenching) are temperature-depend-
cell. Errors on the calibration may arise if the absorptiorent processes that are by nature function of the quencher
coef cient of the dye is temperature dependent and if thisype and hence the liquid solvent containing the dye mol-
temperature dependence is not the same for the two specealles. Based on previous works (Lavieill@ket2004), an
bands of interest. Also, the wavelength-dependent absorpppropriate tting of the calibration curves is provided by:
tion by the dye induces a ltering of the uorescent light

emerging in the direction of the detector. This spectral I- — = ()
tering can alter the pro le of a detection band if the absorp-

tion coef cient signi cantly varies over the given band. It is whereA, B and C are coef cients obtained experimentally
accompanied by a modi cation of the overall temperaturdrom the calibration curves in Fi$. Estimated values of
sensitivity of the uorescence ratio. As reported by DepréA and B are given in Tablefor the different tested fuels.
durand etal. (2008), the temperature dependence of th&he adjusted value for C in E(B) is not signi cant, as it
absorption coef cient is very weak in the case of pyrromehas to be determined along with K Kepec {Kopt,2 Kspec,2
thene 597-C8. The application of the Beer—-Lambert laby doing a reference at a known temperature. The-refer
(taken ; 2.3 10* m?%mol for the band [540-560m]  ence is usually taken very near the injection point so that
and , 0.06 10 m%mol for the band [610-636m])  the droplet temperature does not have time to change much
shavs that the effect of reabsorption on the uorescencdetween the injection and the reference. A thermocouple
ratio can be safely ignored if the probe volume is posiplaced into the injector body allows measuring the liquid
tioned at a distance of thm or less from the windows temperature at the injection outlet.

of the cell for a dye concentration ¢5 10°% mol/L.

Figure5 presents the calibration curves obtained for differ2.2 Temperature measurementsnixtures

ent fuels including ethanol, isohexane, n-heptardgcane

and n-dodecane, which have very different boiling tem-Based on Fig5, some liquid fuels seem particularly well
perature from 60C (isohexane) to 218C (n-dodecane). indicated to compose mixtures as pyrromethene 597-C8
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Table 1 Calibration coef cients obtained with the measurement sys
tem described in Ficgh 1.9

— n-dodécane75% / n-heptane 2%

A B — n-dodécane 50% / n-heptane 50%
n-dodécane 25% -heptane 759
179 |— n-heptane

1 981,802 7,263.1 — n-dodécane
2 362,233 3,082.2 151
3 463,493 3,574.3 gl
4 759,718 5,603.1 N
5 680,881 5,113.1
1: Ethanol (19C<T<72°C) 1.11
2: iso-Hexane (18C < T<50°C)
3: n-Heptane (18C < T<89°C) 0.9 ‘ . . . — T(C0
4: n-Decane (21C<T<143°C) 10 30 %0 0 % 110
5: n-Dodecane (19C < T< 148°C)

Fig. 7 Calibration cures for n-dodecane/n-heptane mixtures

1.7 1
16 :fj:ig:ne n-heptane, composition has practically no effect. In prac-
— n-dodécane?5%/ isohexane 75% tice, measurement errors can be limited if the calibration in
151 —:gggizzggz:’/izmi% temperature associated with the initial composition of the
14 droplets is used. However, it is necessary to verify that the
= change in composition remains suf ciently small to neglect
33 134 its effects on the measurements. Presently, numerical simu-
12 lations based on the isolated droplet indicate that the change
in the drop composition is rather limited during the time
114 period of the measurements (roughlyms).
1] In the expression of the uorescence signal (E}.
relates to the absorption cross section and the
09 0 % A A o T(°0) uorescence quantum yield at a temperature arbitrary

