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ABSTRACT

The modelling of the droplet evaporation phenomiendense sprays is preponderant for a good nunherica
prediction of the performances of combustion chasbEmpirical correlations derived from basic expents are
often used in numerical codes to take into accthumieffect of droplet concentration on the dynamnécal thermal
behaviour of the droplets . A Planar Laser InduEadrescence (PLIF) measurement of the vapor nralion
field is developed around acetone monodispersdetrsfyeams. The intensity of fluorescence is pripoal to the
local concentration for given temperature, pressun@ laser power. However, the difference of flsoemt signals
between the liquid and gas phases induces blooreffert. An interface positioning method based om th
Lorenz-Mie Theory (LMT) and on the geometrical opt proposed on the images with the liquid phaspite the
blooming effect. This accurate position is necessareliminate the blooming subsequently by hidthg liquid.
Experimental results are obtained with two caseacetone jet injected in a quiescent air at ambiemiperature
and pressure. They show a good agreement with Biowlation except in the close zone of the liquigk do the
presence of the mask.

Keywords: PLIF, Fuel evaporation, droplet, blooming

INTRODUCTION

Droplet evaporation modeling in dense sprays isspwhsable for providing accurate simulations in
a combustion chamber. However, the evaporationgghenon is complex and hypotheses must be made
to ensure reasonable computation times. These hgped result from investigations on basic
configurations, allowing complete numerical simidas (Abramzon et al, 1989; Dwyer et al, 2000) and
experimental measurements (Virepinte et al, 20@0rént et al, 2006). Monodisperse droplet streams a
commonly used on experimental devices, associaid mon-intrusive measurements of the droplet
average temperature or diameter: rainbow thermgmetradowscopy, infrared thermometry and Laser
Induced Fluorescence (LIF). Moreover, the wakectffe studied by controlling the distance between t
consecutive droplets. Planar Laser Induced Fluerese (PLIF) is a specific application of the LIF
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technique providing the 2D vapor fields correspagdio the plane of a thin Laser sheet. Investigatio
performed on acetone air mixtures and on sprays haghlighted several difficulties inherent to fRkElF
technigue. Indeed, the high acetone concentraticghe liquid phase and the refraction at the iatf
makes the UV light distribution in the liquid phasmn-uniform. Otherwise, the high acetone
concentration difference between the liquid and ¢ghs phase leads to a blooming phenomenon. A
blooming correction has been proposed accordingvistigations with Mie scattering images (Orain et
al, 2005; Castanet et al, 2007) from non-fluorgg@thanol droplets. Nevertheless, this method ispli
the use of a specific CCD captor, which in turnuiegg that the droplet surface position and itsovap
mole fraction be precisely known. The droplet stefgositioning is consequently delicate. Classical
threshold methods result in overestimation of thepkbt diameter. Considering the interface as an
inflexion point on the extracted fluorescence pesfi(Orain et al, 2005) makes physical sense, lsecau
the phase change at the interface generates imytlelight intensity step with an infinite derivagi
However, the position of the inflexion point isfséd considerably by the blooming, and its deteation
brings additional numerical uncertainties by defivga a sampled profile. Another strategy relies on
methanol droplets seeded with acetone and injedtibdthe same experimental parameters as the aeeton
droplets (Bazille et al, 1994). The resulting ldjufluoresces slightly without the incident signal
absorption, as methanol is transparent under UM.lifihe droplet surface is easily determined on the
images, and this positioning is assumed to be dheedor the images of the acetone droplets. However
the differences in the methanol physical properdied a high sensitivity of the jet to the experitaén
parameters affect the droplets size and the jettiim, increasing the uncertainties in this positig.
The objective of this work is to achieve a pre@danterface positioning strategy on the image#$ wie
liquid phase and to eliminate the blooming elimimratsubsequently. A method based on the Lorenz-Mie
Theory (LMT) (Castanet et al, 2005; Mees et al,13Gthd on the geometrical optic is proposed to hode
the liquid phase fluorescence and to locate thefadde regarding the fluorescence maximum, dedipéte
blooming effect. The blooming is eliminated by penfing two consecutive measurements on the same
configuration of a monodisperse acetone dropleastr; first with a mask hiding the liquid phase, and
then without. In the first case, the fluorescenigma is not affected by the blooming, whereashia t
second case the interface is successfully posdiohguantitative vapor mole fraction profile istaimed
from the fluorescence images in the droplet eqiatptane; comparison with the numerical simulation
validates the method. Moreover, the numerical satiohs provide the temperature fields around the
droplet, leading to a precise analysis of the arilte of this parameter.

