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Abstract

A new insight into the two-color laser-induced ftascence (LIF) is presented. The principle of tife tech-
nigue is to induce the fluorescence of a traceviptsly seeded in the liquid of interest. The twadec LIF tech-
nique was widely developed in the case of monodigpdroplets. The use of two spectral bands alaAsulating a
ratio of fluorescence intensities that depends amytemperature. When polydisperse and small diogee in-
volved, the two-color LIF technique cannot be udé@dctly. Indeed, it appears that le droplet disneombined
with the tracer concentration influence widely therescence signal and can induce a serious bitisei tempera-
ture measurement. The purpose of the present mfmeexibit further investigations about the paigrinfluence of
droplet size on the spectral distribution of theflescence intensity. The investigations have lbeaducted for two
tracers, sulforhodamine B and Pyrromethene597-808jle droplets with variable sizes, have beenidensd. A
significant variation of the fluorescence ratioaaginction of the droplet diameter is obtain, eggbcfor the small-
est droplets. For the biggest ones, the fluoresceato tends to be equal to the one measureadti.dn parallel, a
study of the fluorescence spectra highlights a figadion of the spectral distribution of the flusoence intensity
according to the droplet size. Furthermore, theeiase of the fluorescent dye concentration tendietoease sig-
nificantly the influence of the droplet size on fh@rescence ratio. Finally, it is demonstratedttthe crossed in-
fluences of the droplet size and fluorescent dyecentration can be summarized by a function depgndn a sin-
gle parameter writte@>°D.

Introduction

The measurement of the local temperature of tng&idi phase of a spray is an important issue in mouse
engineering applications, e.g. to study the vapdion of droplets in internal combustion engingsdilthe cooling
of hot surfaces [2]. Few techniques exist for tharacterization of the local temperature of theitigphase in a
polydisperse spray. The global rainbow thermom@BRT), which is an extension of the standard ramioer-
mometry, aims to smooth the sphericity effects ligumet for the standard rainbow technique [3]. &timethods
are based on the laser-induced fluorescence dafcarntdissolved in the liquid of the sprays. The tetor laser-
induced fluorescence (LIF) technique was succdgs@gplied to measure mean temperature of singbglets
[4;5]. The technique requires seeding the liquithwi temperature sensitive fluorescent tracer.r@tie of the fluo-
rescence signal collected on two spectral bandsrikponly on the temperature and is independettteo€oncen-
tration of the added tracer, probe volume dimerssitaser intensity and optical layout. The longvt@bjective is to
apply this technique in the case of polydispersaysp However, the extension of this techniqueoisstraightfor-
ward. Indeed, preliminary experiments conducted apray with the two-color LIF technique have shawa main
phenomena. First, the fluorescence ratio varieelyidhen increasing the injection pressure of fhrag whereas
the temperature is constant. In parallel, the isoence spectrum recorded in the spray was affegtacsignificant
modification of the spectral distribution, compatedhe one recorded in a cell at the same temyeratloreover,
it seems that both phenomena appear whateverubeficence tracers used. From these experimeiggssumed
that the droplet sizes distribution combined witle tracer concentration could explain both phen@neren if
their physical origin is not yet completely undecsd.

Therefore, the present paper aims to confirm desumption by using single calibrated droplets. Thwores-
cent tracers will be tested: sulforhnodamine B agmddPnethene 597-8C9 dissolved respectively in watet in n-
decane.
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Brief overview of the two-color laser-induced fluoescence thermometry technique

Only the main features of two-color laser-induckmfescence thermometry are described in this@ectut
further technical details can be found in [4;5].eTluorescence is induced by the green line ofrgoraion laser
(A =514.5 nm). The fluorescence spectrum is broatllaaxd depends on temperature. Thus, the fluoresdaten-
sity expression on a spectral bans given by [4]:

I f, = Kopt,i KspecivcI oCfi (T) (1)

whereK,, is an optical constankspecis a constant that characterizes the fluorescemcert propertied,, the laser
excitation intensityy, the collection volume of the fluorescence phot@#)e tracer concentration afidhe abso-
lute temperature. The functidfT) describes the temperature dependence of the drflittirescence on the spectral
bandi and can be approximated by:

2.8

fi(M)y=e™ T (2

The coefficientss; andb, characterize the temperature sensitivity on thetsglebandi. To properly measure the
temperature of a moving droplet, the unknown patarseC, V, andl,) must be removed. To overcome this prob-
lem, the fluorescence signal is detected simultasigan two spectral bandk;(andly,). Then, it is possible to de-
rive a ratio depending only on temperature:

= i = KOPt'lKSPeCl f1(T) _ Kopt,lepecl 'all_zab’bl_b2
R12 -5 - = e

I f2 Kopt,2 Kopt,2 f2 (T) Kopt,z Kopt,z

@)

In the current paper, two tracers will be considere

1- Sulforhodamine B (or kitton red) dissolved intara

2- Pyrromethene 597-8C9 dissolved in n-decane
Both dissolved tracers in their own solvents aléedaespectively solution A and solution B. Thesaiption and
emission spectra for both solution A and B are giveFig. 2. The selection of the two spectral lsofldetection is
optimised in order to increase the temperatureitbéats of the intensity ratioR;». The selected spectral bands are
summarized in Table 1.