chosen to have . This term is therefore likely to
depend on the liquid fuel composition. This is con rmed
by comparing emission spectra recorded at a xed temper
ature of 25°C for several isohexaneffodecane mixtures.
has nearly the same dependence in temperature when dis-Fig. 8, noticeable changes in the uorescence intensity
solved into them. For instance, this is the case of isohexaregn be pointed out in the yellow-green region of the emis-
n-decane and-dodecane. Calibrations con rm the almostsion by pyrromethene 597-C8. Unfortunately, this spec-
independence of the temperature respopsmfthe proper  tral region coincides with one of the two detection bands
tions of these mixtures. An example is presented inGHiy. retained for measuring the liquid temperature. The in u-
the case of binary mixtures made of isohexaneratiode-  ence of the fuel composition on the uorescence ratip R
cane. In the worst-case scenario (use of a unique expressigas investigated more thoroughly for several mixtures of
for f,, whatever the initial composition of the mixture, totalfuels made of alkanes. In Fi§, signi cant variations of
evaporation of isohexane during the measurements), tiiee ratio R, are observed when changing the fuel compo-
measurement error associated with the calibration in tensition at a xed temperature. For example, in the case of
perature will not exceed X if the temperature remains in isohexane/fdodecane mixtures,;Rvaries from 0.5 to 0.8
the range of the calibration between 20 an@@0QThis error at a xed temperature of 28C. Also, the fuel composition
compares to the measurement uncertainties when doing theems to have a more pronounced in uence on the uo-
calibration (about 2C for the liquid temperature measure-rescence ratio, when the species that compose the mixture
ments and ¥ for the uorescence ratio;. The in uence  have very different molecular weights such as isohexane/n
of the composition is more important when the liquid fueldodecane or iso-hexandfexadecane. If nothing is done to
contains ethanol or-heptane as illustrated in Fig.for take into account the effect of the fuel composition, signi -
n-heptane/rdodecane mixtures. The calibration functipn f cant errors in the temperature measurements may be com-
is weakly affected by the composition for volume fractionamitted. Maqua eal. (2006) did a correction for Rhodamine
of n-heptane ranging between 0 and%5Below 25% of B dissolved in ethanol/acetone mixtures, which consists in

Fig. 6 Calibration cures for n-dodecane/isohexane mixtures
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1.2 T T T T T T 0.6 T T T T T
n-dodecane .
1t ) Isohexane 25% / n-dodecane 75%| | / Lasmg
/ Isohexane 50% / n-dodecane 50% 0.5 peak
Isohexane 75% / n-dodecane 25%
Isohexane -
2 04y ¢=5. 107 mol/L
< ¢=10% mol/L
c — = -6
S 03} c=5. }0 mol/L
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) o ) Fig. 10 Emission spectra recorded on 100-um decane droplets with
Fig. 8 Emission spectra ofypromethene 597-C8 at T 25°C in  several concentrations in pyrromethene 597-C8
several isohexane/n-dodecane mixtures

relates to the coupling of the uorescence emission of

—— coee the dye and MDRs also termed whispering gallery modes
e te (WGMs). In the presence of a uorescent dye, stimulated
A emission of the uorescent dye can occur inside the spheri-

cal drops for high-Q gallery WGMs that coincide with an
emission band of the dye. Figut® shows emission spectra
recorded from rdecane droplets sizing about 10& and
seeded with pyrromethene 597-C8 at concentrations rang-
ing from 10 “to 5 10 ° mol/L. Integration times of sev-
eral seconds were required to accumulate suf cient light
from the droplets. Each spectrum in Fig.is therefore the
contribution of thousands of droplets. A peak due to lasing
inside the droplets is clearly visible near 620 at the high-
est concentrations in uorescent dye. This peak is relatively
large (about 10hm) as it corresponds to a set of several
MDRs occurring in tens of thousands droplets. A careful
Fig. 9 Evolution of the uorescence ratio,Ras a function of the ObServation of Figsl0 and 11 indicates that the position of
volume fraction of several liquid fuels mixed at% Spectral bands the lasing peak corresponds to a spectral region where self-
of detection are those displayed in Rg. absorption is low and light emission by the uorescent dye
is high. Outside the overlap region between the absorption
and emission spectra, since self-absorption is very weak,
detecting the signal on a third spectral band having-intemcreasing the concentration in uorescent dye is in favor of
mediate sensitivities to both composition and temperaturenore light ampli cation and enhanced stimulated emission.
Instead, the change in droplet composition will be estimate@his explains why the lasing peak is strengthened with an
from the reduction in the droplet size in the case of binarincrease in the dye concentration in Ri@.
mixtures made of fuels having very different volatilities. For ~Unfortunately, the lasing of the uorescent dye inside the
liquid fuels having about the same volatility, corrections arelroplets is particularly detrimental to temperature measure-
less necessary since the composition changes at slower ratents as the lasing wavelengths coincide with one of the
and with a more limited in uence on the uorescence ratio. detection spectral bands. Also in FIg, a noticeable scat-
tering of R, can be observed due to the presence of MDRs.
2.3 Effect of morphologydependent resonances Variations of R, are certainly due to slight deviations in
the droplet sphericity. However, the direct observation of
Some dif culties may be encountered when implementinghe droplets shows hardly some evidence of droplet -defor
the 2cLIF technique to droplets. One of these dif cultiesmations, which in turn con rms that MDRs are extremely
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sensitive to the morphology. To eliminate the adverse effethe alcohols. Its band of absorption covers the spectral
of lasing due to MDRs, a non- uorescent dye, Oil Blue Nregions where absorption by pyrromethene 597-C8 is too
(also named solvent Blue 14, CAS no. 2646-15-3), is addegleak to prevent light ampli cation (Figl1). A concentra-
to the liquid fuel. This dye is miscible in the alkanes andion in Oil Blue N as low as 10 mol/L was suf cient to

— Absorp on of pyrromethere 597-C8

T 25 4 1.2

E — Absorp on of Oil Blue N

_i Fluorescence of pyrromethert97-C8
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recover the same value of the uorescence ratjgtRan in
a cell without any morphological resonances (ER).