FLUORESCENCE THEORY AND SIMPLIFYING HYPOTHESES
The fluorescence is a radiative de-excitation meadfecting the acetone molecules illuminated by
an incident monochromatic Laser light at a spe@ficitation wavelength. The fluorescence sighal ,

expressed as a number of photons, is linked ttotia acetone mole fractiorX (1), by considering

acetone

the quantum yieIde(/l P,T)) and the absorption cross sectia(/llase, ,T).
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The Laser wavelength, the optical collection efficiy, and the collection volume are determined
with the experimental device, whereas the Lasamfle, temperature, pressure and vapor mole fraction
are local parameters in the investigated vapod.fiatcording to previous work (Thurber et al, 1948
quantum yield dependence on the local pressuregBgible under 5 bars. Otherwise, the fluorescence
dependence on the local temperature relies on wh@tgm mechanics to model the absorption cross

section a(/l T) and the fluorescence quantuch(/l P,T)). Interpolation of Thurber results
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[16] led to a polynomial correctionfl(T) (2) for temperatures ranging from 20°C to 70043suming
the pressure to be fixed at a reference vaRig, and for a given wavelengtil .,
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Other phenomena affect the fluorescence quanttatieasurement. Quenching is a non-radiative
relaxation process resulting from the collisionviEdn the acetone and other molecules such as oxygen

molecules. This phenomenon is indirectly taken #xtoeount in the polynomial correctiorﬁl(T) (2).

The phosphorescence corresponds to a secondaayivadie-excitation process to lower energy quantum
states that is difficult to model. Nevertheless, d@haracteristic time is longer compared with the
fluorescence time. Moreover, the influence of qirémg on the phosphorescence is significant, stsongl

limiting this radiative process. In the confinedttegs, photolysis occurs, resulting in the disstien of

the acetone molecules. The available excitationrggn@as well as the acetone mole fraction are
consequently reduced, limiting the fluorescencecotding to Thurber results (Thurber, 1999), the
photo-dissociation affects 10% of the acetone nubdscafter 1000 Laser shots, for a Laser fluence
averaging 1000 mJ.cift

EXPERIMENTAL SETUP

The experimental device (Fig. 1) is based on thiiaition of fluorescence images corresponding
to a thin UV Laser sheet which interacts with thetane molecules, either in a saturated hermeitifore
the calibration, or with the monodisperse droptgtsam. A 266 nm 10 Hz pulsed ND-YAG Laser beam
is transformed into a thin parabolic sheet throaghadjustable optical device. The minimum size and
thickness of the sheet average 50 mm and @®0respectively, at a position which matches the
experimental area. The Laser energy is set by tatiag the polarization wave plate at the entrasfahe
harmonic generator.
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The excited acetone molecules fluoresce in théleisvavelength, ranging from 350 to 550 nm. A
band pass optical filter corresponding to this viewgth interval is used on the lenses, eliminathng
scattered UV light. In addition, the field depthtbé camera is superior to the sheet thicknessydgfrthe
use of an aperture of 5.6. The camera associatidtivé phosphorus intensifier and the post prongssi
software acquires instantaneous images each comeisy to the fluorescence field averaged on the
sheet thickness. The image resolution isutpixel, and the camera has a dynamic range oft§2The
signal noise is reduced by averaging 100 instantsanages before post processing. A semi-trangpare
mirror takes 20 % of the Laser beam for the memgudevice. Therefore, the measured value

E .« COrresponds to 25 % of the Laser energy affectiegekperiment during 1 pulse. The average value

of the background noise is measured in the amhbiert some distance from the jet or outside thieoce
the same image, where the acetone mole fractioegsigible. All the images shown rely on the same
Cartesian reference mark (Fig. 1): x correspontiinpe Laser sheet opposite direction, y corresiognd
to the monodisperse droplet stream direction, ftbenbottom to the top, and z orthogonal to the Lase
sheet plane, towards the camera.

