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Abstract

Commercial fuels are complex mixtures, the evapamadf which remains particularly difficult to molddn this
paper, the evaporation of binary droplets madetloyl@lcohol and acetone is investigated usingchr&ue of
measurement of the droplet composition developedpunpose. This technique exploits the laser induced
fluorescence of acetone which acts as a fluoresitacer as well as the more volatile componenthef fuel,
associated with an accurate measurement of thdedirdjpmeter using forward scattering interferomef model

of the fluorescence intensity of the binary mixfuiking into account the absorption of the acetmdecules, is
proposed and validated. Finally, the techniquesimahnstrated on binary combusting droplets in lirstia@am.

1. Introduction is ignited by means of an electrically heated qudced
Multicomponent droplets evaporation is a criticajust after the break-up zone of the liquid jet (fig 1).
issue for the design of modern combustors. In@aletr, In such a configuration of stream, the dimensiales
an improvement of the knowledge of multicomponenspacing paramete® is defined as the ratio between the

droplets vaporization process is necessary, edpeciadroplet spacingL and the droplet diameteD

when each component evaporates at different boilingC = L/ D).

temperatures. Fuel composition significantly influes

local fuel-air ratio and therefore, ignition delagsd

pollutant emissions. Due to the complexity of the

different phenomena involved in the heating and

evaporation phases of the droplet, the models meist

validated through elementary experiments, such as  argon Laser
monodisperse droplet streams. Simplified represigata (514.5 nm)

fuels are also used since real fuels are compo$ed o
hundreds of molecular species. Evaporation of:V.Laser
. . (266 nm)
bicomponent droplets made of mixtures of acetorte an

ethanol are also considered in the present stutlg. T -
aim is to develop an instantaneous measurement Electrons

Doppler signal
collection optics

Linear CCD
camera

technique of the acetone fraction in the dropletsed g:::'ef’r'{'fd cco . Eg’::'s‘d“ca'

on laser induced fluorescence of acetone, induged b N _Forward direction
UV laser radiation at 266 nm. In this experiment, Injector Flame interference pattern
acetone acts as a fluorescent tracer as well astine ~ 1 switch

volatile component of the fuel. The technique wa
applied to the characterization of the acetondifracf
bicomponant droplets evaporating in a flame produc
by previously injected combusting droplets in linea
stream.

%igure 1: Sketch of a combusting monodisperse @topl
estream with the droplet diameter measurement faasli

Knowledge of the droplet size reduction is necgssar
to characterize the evaporation of the dropletse Th
measurement technique is based on the interaction
between a spherical droplet and a laser beam [4]. A
am issuing from an argon ion laser is focused on
oplet (figure 1). Interferences between refleatays
d one time refracted rays are generated in tieafd
direction. The high frequency of the droplets pgesa

2. Experimental facilities facilities

A linear monodisperse droplet stream is generat
by Rayleigh disintegration of a liquid jet whichdr
experiences a mechanical vibration provided by
piezoceramic ([1], ([2] and [3]). A laminar sprawarhe
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makes that the fringe pattern appears stationargmitting fluorescence. The intensity of the flumessce
Measurement of the angular interfringe near thevdod signal, collected from an elementary volund/,
scattering angle of 30° enables to determine tbheldt assuming no saturation, is given by [7]:

diameter within£0.5 um with a very limited sensitivity

to the droplet refractive index [5].The interferenc dl =K
pattern is focused in one direction by means of a
cylindrical lens in order to increase the light mow
density. Image of the spatial intensity distribntics
formed on the linear sensor chipset of a CCD came

(4096 pixels). The angular interfringe is measuregbéorption coefficient for the acetone molecul&266

between two interference maxima in order to detine m ands is the fluorescence quantum vield of acetone
droplet size as suggested by Frohn and Roth [6& ™ 718 quantum y
and takes into account all non radiative decay gsses

droplet velocity is measured simultaneously by alnncluding collisionnal quenching. The optical carst

additional LDA system. With the help of the dropletKopt can then be evaluated using a suitable referdhce.