2.4 Effect ofthe measurement volume

Due to the lens effect induced by the curvature of the droplet
surface and the potential absorption losses inside the liquid
medium, the excitation eld of the uorescence is not uni-
form within the droplets, which means that uorescence is
emitted by different points with different probabilities of
reaching the detector. This results in an uneven weighting
of the temperature measured by the LIF system. To quantify
this effect, it is necessary to take into account the charac-
teristics of the optical system, in particular the sizes of the
excitation beam and the detection eld of view with respect

Fig. 11 Absorptionand emission spectra of pyrromethene 597.cglo the droplet diameter. Presently, the excitation volume is

and Oil Blue N

0.8

0.7 r

0.6F !
05t
04t

0.3 r

02 Ce e

0.1r

Fig. 12 In uence of the addition of Oil Blue N

Fig. 13 Comparison between
the temperature at the droplet
centerTg, the surface tem-
perature §, the arithmetic
mean temperature,,land the
temperature - predicted

for the 2cLIF measurements.
Calculations correspond to the
simulation of the experimental
cases in Fig23. a Ethanol,

b n-dodecane

formed by the intersection of two laser beams whose diam-
eter at the beam waist is about 186. The zone visualized

by the optical ber through the lens doublet of the detection
optics corresponds to a disk of about 140. Geometrical
optics is used in association with ray tracing to describe the
propagation of light inside the droplet and to evaluate the
signal collected by the detection optics. Calculations are
illustrated in Fig.13 for two realistic cases taken from the
experiments. To simulate the evolution of the temperature
eld inside the droplet, the effective thermal conductivity
(ETC) model introduced by Abramzon and Sirignano (1989)
was used. In this model, the temperature eld is considered
to have a purely radial symmetry and the thermal conductiv-
ity of the liquid is increased to account for heat advection by
the internal circulation (Hill vortices). In Fig3, T, T, and

T, denote, respectively, the temperature at the droplet center,
the surface temperature and the arithmetic mean temperature
averaged over the whole droplet volume. The distribution of
uorescence inside the droplet is evaluated from Egsing

| ()
110
100
90 |
© 80
<
F 70 —Tm
601 —Ts
—Tc
50 )
- =T Lif
40

T t 30 T T T
6 (ms) 6 st(ms)
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the excitation eld provided by ray tracing and the tempera
ture pro le calculated from the ETC model. Ray tracing is
then used a second time to determine the signal collect
by the detection system. Figutd is an image of the uo-

rescence eld as it is viewed by the detection optics in th
case of a droplet that is slightly off-centered with respect t
the laser beams and the detection system. Calculations i
repeated for different positions of the droplet to mimic the
signal variation due the drop displacement relatively to th
detection optics and excitation beams (E#). The uores-

cence signal is integrated over the time period correspondii
to the crossing of the measurement volume by the drople

Fluorescence
emission

Zoom
Collimation
Fluorescent lens Camera (JAI)
PMMA 2048x2048
PIV mode

Fig. 16 Experimental setup for the measurement of the droplet-diam
eter by shadowgraphy

and the uorescence ratio is converted into temperature
exactly the same manner as the signal is processed in the
experiments. The resulting temperature is denoggd Hig-

ure 13 shows that [ can differ from the arithmetic mean

temperature by a few degrees. Obviously, the gap between
T, r and T, is all the more important that temperature gra-
dients are strong inside the droplet. The differences between
the two temperatures vanish wheyaid T, are close. In the

heating phase, it is observed thgt Rlways underestimates

the mean temperature, which indicates that the central region

Fig. 14 Fluorescence eld vieed by the detection system. Case of a

of the droplet has a more important weight on the tempera-

112-um droplet shifted vertically by 40m with respect to the meas- ture measured by LIF. For the measurements presented in

urement volume

Fig. 13, it can be roughly estimated tha{T (T, T.)/2.