The calibration with a hermetic cell
A calibration is performed by measuring the flueerece 1D-profile in the Laser sheet direction (x
coordinate) from a saturated acetone hermetic (E&. 1). The general fluorescence equation (1) is

fluo

S
adapted to the experimental device , consideriagrtbasured relative value— obtained with the
ref

acquisition device. The local Laser fluen&eis rewritten as a function of the Laser fluencesumlg the

cell E,, also taking into account the absorption in thk loetween the window positiorx,;,, and

the considered positiorx, as the transmission factar,, through the cell windows. Moreover, the

pressure and the temperature are uniform and égtizir respective ambient valud? andT,, .

The vapor mole fraction in the cell is consequentiiform, and calculated with the Antoine corradati

This results in an exponential fluorescence 1Dierdf the Laser sheet direction (x) which is fitte the
measured overlapping profiles with a least-squarethod (Fig. 2). The Laser fluence outside the cell
E., depends only on the measured Laser energy. Sévasgat fluence values outside the cell have been
calculated from fluorescence 1D-profiles obtainediar the same ambient pressure and temperature at
different measured Laser enelgy,, .

M easurement around the monodisper se droplet stream
The monodisperse droplet stream (Fig. 3) is basethe Rayleigh disintegration of the liquid jet
through a piezo ceramic, providing calibrated detplwith the same size, the same velocity, the same

. S . . -
temperature and the same spacing param@teerd at a given distance from the injector. Therefore,
d
measurements at different positions result in gpteal evolution of a considered droplet in the Jdie
spacing parameter is set to comply with the frequexri the ceramic and the velocity with the pressatr
the injector tank. The mass flow rate conservatietds the droplet diameter at the injector (3)J @s
decrease in the stream resulting from the evamoraiignored.

2
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The injection temperature is regulated with thertmstat. Moreover, fine screws adjust the liquid



jet orientation so that the droplets are entiryniinated by the Laser sheet. A mask positioneftant

of the droplets by micrometric screws can hidelitpgid phase and eliminate the blooming effectha t
vapor phase. The camera, the ceramic frequencyhentlaser pulses are synchronized in order to get
fixed droplets on each instantaneous image. A shsadupy device made up of a CCD visible camera, a
macro- scopic lens and a monitor synchronized erdtbplet injector controls the stability of theestm.

The advantage of the PLIF technique concerns tipervphase surrounding the droplets, on the side
towards the Laser. In a first approach, the loealgerature variations in the vapor phase are ignanel
only the ambient value ;Tis considered. This hypothesis will be validatgdthe numerical model
description at the end of the paper. The localqumesvariation is also ignored and only the ambiahie

P, is considered. The previous fluorescence equatimesl for the calibration are adapted to this
configuration without the hermetic cell, by ignaithe absorption in the gas phase. The Laser fuenc

consequently uniform, and corresponds to the fance,_ determined at the calibration. The cell
window transmission factoil , disappears, whereas the ambient temperature assupeeinfluence are

taken into account through the respective ra U Tl) andﬂ.
1:l TO I:)O
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For a chosen experimental configuration, severguiaitions are performed, with the mask
moved progressively, to hide the liquid phase iasigly, in order to keep most of the vapor phase
fluorescence and to hide all the droplets. The nmaskt be at a sufficient distance from the droplets
avoid the aerodynamic interactions, and remainecloghe field depth of the camera to limit therbhg
effect on the images. Due to this position outslte field depth of the camera, residual light frtre
liquid phase would affect the fluorescence if thasknedge corresponded exactly to the surface of the
droplets. A part of the vapor phase is consequéritigden. The postprocessed images with the droplet
surface vapor mole fraction as threshold highlitite significant effect of the blooming. Without the
mask, the interface position is wrong. With a @édigihidden liquid phase, residual light comingrfrthe
liquid phase depicts the shape of the dropletsleads overestimation of the vapor mole fractione Th
droplet surfaces are therefore positioned precismlythe images without the mask, despite the
overestimation of the fluorescence. The mask isnafirds delicately moved without modifying the
droplet stream, making the interface position id@hton the images. Regarding the quantitative el
of the acetone mole fraction in the gas phaseativantage concerns the 1D profiles extracted fitzan t
fluorescence images , corresponding to the eqahfene of the droplets.

