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Dispersion of afuel spray in a heated channel with controlled turbulence: characterization
of droplet temperature and fuel vapor distribution.
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Abstract
Designing new low-emission combustors requires deeelopment of computational codes with high prigic
capabilities. Numerical models used in these nuraksimulations must be validated against experialeaference
cases where the different parameters of interesbeaneasured and controlled.
This contribution presents experiments where agpehy with a known composition is injected in atee channel
where homogeneous and isotropic turbulence is dpedl Droplet size and velocity distributions adlvas the
characteristics of turbulence in the gas flowfielere previously measured. The liquid fuel consi$tdifferent mix-
tures mainly composed of n-decane and a fractiadrpéntanone varying from 0 to 15 % in volume. idlet tem-
perature is 560 K, bulk-flow velocity 2 m/s anditulence rate about 25 %.
Two laser-based diagnostics are implemented orettpsriment in order to characterize both the dcand the gas
phases.
Droplet temperature is first measured with the twter laser-induced fluorescence technique whiduires to
dissolve a temperature-sensitive fluorescent tractre liquid fuel. The fluorescence, induced b@\& argon laser
tuned at 514.5 nm, is detected over two spectradidéor which the temperature sensitivity is sudiitly different.
The ratio of the fluorescence signals from bothdsatepends only on temperature. A preliminary sty clearly
pointed out additional effects of the size polyéision together with the fuel composition on thefescence sig-
nal. This study was used to derive a strategy @eimoto get rid of these phenomena in the presgmtrérents.
Droplet temperature profiles were recorded alomgdiiannel axis together with radial profiles afedént distances
from the injector. A strong increase of droplet parature is observed immediately after injectialofved by a
smoother heating at larger axial distance. Additittla amount of a more volatile component (3-amne) leads
to a two-stage heating. 3-pentanone evaporatestfissinitial increase being followed by a platesere it all va-
porizes. At later stages, this temperature prodifels to become similar to that of pure n-decane.
In a second step, the spatial distribution of 3tgeone vapor in the gas phase at various distdrarasthe injector
is determined by means of planar laser-inducedrdlsmence using a frequency-quadrupled output ofl:¥ AG
laser at 266 mm. Fluorescence is recorded by ansifted CCD camera equipped with a high-pass alpfiicer to
collect signals at wavelength larger than 320 nwoliion of fuel vapor concentration with distarfoem the injec-
tor is observed due to spray spreading and drepigporation. Additionally, local flow structuresnche visualized
and the influence of vortices on droplet traje@srtan be evidenced.

1-Introduction

Liquid fuels are often used in combustion systeangpfopulsion of aircrafts, rockets or automobilaguid fu-
els, generally composed of hundreds of moleculesatomized into droplets in the combustion chanberder to
increase the exchange of heat and mass betwedigufteand the pre-heated air. The most importarameters
that affect the overall efficiency of the combuséod its pollutant emissions are ambient tempegaturbulence
and residence time. The chemical nature of theifuelso likely to have a significant influence thre burning effi-
ciency and on the pollutant formation. The resigetime of the fuel droplets in the combustor diseitfluence the
size of the combustion chamber. This latest mustdmepatible with the droplet evaporation time, vihis directed
by the fuel chemical nature, ambient pressure antbérature, size and velocity distribution of theptets, and
finally by the turbulence of the air flow.
It is recognized that an adequate modeling of tteeghase will provide a good prediction for theptieb vaporiza-
tion time whereas the quality of the liquid phasadeling is essential to predict accurately the agidion delay.
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Among the parameters of interest, one of the llegestigated one is the droplet temperature, whiflaénces di-
rectly the local fuel air ratio. Furthermore, theokledge of the droplet temperature is essentiahadeling the
droplet heating and evaporation process in the astidn chamber. The purpose of this contributiotismple-

ment a new technique based on two-color laser-iedidiltiorescence to derive droplets’ temperatura gpray of
bicomponent droplets composed by a mixture of radeand 3-pentanone. These two fuels presentdiffelten-

tiated volatilities and are able to mimic the evapion of a heavy alcane associated with a morati®lcompo-
nent. Furthermore, 3-pentanone, when appropriatatited by an UV radiation, produces a fluorescesigeal that
can be interpreted in term of vapor distributioritia gas phase.