This estimate is probably acceptable for other experimental

— Band 1[540 nm — 560 nn]] conditions given that the Peclet number and thus the effec-
—Band 2[610nm - 630 nm] tive thermal conductivity signicantly differ for the two
_ 45 ‘ ‘ ‘ ‘ ‘ cases presented in Fit3 (the Peclet number is about 200
2 47 for the ethanol case and 40 for thdadecane case).
< 35¢
3 3 1 2.5 Droplet size andelocity measurements
3 25| 1
§ ol ] The size and the velocity of the droplets were measured
S sl by quantitative shadowgraphy. A double cavity PIV laser
4 was focused on a solid uorescent PMMA material. The
S i resulting uorescent spot is placed at the focal length of a
L 05y convergent lens to produce an expanded beam of uores-

O 1 1 1
-150 -100 -50 0 50 100 150

cence light (Fig16). This beam is used as a backlit source

X (um) to observe the droplets by shadowgraphy. The laser pulses
duration is about s, and the uorescence lifetime of

Fig. 15 Evolution of the uorescence signal as a function of the ver

the uorescent PMMA is also on the order of a few nano-

tical position of the droplet within the measurement volume (8  Seconds. Hence, motion blur remains insigni cant what-
corresponds to a droplet centered in the measurerokmbe) ever the magnication and the integration time of the
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Fig. 18 Dropletsize measurements as a function of the vertical posi-

tion in the images given in pixels. Sizes are obtained without any cor
t t+dt rection of the image distortion (but using a calibration target to have
the magni cation factor). In reda second-order polynomial tted
line that can be used to correct the pincushion distortion by assuming

Fig. 17 Principle of the measurement of the droplet diameter an at the droplets are in focus in the images during the measurements

velocity

visualization system. Also, this method has the advantage 4)
to avoid some drawbacks inherent to coherent light such
as speckles. The signal used for triggering the injection ofhere the matrix T has a size 10-by-2. The elements of
the droplets is employed to synchronize the ashes of thé are determined using the least mean square method.
laser cavities. The frequency of the laser shots is xed at kinally, the third-order polynomial transformation de ned
few Hz, while the number of droplets injected per secontly T in Eq.4 is applied to all of the pixels in the image.
is in the order of 1&Hz. Shadow images are recorded byThe dif culty with this approach is the positioning of the
a CCD camera (2,048 2,048) in PIV mode. This camera dotted target in the calibrations and the droplet streams in
is equipped with a zoom (OPTEM 125c¢ with a 2 magni- the measurements, which must be perfectly perpendicular
cation module), which allows a 0.gm/pxI resolution at to the optical axis and in the focal plane. In practice, an
the maximum magni cation. In practice, the selected magalternative method to evaluate the droplet size relies on the
ni cation results from a compromise between the accuracperiodicity of the droplets. Figure8 shows the size of the
of the size measurements and that of the velocity measui@roplets as a function of the vertical position in the images
ments. Magni cation of the zoom lens is adjusted in such avithout any correction of the pincushion distortion. The
way that the motion of 2 or 3 drops can be observed in treffect of the pincushion distortion can be clearly pointed
pair of images as shown in Fitj7. Usually this leads to a out and a second-order polynomial seems satisfactory to t
spatial resolution of aboutm/pxI. the data points. The equivalent diameter based on the sur
Image processing begins with a correction of the opticdhce area of the droplet reaches a minimum at the center
aberrations, which can be important at the high magni caef the image, which agrees well with a pincushion distor
tions by the zoom lens. A grid of periodically spaced dots iion. Given that the pincushion distortion does not affect
used for this correction. A spatial transformation is inferredhe center of the images, the actual size of the droplets can
from the coordinates of the dot centers, and the magnibe well determined by assuming that it corresponds to the
cation factor is deduced knowing the distance between thginimum of the second-order polynomial tting the exper
dots of the grid. The pincushion distortion does not affedimental data. The distances of the measurement points to
the points near the center of the image. As the grid is regthe interpolating polynomial are related to the size disper
lar, it is thus possible to estimate what would be the possion of the droplets that is usually very small in the experi-
tion of any dot in the absence of any distortion. Denotingnents as illustrated in Fig8.
(%, y;) the coordinates of the ith dot in the image of the grid A grayscale threshold is applied to identify the drop-
and (y, v) its corrected coordinates without distortion, lets in the grayscale images. The main dif culty is due to
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Fig. 19 Evolution of the drop Size Velocity
size and the drop velocity 10057 (q) %7 ()
(n-dodecane and ethanol droplet 18« 1o N
streams injected in air at 2€ " BT e,
under isothermal conditions, . 0,995+ e " m 13 e, .o
d, 101.2pum for n-dodecane S 099d " g " v 12 ¢
andd, 113.4um for ethanol) % ’ . i En
Q 09851 ., > 5
0,98 .o 9 . .
0.9751 @ ethanol o N 81 eethanol " m g " .
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ig. istributi i a) Size (d=101.16pum =0.03pum eloci =8.77m.: =0.07m/s
Fig. 20 Distributions of size Size (d=101.16um RMS=0.03 b) Vel 8.77m.8 RMS=0.07m/

and velocity measurements
obtained att Oms in the

case of the n-dodecane droplet
stream presented in Fi§j9

the non-uniformity of the background. Gray levels of thethe position of the droplet that was ahead of it at tigne t
background may also vary because of the limited shotFig. 17).