SulforhodamineB Pyrromethene 597 -8C9
Band 1 [555 nm; 575 nm] [540 nm ; 560 nm]
Band2 | A>615nm [590 nm ; 610 nm]

Table 1L Spectral bands used for fluorescence signattietefor
the sulforhodamine B and Pyrromethene 597-8C9.

A temperature calibration, conducted in a conttblemperature cell, leads to determine the valuleotii coeffi-
cientsa; andb,. Moreover, the use of a single refereReg measurement in a cell at a known temperaiyraiows
eliminating both constants,, andKgpe.
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Figure 1. Absorption and fluorescence emission spectra ftr bacers: Sulforhodamine B in water (a) and Pyr-
romethene 597-8C9 in n-decane (b).

Experimental set-up

A monodisperse droplet generator was used to aartyspecific experiments on calibrated dropletg.(B).
With such a device, it is possible to obtain a widege of droplet diameters going from 40 um touat850 pm.
The temperature of the liquid can be measuredeainjlection point by means of a K type thermocouplee laser
excitation volume is generated by two laser beasgifng from a LDA probe with a focal length of 3htn. Fluo-
rescence signal is emitted when a droplet crossekatser excitation volume. The signal is colledigdneans of an
achromatic doublet placed at a right angle and ected to an optical fibre. The optical signal ighhpass filtered
by a Chroma filter (HQ 522 LP) in order to remove the laseatsering by the droplets. The remaining fluores-
cence signal is split into the two spectral bangsneans of a set of dichroic and interferencerltdhe fluores-
cence signal is detected by means of two photoptfigititubes and digitalized with the help of a thpomputerized
multi-channel acquisition board (5 MHz). Typicaltile measurements are based on the averaging @0058rop-
lets. Additionally, a spectroscope can be connettdtie optical fibre in order to obtain the fulidrescence spec-
trum with a resolution of about 1 nm.
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Figure 2. Experimental and optical set-up.

Results and Discussion

The goal is to obtain an experimental evidencthefinfluence of the droplet size on the fluoreseespectral
distribution and therefore on the fluorescenceordthis influence was tested for both solutionsnél 8 with a con-
centration 0fC=5.10° mol/l andC=10° mol/l respectively. The fluorescence ratio was soeed for droplets di-
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ameterD ranging from 4%um to 360um for both tracers at 10 mm from the generator. &ie results have been
normalized by the ratio measured in a cell withghme conditions.é. PMT high voltage and optical components),
referred as reference measurement. The experimestalts are reported in Fig. 3 for both testedsdy®r sulfo-
rhodamine B (symboL), the fluorescence ratio is almost constant far tlighest droplet diameters up to
D = 200 um and rises progressively when the diameteredses. For the biggest droplets, the fluoregceatm
appears under the reference measurenf@sR{», < 1). This phenomenon can be attributed to theonant signal
trapping due to re-absorption, which is more imaotton the first spectral band than on the secaral (see
Fig. 1.a) and subsequently modifies the fluoreseaatio. This re-absorption is about 1i# for a fluorescence
intensity decrease of 1 %. For pyrromethene (symiplthe fluorescence ratio is constant and equéheorefer-
ence measurement for diameter almost higher th@ruh® and the ratio decreases slightly for smalteplets’ di-
ameters. Re-absorption phenomena are not obsesvgyrromethene, due to the very limited overlapmeen the
emission and absorption spectra (Fig. 1.b).
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Figure 3. Evolution of the normalized ratiR;, / Ry», versus the diameter for monodisperse dropletbdtr tracers.