velocity, distance from the injector exit can be :
S . depends on experimental parameters such as probe
converted easily into time.

volume, solid angle, spectral and spatial efficies®f
3. Fluor escence of acetone droplets filters and detection devices. The local inten&tycan

: be related to the laser incident intengityby the Beer's
In the present experiment, acetone acts as an

evaporating fuel as well as a fluorescent tracerttie ~absorption law E = E,e*“*, wherex is the optical
liquid phase. . In a bicomponent mixture, one o thpath of the incident laser beam).
components (acetone in the present case) can iecexc  In the present study, the case of a droplet comiylet
to fluoresce. The total emitted fluorescence candesl illuminated by a plane wave will be examined. The
as a measurement of the number of molecules of theobe volumeV is therefore replaced by the droplet
fluorescing component. In a monodisperse dropleblume Vg4 in eq.(1) To evaluate the local excitation
stream and with the use of an independent and aecurenergy E, in the droplet, the focusing effect of the
measurement of the droplet diameter, this inforomati spherical interface and the noticeable absorptiastm
can be used to derive the relative concentratiothef be taken into account. The absorption, dependinthen
fluorescing component in the droplet. droplet diameter and acetone fraction, tends toedese
The absorption of liquid acetone is verythe efficiency of the excitation by the incidentséa
efficient at 266 nm which corresponds to the ragiat beam. In a mixture of ethanol and acetone, acetone
of a quadrupled Nd-Yag laser (Figure 2). The rasglt fluorescence can be quenched by both fluorescepce b
fluorescence spectrum is broadband with a maximuboth acetone and ethanol molecule. By using thalusu
emission in the 420-520 nm regigfigure 2). It was definitions of the quenching terms ([7] and [8]),
decided to detect the fluorescence on a narrowtrsppec neglecting the radiative decay rate in comparison t
band centered at 450 nm (bandwidth=20 nm) to decay by quenching, the te@ys; can be rewritten:

E dVCen (1)
whereKqyis a constant specific to the optical device,
E, is the local incident laser energy per pulse pet u
area,C, is the molecular concentration of the absorbers,
acetone moleculess, (molt.l.m?) is the molar

opt

avoid any residual radiation of th8“Zarmonic of the Xa
Nd-Yag laser at 532 nm. Cnt ol )
1{U.A) where y, is the molar fraction of acetone apdis a
! /b dimensionless empirical constants, which was pigper
g'z | calibrated =1.15) by measuring the fluorescence
0:7 1_ intensity for different acetone fractions in thextare.
06 4 - After collection all over the droplet volume, the
05 4 - fluorescence signal is expressed by:
T- - Xa
83 + - I = KOPtK Spechlu+1V uEOE(X a D) @)
g'i Il whereé (x,,D) s the efficiency of the laser excitation
0 which can be defined, according to the following
250 expression:
_ _ 3 [, E(xv2x.D
Figure 2: absorption and fluorescence spectra gl &(x, D)=+ 4
acetone (fluorescence is induced by the quadruidigd Ivd E(x Y 2x,=0,D

Yag UV laser radiation at 266 nm). E(xy.zx, D is the intemal energy field at given

LIF results from a process that begins with th@cetone fraction y and droplet diameteD and

absorption of the incident light by the acetoneeanales E(x Y, zx,=0,D is the same quantity assuming no

which are promoted to a higher energy level. Soime g . . i
the excited molecules return to the ground state Baybsorptlon. The internal field can be calculatechlrpy



tracing method using the 3D Snell's law at the tebp laser pulse. The camera is equipped with the ajread
interface and taking into account the absorptimn@l used band pass interference filter to isolate atspe

the ray path according to Beer’s absorption law. band of the fluorescence signal A sample of therlas
The fluorescence intensity was computed in order foeam is deviated in order to measure the energy per
evaluate its sensitivity to a variation of the acet pulse by means of a pyroelectric detector. The g@ner
volume fraction. The predicted evolution of themeasurement is done synchronously with the image
fluorescence intensity as a function of the acetorecquisition by the CCD camera, in order to nornealiz
fraction is presented in figure 3 for different gdiet the fluorescence intensity by the incident enengy &
diameters. As expected, the fluorescence intensigccount for the pulse to pulse variation of theelas
exhibits a pronounced dependence on the droplenergy (figure 4).