to-shot stability of the laser ashes. A background image The absolute accuracy of the drop sizing is directly related
is obtained by averaging several images taken withoub the spatial resolution, i.e., abouirh, but the relative accu-
any droplet. Images of the droplets are then divided byacy within a set of measurements can be much better if the
this background image and normalized by scaling thenmages are recorded with the same zoom factor and the same
between 0 and 1. The threshold for the segmentation @fumination. To measure accurately the size of the droplets,
the images is set at a value of 0.5. Finally, ellipses thditis also critical to properly do the focus on the droplets. A

t to the points of the drop contours are interpolated. Thelefect of focus is actually the main source of errors in the
center of the tting ellipse is considered as the droplemeasurements. To assess how accurate measurements can be,
center, while the equivalent diameter is based on its suthe method was tested on ethanol ardbdecane droplets
face area. It should be emphasized that the droplets argected at room temperature as illustrated in Ri§sand 20.
perfectly spherical in the measurements that are report&dhe acquisitions consist in 100 pairs of images, which proves
in this study. Droplets may appear as ellipses in the imagéergely suf cient to insure the statistical convergence of the
because of the optical aberrations that distort the droptata with a RMS as low as 0.0f for the size and 0.0%/s

let shape. Otherwise, surface oscillations are completefgr the velocity (Fig.20). Very small decreases in the drop
damped given that the measurements are taken at sevesizk (smaller than fim), caused by evaporation, can be effec-
centimeters from the injector outlet. The determination ofively captured as shown in Fit9.

the velocity can be easily performed provided that there

is no ambiguity to associate the droplets in the pairs of

images. For that, the delay timeh#itween the shots of the 3 Measurement results anddiscussion

two laser cavities has to be carefully adjusted. The value

of dtis generally xed to the time period of the drop injec- The previously described techniques were used to study the
tion (about 3Qus). Indeed, there is no ambiguity with this heating and the evaporation of droplets made of different
time period since a droplet will be located at tdt near  fuels. The measurements reported herein were obtained in
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dry air at 540°C. Many parameters are known to in uencedecreases linearly with time) after they nearly reach the
the droplet eaporation. Quantifying the effect of these equilibrium temperature. The time required for that is very
parameters can be rather challenging. From an experimeshort for isohexane that is very volatile. For less volatile
tal point of view, it was dif cult with the present injection fuels, such as n-decane and n-dodecane, the liquid tem-
system to change independently the size, the velocity anqebrature must be relatively high for the evaporation to be

the droplet spacing at the injection. signi cant. In Fig. 21, n-decane and n-dodecane droplets
simply do not have a suf cient time to reach such a high
3.1 Effects offuel volatility temperature. As a consequence, the droplet size increases

because of the thermal expansion of the liquid that com-

Different behaviors were observed from the study of ligpensates the size reduction due to evaporation. Basically,
uids having different volatilities. Figurdl allows com- all the heat transferred to droplets made of low-volatile
paring the evaporation of different fuels including ethanolfuels is used for heating up the liquid. This explains why
n-heptanen-decane and n-dodecane. This gure displaysi-heptanen-decane and n-dodecane droplets have nearly
the evolutions of the temperature and size of droplets théte same heating rate until evaporation starts being signi -
are injected in rather similar conditions, except for thecant for n-heptane and n-decane dfter2 ms. Byincreas-
n-heptane droplets stream that has substantially higharg the injection temperature of the fuel, it was possible to
velocities and lower initial temperature. determine that the equilibrium temperature is about°C70

For high-volatility fuels such as isohexane and ethanofor n-dodecane (Fig22). When this temperature is reached
the droplet temperature reaches rapidly equilibrium at by the droplets, the evaporation rate is much higher. In fact,
value that is much lower than the boiling temperature ofhe evaporation rate (time derivative éf df n-dodecane at
the fuel. For instance, this temperature is aboutG@or the thermal equilibrium is comparable to that of isohexane
isohexane and 58C for ethanol, while the boiling points droplets, provided that similar ow conditions in terms of
of these liquids are, respectively, 60 and®@8In fact, this Reynolds number and drop spacing are achieved.
equilibrium temperature corresponds to the wet-bulb tem-
perature of the fuel in the hot environment of the chambeR.2 Effects ofdrop interspace distance baat andnass
When the thermal equilibrium is reached, the heat trans- transfer coef cients
fer to the droplet is entirely used for liquid vaporization.
In Fig. 21, the size of isohexane, ethanol and n-heptan®o put forward the in uence of droplet interactions, it was
droplets appears to follow thé Bw (i.e., the drop surface necessary to compare the measurements to the case of the