LIQUID PHASE FLUORESCENCE MODELING AND INTERFACE POSITIONING

The proposed interface positioning relies on thertscence modeling according to both the
Lorenz-Mie Theory (LMT) for the incident Laser fluge E,_  inside the droplet and to the geometrical

optic for the fluorescence rays generating the dddilp.

liq

Computation of the UV Laser fluencefield

The UV Laser fluence fieldg,,, (Fig. 7) is computed in the liquid phase with @e®ased on the
LMT [9,21]. The model is based on the complete kg of the Maxwell equations inside a sphere



illuminated by a continuous monochromatic plane evat 266 nm . The computation is axisymmetric,
and the refractive index inside the sphere is umforhe droplet equatorial plane generated by thad

Z axes is considered. . The absorption is takemantount through the imaginary part of the complex
refractive index. The light scattering is also nmede
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Fig. 3 Incident Laser fluence in a 200 pm droplet Fig. 4 Computed fluor escence profiles
obtained with the code based on the LM T corresponding to theliquid phase for
different directions &

The computed UV Laser fluence field highlights thight absorption in the liquid phase is a
dominant factor, with the maximum incident light&ted at the surface on the side towards the LAger.
exponential decrease inside the droplet is obseieal first order refraction rays at the droplet
surface tend to bend the iso-intensity layers tdw/dne droplet centre.

Computation of intensity of the fluorescencerays

The rays generating the fluorescence profile audted in the camera angular field, which
averages 10°. In a first approximation, the rayeming from the droplet surface and orthogonaht t
laser sheet are analyzed (Fig. 8) and these directiorrespond to the z axis. These rays emergetfre
droplet equatorial circle. Basic geometry consitiens provide the angléd of these rays with the
normal direction to the droplet surface. The Sialkcartes law combined with the optical reciprocity
principle gives the direction of the rays in thgulid phase.

E i pi - N
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Assuming the temperature, pressure and densitg tonform and the fluorescence to be isotropic in
the liquid phase, the signdb;, ;,is proportional to the local UV Laser fluerieg, , with the same
factor at every point in the droplet (8). In costréo the UV incident light at 266 nm, the fluoresce

signal is not absorbed by the acetone in the wagéte range (350-550 nm). The fluorescence
contribution of a ray is deduced by adding therfteevalues on each discrete volume of the liqguabsph

intersecting the ray (8), taking into account taasmission fact ofT . over all the droplet surface.

Sfluo,ray = Tdioptre'KI (Tliq’ I:)qu)' I Equ dVC (8)
ray

Fluor escence image corresponding to theliquid phase



The fluorescence contribution of each discrete gmgrray is consequently computed knowing the
incident UV light field inside the droplet. Plottjrthese contributions versus the x cartesian coatels
provides the fluorescence profile generated byottieogonal to the Laser sheet r6§s= 90°). However
the real fluorescence profile is generated by therging rays whose direction _is included in tamera
angular field. A further refinement consists infpaming the same computation for the rays incluoed
the droplet equatorial plane (generated by the & araxes), with a different directiod than the

orthogonal rays. In each computation, the directioth the Laser sheet plané is fixed for all the

fluo,ray

emerging rays at the droplet surface. The fluomseeontributions are plotted against the x

ref
Cartesian coordinates for each given directiifFig. 4).For the angles included in the camera field,
the resulting profiles (Fig. 4) present a maximutaked close to the droplet surface, at a distagoel
to 5 % of the radius. The simulated fluorescenadilprcorresponding to the droplet equatorial plae
an average of all these profiles and the distamtevden its maximum and the droplet surface is also
equal to 5 % of the radius. The simulated fluoreseeprofile corresponding to the droplet equatorial
plane is an average of all these profiles and ibante between its maximum and the droplet suiiface
also equal to 5 % of the
radius.

RESULTS AND DISCUSSION

The parametrical study with droplets injected ia #mbient air (Table 1.) focuses on the influerfdhe

. . . S, :
injection temperature, droplet diameter and spapargmeterC = —-on the concentration of the vapor.
d

The diaphragm diameter is fixed at 400.