diameter. Additionally, for a given droplet diametthe
variation of the fluorescence intensity with theetane Acquisition Electrons multiplied  Pass-band filter
fraction is very steep for the lowest acetone foast A board 1 ccb Ca’ga‘ [440 nm ; 460 nm]
quasi-linear region can be pointed out with an uppe .
limit at Z,=0.1. The sensitivity to acetone fraction
begins to decrease aftég=0.1, but remains noticeable A%%Q?J}'S”
up toZ,=0.3 for droplets of about 100 um in diameter.
For acetone fractions higher than 0.3, the seiisitis Laser t’rigger
very limited. This can be attributed to the balance ang phase
between the increase of the acetone fraction ard th shifter
resulting extinction of the incident laser beam by
absorption, which reduces the fraction of the dzopl
volume that contributes to the fluorescence sighhe y /4
moderate decrease of the fluorescence intensityhfor
acetone fractions higher thaf3=0.3 can be explained
by the correction of the quenching term with thelfu
composition. This correction tends to decrease tHeigure 4: Block diagram of the measurement layout.
fluorescence efficiency for increasing acetonetioas.
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When the spaced-averaged composition of the

1{u.A) droplets is wished, a region of interest is defiméthin
the images and includes several droplets (3 o Hg.
D=240 pm images resulting of 200 laser shots are normallzgd
the energy of each laser pulse and after subtractio
ST the background noise the signal is averaged oVéhel
D=100 um images and over the region of interest.
D=0 um An example of image acquisition is given in figére
10 A for two droplet diameterd)=109 um and>=187 um
associated with the acetone fractiaas0.2 andZ,=0.9
respectively. The experimental images were compared
1 : : : : to the results of the numerical simulation with Bi@

00 02 04 7 06 0.8 10 ray tracing code, taking into account the obseovati

angle of the CCD camera. The images are featured by

Figurg 3: Calculgted evolution of the fluorescencgpq strong absorption of the acetone and the good
intensity as a function of the acetone volume foactor  5geement between the experimental and calculated

different droplet diameters. intensity maps can be noticed.
The laser shot is triggered on the piezoceramic

frequency at which the droplets are generated. #sph @ [.

shifter allows adapting the trigger frequency tketinto . Z=02,D=109pum  Z;=09, D=187 um
account the time delay due to the displacemenhef tFigure 5: Excitation field within the droplet (left
droplets from the injector exit to the measuremerfi2iculation by ray tracing; right: experiment).

position. The camera acquisition is triggered ome th

1000

100

4, Experimental set-up and data reduction

In the present experimental setup, the full apertdr
the laser beam (9 mm at 4yds used to induce the
fluorescence of the droplets. The fluorescence is
acquired on the array detector of an electron pligti
CCD camera, equipped with a high magnification
objective. The fluorescence signal detected by the
camera is digitalized on 14 bits i.e. 16384 grexels.