¢ ¢ ¢ n-dodecane (§=37,58C \p=13,05m.st, y=112,27um, &=5,88)
n-decane (§=34,54°G \p=12,42m.s%, 0)=105,74pm, =5,69)

A A A n-heptane (5=27,87°C b=15,16m.st, Dy=107,77um, g=5,47)

= m m ethanol(T,=35,05G Vp=11,79m.s%, y)=111,59um, @=5,41)
isohexane (§=32,27°C W\=13,12m.s%, Dy=108,96um, =6,06)
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Fig. 21 Evaporation and heating of droplets made of different liquids
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Fig. 22 Evaporation of n-dodecane droplets for different injec-case 2: f 68°C, d, 99.1um,\, 13m/s, G 4.5; case 3:
tion temperatures. Evolution of the temperature (a), the size (b), 170°C,d, 92.1pm,\, 13.3m/s,G 4.8)
(case 1: I 26°C, ¢y 97.4um,\y, 118m/s, G 4.2;

isolated droplet, whose evaporative behavior is known frorthe heat and mass transfers are known to be reduced. To
existing models (Abramzon and Sirignano 1989). Nusselccount for this effect, the reduction factogsand , are
and Sherwood numbers, denoted Nu and Sh, respectivalyroduced:
are used to characterize the in uence of forced convec-
tion on the rate of heat and mass transfers. When a drop ©)
is placed into a hot gas environment, it receives a heat ux Droplet diameter and temperature evolutions are simu-
c from the gas and starts to evaporate with an instantéated for several guess values gfand ,,. Retained values
neous mass vapor owrate. Basically, - and can be are those that minimize the differences between the measure-
expressed as ments and the simulation. Acceptable comparison with the
experiments can be obtained by assuming thand ,, are
®)  hot varying with time. Generally, adjusted values pfand
v Were found to be very close. In particular, it was observed
(6) that the equilibrium temperature of the droplets is not affected
where 4 and g, respectively, are the density and the-therby the spacing between the droplets. This observation con-
mal conductivity of the gas and, s the diffusion coef- rms that ; and ,, are modied to the same extend by the
cient for vaporin air. B, YJ1 Ysis the mass transfer effects of interactions. Indeed, the ratig , controls the
Spalding number related to the mass fraction of vagat Y balance between the heat ux of vaporization and the
the drop surface, Tis the temperature of the ambient gasheat ux transfer to the droplets. and thus the equilibrium
andTg is the droplet surface temperature. In the case of ttemperature. The sensitivity on the adjustment,pfs poor
isolated droplet, the values of Nusselt and Sherwood nunfer low-volatile fuels that have very low evaporation rates like
bers (respectively Ny and Sfy,) can be determined from n-dodecane injected at room temperature. Fi@deshows
the Im theory and the quasi-steady description of droplethe size and temperature evolutions of two droplet streams
evaporation (Abramzon and Sirignano 1989), made of ethanol anddodecane, respectively. Only the-cor
rection factor ; can be estimated in the case of tkdode-
(7)  cane droplet stream, since the heat transfer to the droplet is
almost totally used to increase the liquid temperature. In gen-
eral, at least one of the two correction coef cienjsor +
(8)  can be determined with a reasonable accuracy (of the order of
0.1). It should also be noted that the model of Abramzon and
whereF (1 B)*’In(1 B)/In(1 B)BB,F, F(By), Sirignano, although it is widely used, remains an approxima-
F; F(By), B being equal to @ or Br. tion. This obviously introduces an additional uncertainty in
These expressions of Nuand Sk, were used to simu- the values of , and ; that cannot be easily quanti ed. Nev-
late the isolated droplet heating and evaporation followingrtheless, even if the absolute values of the reported reduction
the numerical procedure described by Abramzon and Siridactors may be affected by large errors, their trend presented
nano (1989). However, in the presence of drop interactionkereafter may remain signi cant.
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Fig. 23 Evolutions of temperature and size in the case of two droplet streams. a Ethanol3gIl °C, d,
C, 5.4).bn-Dodecane ¢T 37.6°C,d, 112.3um,\; 13.1m/s, G 5.9)

111.6pum, \j, 11.8m/s,

In Fig. 23, the dimensionless drop spacing and the Reyr .,
olds number areery close for the two droplet streams, but 1 -
the heat and mass transfers are not reduced to the sagg |