Table 1. Experimental parameters

Profile Injection Droplets Parameter Droplets Frequency
temperature | diameter c=%: velocity

a 21.6 °C 265um 4.67 8.19 m.s-1 6617 Hz

b 22.4°C 173um 2.00 7.87 m.s-1 22687 Hz

c 45.6°C 238um 3.76 8.30 m.s-1 9287 Hz

d 45.5°C 181 pum 2.20 7.15m.s-1 17987 Hz

e 45.6°C 169um 1.92 8.59 m.s-1 26497 Hz

I nterface positioning and blooming effect

A first qualitative analysis is carried out withogitets injected at 45.6 °C. All the profiles preseh with

or without the mask, are extracted from differemplets on the same image (Fig. 5, Fig. 6). Thdilpso
extracted from the images without the mask (FigsH®w a sharp maximum on the side towards the, laser
whereas the decrease is moderate on the oppodie Ene interface is easily positioned from the
maximum, according to the liquid phase fluorescanodel, since the droplet diameter is known. Ingeed
the maximum position of the experimental profilesnot affected by the blooming, and the proposed
interface positioning can be applied on the bloorimealges. This method leads to a point closer to the
maximum, compared with the classical positioningtha inflexion point (Orain et al, 2005). The



difference A% (Fig. 5) ranges between 10 % and 16 % of the dtafibmeter (Table 2). It results
d

both from the inflexion point calculation with tteampled values and from the blooming effect which
shifts this inflexion point.

Table 2. Difference between the proposed interface positioning and the classical
positioning on the inflexion point

Profile Droplet diameter Difference A%) in  the
d
interface position
a 265um 10%
b 173um 15%
c 238um 12%
d 181um 16%
e 169um 15%
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Fig. 5 Interface positions on the extracted | Fig. 6 Influence of the mask on the
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equatorial planes of different droplets) equatorial planes of different droplets)

The comparison between the profiles correspontdirige images with and without the mask (Fig. 6)
highlights the strong effect of the blooming affegtthe fluorescence signal in a large part ofwhpor
field (at a distance bordering on 10 droplet diar®t The profiles obtained with the mask repretent
vapor mole fraction only on their decreasing paltthe quantitative profiles are similar and indld in
the uncertainty margin, highlighting the weak etioln of the vapor mole fraction on the camera field
Therefore, only one profile is retained for eachfiguration. The increasing part of the profilesuis
from a slight contribution of the points behind tirask on the fluorescence image, the mask being
positioned outside the field depth of the camera.
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Fig. 7 Acetone vapor mole fraction profiles. Comparison between the numerical

and experimental results

Fig.7 compares experimental acetone mole fractioofiles obtained with numerical
simulation. The numerical simulation consists tame Navier Stokes equations computation
inside the droplet with external flow calculatioris. the case of the stream, axisymmetry is
assumed and computation is 2D. Unsteady couplingerformed between the two codes to
insure the boundary conditions at the droplet serfiacluding Marangoni effect. The external
flow of the stream is modelled with two consecusivalf droplets and a periodic condition
between the inlet and the outlet of the domainegs $he monodisperse jet is considered
therefore as infinite. Experimental results (FiQj.are obtained with two cases of acetone jet
injected in a quiescent air at ambient temperatme pressure. They show a good agreement
with the numerical model except in the close zdnthe liquid due to the presence of the mask.

CONCLUSION

The PLIF measurement technique has been succgss@ueloped around the monodisperse droplet
stream, for different injection temperatures, spg@arameters and droplet diameters. Relevanttsdsul
agreement with the numerical simulations have ba#ained. A simplified liquid phase fluorescence
modeling based on the LMT and on the geometricdicogelded an interface positioning method
applicable to the fluorescence images affectedhieyllooming phenomenon. This accurate interface
position allowed the effects of blooming to be dewacted, by hiding the liquid with a mask without
modifying the parameters. Such a positioning methaekcessary to apply the blooming correction thase
on the Mie scattering images with the appropriateDCcaptor. The correct agreement between the
numerical and experimental results helps to vadidhe numerical model, which is extended to more
complex configurations, in order to refine the @rig correlations applied in the combustion chamber
simulations..
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