Experiment

Model



¢ o o4 Measurements
Model with T=20°C

ZZZI Model with T=56°C

5. Experimental results | (U A)
5.1. Validation of the fluor escence model 35 -
» Influence of the droplet diameter

Several droplets sizes were generated by tuning the3 1
frequency of the piezoceramic of the monodisperse.s -
droplet generator. Data were collected for différen 2 ]
droplet diameters (from 80 um to 132 um) and fao tw
acetone fractions Z(=0.1 and Z,=0.2). The 1.5
measurements were performed after formation of the ; |
spherical droplets, but sufficiently close to timgector
exit, to neglect evaporation and subsequent variatin 0.5 1
the acetone fraction Furthermore, as the droplet ¢
trajectories are very stable close to the injeetat, the 0 0.1
droplets are exposed to the same profile of enettggn ' Z,
they cross the laser beam. The evolution of the
fluorescence intensity as a function of the dropletigure 7: Measurements of the fluorescence intgrast
diameter is presented in figure 6 for the two ageto a function of the acetone fraction for three drdple
fractions. As expected the fluorescence intensitgiameters. Comparison to the model.
increases with the droplet diameter and with thetae
volume fraction. Here also, a good agreement with t 5.2. Composition measurements in combusting
fluorescence model is observed in the investigatee droplets

range.
* Measurement process
1 (UA) In measurement conditions, the trajectories of the
7 droplets in the laser beam may be not perfectlgdste
Zee =10% Zoee = 20% due to some turbulence that can be generated by the
61 o Experiment1g . flame. This affects the fluorescence signal sirloe t
i Zpee = 20% o . .
5 | o Experiment 2 o distribution of the energy in the laser beam is not
—  Model — S —iom homogeneous. In order to reduce the statistica$ bia
4 4 e induced by these unwanted effects, it is prefetocedo
3. the averaging of the fluorescence signal over aBregf
interest containing 4 droplets, i.e 1.5 mm in high.
2 In combustion experiments, the reference
measurement ipreviously taken close to the nozzle
1 @gﬁ‘){/( exit, when the droplets are formed, without anyriia
0 ‘ ‘ The reference diametd, is determined by using the
0 100 200 300 measured injected flowrat® and the piezoceramic
D(xm) frequencyf (D, = (6Q/7f }'*). Since the composition is

Figure 6: Measurements of the fluorescence intgrast
a function of the droplet diameter for Za=0.1 an
Za=0.2. Comparison to the model.

supposed to be well known at this point (i.e. eqodhe
nitial composition), the optical and spectroscopic
constants can be eliminated and the acetone frattio

) then derived from:
* |Influence of the acetone fraction

The influence of the acetone fraction was alsaetkst .
for three droplet diameter®€90 um,D=150 um and I* = _Aa XaH+1 Vd‘t'(Xa’D)‘ (5)
D=200 pm) and three acetone fractions (X805, Lo XaMt1l Xy Vdof(XaovDo)
Za,;=0.1 and Zg0.2) (figure 7). The evolution of the
fluorescence intensity is presented as a functioth® where | denotes the fluorescence intensity

acetone fraction and for the three droplet diansefBne  normalized by the incident laser energy.

fluorescence model seems to follow the experimental The determination of the acetone fraction required
evolution with a rather good accuracy in thehe inversion of eq. (5). This inversion is considgy
investigated range of acetone fraction. Nevertisel® eased by working with a 2D-interpolation éf instead

discrepancy of measurements with the model seergg .,nnin ;
. . g the heavy ray tracing code for any guest
more pronounced for the biggest droplets, which by value ofy, The interpolated function is obtained from a

due to possible non-spherical droplets. relatively dense meshing of the spaggl).



* Results phase. Initially, the droplets are rather cold and only

Droplets with a diameter on the order of 100 punacetone evaporates significantly. Then, since the
were also considered in this study. Figure 8 depio¢ droplets are heated up, ethanol begins to partiipa
variation of the fluorescence intensity with thetdihce increasingly to the vaporisation flowrate. With the
from the nozzle exit for three initial compositionsrather strong initial vaporization of acetone, etbla
Z.0=0.3, Z,;=0.2 andZ,,=0.1. The operating conditions becomes extremely in excess near the surface of the
are summarized in table 1. The initial diametefffedi droplet, even if the saturation pressure of ethdsol
slightly for the three compositions since it wafficiilt much lower than the one of acetone. According ® th
to achieve perfectly steady droplet streams whilRaoult’s law, at the liquid/vapour interface of aeal
maintaining the diameter. The droplet spadhg also mixture, the molar fraction of the vapour of each
added in table 1 and is almost identical for thee¢h component is proportional to their liquid fractiofor