-

Highly vola le .- %"

extent (+  0.45 for n-dodecane ang, 0.65 for etha- . | " -"7 m

nol). To con rm that the fuel nature has an in uence on the  _ | -

interactions between the droplets and their consequences 06 t,/'o

heat and mass transfers, values.0nd ,, were estimated Y b

for three different fuels (ethanol, n-decane and n-dodecan 051 - .,.f"'

while changing the droplet spacing and the injection tem %4 ’_,.»"' + n-dodecaa injectel & 170°C

perature for n-dodecane. In Fig4, | and j, increase 031

with the distance parameter, which was expected. Even f 0.2 -

m Ethanol injected a&60°C
n-dodecas injected & 30°C

n-decanenjected at30°C

a dimensionless spacing parameter as large a®9Cheat 0.1 -
and mass transfers are still signi cantly lower than in the | , , ‘ ‘ : , , e
case of the isolated droplet. Moreover, Fig.reveals that 2 3 4 5 6 7 8 9 D

the heat and mass transfers are reduced to a large extend

in the case of n-decane and n-dodecane drops injectedFéat 24 Inuence of the interdroplet spacing and the fuel volatility

30 °C. The reduction in the heat and mass transfers af@ the reduction of the heat and mass transfers

lower for ethanol droplets injected at roughly the same

temperature (30-56C). However, if n-dodecane droplets

are injected at a temperature close to the equilibrium ten®4 m/s for ethanol droplets injected at 850, 0.6 m/s for
perature (roughly 170C), the reduction in the heat and n-dodecane injected at 17C and almost Gm/s when
mass transfer becomes comparable to that observed for the@lodecane is injected at 3C. The Stefan ow forms a
ethanol droplets. This result shows that the volatility of thelm around the droplet, which prevents the outer ow to
liquid fuel has a noticeable in uence on the interactiongeach directly the drop surface. For a low-volatile liquid
between the fuel droplets. Explanations are still needed fael, this Im does not exist or will take time to form. As a
understand this phenomenon. Some evidences of an effetnsequence, the ow conditions near the drop surface can
of the fuel volatility were already reported by Deprédurande more affected by the modi cations of the outer ow.

etal. (2010) at much smaller ambient gas temperature and

for the same liquid fuels. It can be assumed that the Stef@&3 Evaporation measurementshimary droplets

ow produced by the vapor released by the droplet makes

the droplet surface less sensitive to any perturbation in thénally, the evaporation of multicomponent droplets was
outer ow that can be induced by the neighbor drops. Estialso investigated. Figur&b and 26 display measurements
mates of the velocity of the Stefan ow from the experi-obtained for several mixtures of isohexane and n-dode-
mental evaporation rate give about cane. The size, the velocity and the spacing parameter are
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0 2 4 £ (ms) 6 8 10 As already mentioned, variations in the droplet composi-

tion can affect the temperature measurements. In the case
of isohexane/n-dodecane mixtures, a simple assessment

Fig. 26 Evaporation of binary droplets in the same experimental con- . . .
ditions as in Fig25. Hollow markers correspond to corrected valuesOf th? drop composition can be obtained t')y assuming that
of the measurements only isohexane evaporates. The conservation of the mass of

n-dodecane inside the droplet can be written as,

roughly the same in these experiments. A noticeable effect - - (10)

of the initial droplet composition can be observed on the

droplet heating and the evaporation rate. As expected, In this expression, V denotes the volume fraction of
increasing the volume fraction of isohexane tends to-dodecane inside the droplet and T and d are, respectively,
increase the evaporation rate and to reduce the heating rdatee mean temperature and the size of the droplets. Sub-
A pseudo-equilibrium temperature can be extrapolated facripts 0 and i refer to two distinct instants of the droplet
mixture fractions ofn-dodecane equal to 25 and %& lifetime. In the following,t, is taken at the rst measure-
The relatve stagnation of the liquid temperature for thesement point (about tm after the drop has entered in the
two compositions is accompanied by an almost linear varchamber). Being not directly measured, the initial volume
ation of the squared diameter. From a qualitative point dfaction of n-dodecan¥,, is xed at its value at the injec-
view, those mixtures appear to behave as pure compoundien. This implies that droplet evaporation is very limited
This may be due to the fact that the change in composin the period of time between the injection and the rst
tion remains moderate over the time period of the expermeasurement point in the chamber. To nd out the drop-
ment (Fig.27). For volume fractions of n-dodecane largedet composition at the instant ain iterative procedure is
than 50%, the temperature rapidly increases and exceedsiplemented since;\and T are both a priori unknown in
the boiling temperature of isohexane (about@6). How- Eq.10. In a rst step, Tis set at the raw measurement value
ever, heating was not rapid enough to observe boiling ar{dncorrected for the change in droplet composition), and
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Eqg. 10is used to estimate the volume fractignThe cor  mixture. This gives a time for mass diffusion that
rection of the uorescence ratio for the change in composiis several orders of magnitude larger than the time covered
tion is given by, by the experiments. As long as the composition has not