In parallel, fluorescence spectra have been redofaletwo droplet diameter® and compared to a spectrum re-
corded in a cell. This spectrum is recorded wiipecial care to minimize the optical path in orgeavoid fluores-
cence signal trapping due to the significant oyebatween absorption and emission spectra, esjyeftalsulfor-
hodamine B. The spectra on the droplets are redardea sufficient time to enhance the signal/ncése. To allow
an easy comparison, the spectra are normalizelddiydwn intensity integrated on a spectral banttene the effect
of the droplet size appears negligible:

S )= s4)

Jl S(1)dA

(4)

The values of both spectral banige(A; and A,) are respectively [685; 700 nm] and [517; 534 rfion]solution A
and solution B. Fluorescence spectra, normalizéawing equation (4), are depicted in Fig. 4.a $otution A and
in Fig. 4.b for solution B. The spectrum measurethe cell at the same temperature is also supeseath For both
solutions, it appears that the spectrum for théadsty droplet tends to coincide with the spectrunasueed in the
cell.

As preliminary conclusion, it appears clearly ttiat droplet size has a significant influence ongpectral distribu-
tion of the fluorescence signal and therefore enflilorescence ratio.

A physical interpretation of this phenomenon colddthe occurrence of stimulated emissions [6]. Stiraulated
emission can be reduced or totally deleted by asirg the losses on the optical path. Losses camipdified by
increasing the tracer concentration. A second agsamcould be interpreted by a population redisttion in the
solute-solvent molecular system induced by a higluénce excitation field [7]. Thus, the conceritmatof both
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tracer was multiplied by ten compared to the ihitialue. The new dye concentrations are respegti@ei5.10°

mol/l for the solution A an€=10°mol/l for solution B. In these conditions, the aidn of the ratio as a function
of the droplet diameter for both solutions is presd in Fig. 5. It appears clearly that the vaoiatof the fluores-
cence ratio is significantly attenuated for thehleigt dye concentration and is closer to the ratasured in a cell

(R12/R120=1). For solution A (Sulforhodamine B), the valRe/Ri,,< 1 for higher diameter is due to the re-
absorption.
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Figure 4. Fluorescence spectra recorded with two droplet éfars for solution A (a) and solution B. Compatri-
son with the spectrum recorded in a cell.

Following the above statements, the model of equdil) must be amended. The influence of the dtgite on the
fluorescence signal seems linked to the dye coretgont. Furthermore, the influence of the dropleé ©n the fluo-
rescence signal decreases as the droplet sizeyantbdcentration are increased. The crossed irdiehdye con-

centration and droplet size should be related single parameter written &8 D?. A simple dimensional argu-
ment based on dimensional analysis leads $01/3 and3 = 1. In practical words, it means that increasimg dye
concentration by a factor 10 is equivalent to iaseethe droplet diameter by a factor 2.15. To clieekeliability
of this assumption, the fluorescence ratio norredliky the reference value was plotted against ahenpeteiC°D
for all the investigated range of droplet diamet@&tss behavior for solution B is illustrated ingk6. It appears that
the florescence ratio normalized by its refereraiee plotted against the parame®2fD follows a unique function,
regardless the droplet size or dye concentratidre 3tatements are similar for sulforhodamine B, neifere-
absorption prevents to investigate the biggestldtepTherefore, and following the above statemantprrected
model for a fluorescing droplet can be postulated:

I fi = Kopt,i KspecivcI ngi (CllgD) fi (T) (5)

whereg; is an empirical function that accounts for the bomed influence of the droplet size and dye corregion.
An other interesting side consequence of this modeterns the case of evaporating or combustingleio[4;5].

In such a case, the droplets diameter decreaséiswomsly, due to evaporation of the volatile liduHowever, the
fluorescence dye doesn't evaporate, which imphes the quantityC*°D remains constant during the experiment.
Then, the measured temperature evolution is nettdt by the influence of the variation of the debgize during
the evaporation.

From the new equation (5), it appears clearly treermining the temperature of small droplets nexguthe accu-
rate knowledge of the functiag(C**D). In the case of a spray, the knowledge of the ldtagize range will allow
determining the optimal tracer concentration.
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Figure 5: Evolution of the normalized rati;» / Ri», ver-  Figure 6: Evolution of the normalized ratig;, / Ry,
sus the diameter for sollétlon B with a concentratd versus the paramet@“D for the solution B
5.10° mol/l
Conclusions
The last developments of the two-color LIF teclweidor droplets temperature measurements have freen
sented. Fluorescence signal measurements on desiggizectral bands and the study of spectra, hawvedstrated
that the droplet size can influence widely the sédistribution of the fluorescence, especiallgem the droplet
diameter decreases. Furthermore, the increaseeofiyd concentration tends to reduce the effect. ddew the
physical reasons of this phenomenon are at theeptréisne not well understood. Two assumptions héle to be
tested with future works:
1) The occurrence of stimulated emission, whickffectively reduced by an increase of the dye cotiee
tion.
2) The spectral distribution of the fluorescencession due to the high laser flux, encounteredroptéts.
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