investigated conditions. this reason, the vaporisation rate of ethanol mwee
whereas the one of acetone slows down which
'(U-A) ultimately results in a stagnation of the space-ayed

acetone fraction (phase 2). The whole acetone prase
the core of the droplet must diffuse to the surfatthe
droplet before that the surface temperature can get
higher than the boiling temperature of acetone tied
vaporization rate of ethanol increases further mgao
compare safely the evolutions of the previous dtspl
streams, the results are put in a dimensionless.fohe
time is normalized by the acetone diffusion

timeDz/aEﬁ, where a.; is the effective diffusivity

depending on the droplet Peclet number as defiyed b
0 : : Abramzon and Sirignano [10], whereas the acetone
0 2 t(ms) 4 6 volume fraction is divided by its initial value. &h
. ) values ofass are quoted in table 1. As expected, the
Figure 8: Temporal evolution of the fluorescencormalized volume fraction of acetone (figure 11)
intensity. Case of combusting monodisperse drople§gems to follow the same trend regardless to titialin
streams (Zg=0.1; Dp=95.3 um, Zg=0.2; Do=99.5 UM  conditions, i.e. the compositon and the droplet

and Zg=0.3 D=97.9 pm). diameter. The more scattered points are for the cas
Zay=0.1, for which the relative uncertainty is thegest.
Do (M) 953 99.5 97.9 Taking into account all the uncertainties sources,
Zyo 0.1 0.2 0.3 including diameter, florescence intensity, absompti
c , 3-189 3.07 3.17 coefficient of acetone and empirical constant the
Beit (M/S) 3.9.10 4.3.10° 4.9.10° uncertainty AZ_, is respectively +0.85% for
Table 1: Operating conditions. Z, =10%, +1% for Z, =20% and +2.1% for

Distance from the injector exit was converted intoZao =30%.

time by means of the local droplet velocity meadure D(um) V(m/s)

LDA. The origin time is taken at the exit of thenigion 105
device. As expected, the fluorescence intensity
decreases with the time elapsed from the injeciidiis 100
decrease comes from the preferential depletion of
acetone, which is the more volatile component ia th g5 §
mixture. The temporal evolution of the droplet deter ry
is presented in figure 9. The droplet shrinkagerset®
follow a D? law [9]. A perfect sphericity is required for
the size measurement but is difficult to insurergiho " Z,=0.1 -- V(m/s)
after the break-up. For this reason, size measursme &° 7. Z,,=02 — D (um)
don't start exactly at the same distance from tijecior © 7 =03

exit depending on the tested conditions. The aeeton80 = ‘ w w 2
volume fraction can be inferred from the measured 0 2 4
fluorescence intensity according to eq. (5). The t(ms
temporal evolution of the acetone volume fractisn i
shown in figure 10. The first measurement point=#t
corresponds to the injection conditions. The dégedf
acetone is the quickest at the beginning of the
evaporation then it slows down considerably in@osd

Figure 9: Temporal evolution of the raw and squared
diameters measured for &0.1, Z&=0.2 and Za=0.3.
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0.3. Above this value, the strong absorption oft@oe

molecules becomes a serious disadvantage. The

technique accuracy is of the order of 2% in term of

acetone volume fraction.

To implement the technique, one of the limitations
comes from the fact that the volume fraction i®iréd
directly from the intensities, which implies a stri
controlled of the operating conditions.

In future, these experimental data will be used to
assess multicomponent evaporation models takirg int
account the diffusion within the droplets. acetone
fraction gradients on the measurements.