changed signi cantly in the center of the droplet, doing no
_ (11)  correction of the temperature would be acceptable since the
center of the droplet is the region with the largest contribu-
where corresponds tion to the LIF signal (it was shown that AT T,.)/2).
to the calibration in composition displayed in FigEqua- As a result, the measurement method could also apply to
tion 11 implies that the uorescence ratig,fs not becom- any mixtures, provided that mass diffusion remains limited.
ing more or less sensitive to fuel compositions variationslowever, an accurate modeling of the composition and the
when increasing the liquid temperature. This was checkaeémperature eld within the droplet is required to validate
experimentally in the calibration cell for temperature up t@ne or the other of these assumptions (rapid mixing with
50 °C. The in uence of the temperature and the composia correction or diffusion-limited transfers with no correc-
tion can be separated, meaning that it is possible to expregmns). The question of the mixing inside the droplet is still
the uorescence ratio as: an open one, especially in the presence of strong aerody-
namic interactions between neighbor droplets that reduce
(12) the shear stress at the droplet surface. In the absence of a
precise description of the internal mixing process, it can
wheref and g are two functions that should be determineflist be said that the actual temperature of the droplets lies
by calibrations. An updated value of i$ available for a between the corrected and uncorrected values of the tem-
new iteration after conversion of the uorescence ratiqperature presented in Fi@gG.
into temperature. In practice, two or three iterations
are suf cient to converge. Figu/ shows the evolution of
the volume fraction of n-dodecane obtained by this itera4 Conclusions
tive method. Composition is changing at a faster rate for
droplets that initially contains 5% of n-dodecane. Other This study illustrates the capabilities of the 2cLIF ther
wise, the increase in the volume fraction of n-dodecane imometry to characterize the temperature of droplets includ-
more limited for the other mixtures. In F@6, temperature ing mono- and multi-component droplets. The uorescent
measurements are compared with and without the corredepant used in this work, pyrromethene 597-C8, has many
tion for the change in composition. The droplet temperaadvantages for studying the evaporation and the heating of
ture is increased by a few °C, when the change in composiroplets made of alkanes, ethanol and their mixtures. The
tion is accounted for. The correction can reach abd@ 8 respective in uence of the temperature and the composi-
in the case of the 5@ isohexane/n-dodecane mixture,tion appear to be relatively well separated. The sensitivity
which is not negligible. The proposed correction has thef the uorescence ratio to the fuel composition is more
advantage to be very simple to implement, but is limiteghronounced in alkane mixtures made of compounds that
to the case where a heavy fuel and a light fuel are mixetave very different molecular weights such as isohexane/n-
It must be also considered with caution, since the weighindodecane mixtures. Otherwise, droplet temperature can be
caused by the distribution of the internal excitation eld ismeasured ignoring the change in the liquid composition
ignored. As shown, the LIF signal is more sensible to thduring the droplet evaporation in the conditions encoun-
central region of the droplet, but 8hd Y are considered tered in the described experiments. The 2cLIF method has
as volume averaged quantities in Bd. Therefore, the therefore the potential to be generalized to more complex
previously described correction is based implicitly on themixtures.
assumption that the composition is uniform inside the drop- Furthermore, the addition of a small amount of an
let, i.e., there is a rapid mixing in the liquid. However, thisabsorbing but non- uorescent dye, such as Oil Blue N,
assumption may not be valid. If a diffusion-limited transferallows avoiding the lasing problem due to the coupling
of mass is considered inside the droplet, composition wilbetween the MDRs and the uorescence emission, espe-
change very slowly at the center of the droplet. Presentlgjally when pyrromethene 597-C8 is excited by the @32
the characteristic time of the mass transfer is much longdéine of a frequency-doubled Nd-Yag laser. Particular atten-
than the time period covered by the measurements (hetien should be also paid to the signi cance of the temper
about 10ms). The characteristic time of the mass diffusiorature measured by LIF. In general, this temperature dif-
can be evaluated agxt dZ/D,iq, where the droplet diam- fers from the arithmetic volume averaged temperature, as
eterd is about 11%um and the diffusion coefcient [y is  the uorescence signal is heavily weighted by the central
about 2 10° m?s for the isohexane/n-dodecane liquidregion of the drop than by the region close to the surface.
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