The spray is injected in a heated air tunnel, whereulence is controlled by means of a speciallgighed turbu-
lence generator. Combined measurements of theedrtgshperature and of vapor distribution of the eneolatile

component (3-pentanone) are provided.

2-Experimental set-up

The experimental set-up consists in a vertical sgjaa tunnel (0.8 length, 0.092 m large) wheréutilgnce can
be generated by a specially designed turbulencergtor, initially developed by Santavicca et Vidgth Pressur-
ized air is injected in a cylindrical enclosureg(fre 1). The air is then forced through the bottdrthe cylindrical
chamber, pierced by 45 holes, each being 3 mmaimelier. The jets issuing from the 45 holes impamirevergent
nozzle directly linked to the square test sectidifferent optical accesses in the test sectionnallaplementing the
different optical techniques.
With such a device, high turbulent kinetic energn @e created and the turbulence intensity carhrd@go with a
good isotropy in the major part of the flow fielthe air can be pre-heated up to 600 K and the ¥Yielacity is fixed
at 2 m/s. Under these conditions, the propertiethefturbulent flow have been preliminarily chaeasized, using
PIV. The turbulent kinetic energy decaysz$, like a grid turbulence in the final phase.
An ultrasonic injector cooled by a temperature fetgd water flow, is inserted within the exit ofetlkonvergent
section. With such a device, the spray is injegtstlin the entry of the square test section (fgl). The injection
temperature of the fuel is measured by means lnérartocouple inserted in the entry of the injectdypical droplet
size distributions, measured by means of Phase IBoppemometry (PDA) are given in figure 2,245 mm, for
two operating air temperaturé=293 K andT=560 K. The mean droplet diameteiDg=61.28 um af,;,=293 K as
it is D1g=73.25 um af,;,=560 K.
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Figure 1. Scheme of the air tunnel Figure 2. PDF of the droplet size distribution for the

two operating air temperature z45mm.

3-M easur ement techniques
3-1-Droplet temper atur e measur ements

» Bases of the technique
Only an outline of the two-color LIF technique is@n in this section. The fuel is seeded with a mmcentration
(a few mg/l) of a dye used as a fluorescent tentiperaensor. A comprehensive survey of the metlaode found
in [2,3]. The principles of the technique remain the sameteviea the tracer used, pyrromethene 597-C8 in the p
sent study. The fluorescence of pyrromethene 59¢&b8be easily induced by the green line (51n) of the ar-
gon ion laser. The emission spectrum is broadbaddceatends over several hundreds of hanometezzhibits also
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a significant dependence on the temperature. Argerapression of the fluorescence intensity codldoover a
spectral bandA;;Ai,], i denoting the spectral band, is given by:
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whereK,,; is an optical constant taking into account thepprties of the detection system (e.g. solid anftbetec-
tion and transmission of the optick),,..;is a constant depending solely on the spectrosqapperties of the fluo-
rescent tracer in its solvent, both for the spédtaadi. |, is the laser excitation intensitg, is the molecular tracer
concentrationT is the absolute temperature, ands the volume where the fluorescence photonsateated. This
volume is the intersection between the laser beémesdroplet volume and the volume defined by tbkecting
optics. A, and B; are coefficients introduced empirically to accofort the temperature dependence of the fluores-
cence emitted over the spectral bafd]. To properly measure the temperature of a mpand potentially evapo-

rating droplet, the influence of the paramet€r¥/, andl, must be removed. The collection voluMeis constantly

changing as the droplet crosses the probe volumghdérmore, the distribution of the laser intensitighin the
droplet depends on the relative position of thtedaand also on the laser beam shape, whichlieeided by the
refractive and focusing effects at the droplet acef To avoid these drawbacks, the fluoresceneasity is de-
tected on two spectral bands, the temperaturetsatysof which is strongly different. The ratio dffie fluorescence
intensities collected on both optimized spectraidsais given by:
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This ratio is independent on the dimensions ofgtabe volume. The influence of the local laserrnisty and the
tracer concentration are eliminated as well. The afsa single reference measurement at a knownesnpe al-
lows eliminating the optical and spectroscopic tamts. The position of the two detection specteaids is opti-
mized in order to maximize the temperature sersitiof the fluorescence ratiBy;,. A preliminary spectroscopic
study was performed and fluorescence spectra veemrded for several n-decane/3 pentanone mixtuevarious
liquid temperatures. In the case of pyrrometherg @8 dissolved in n-decane/ pentanone mixturesigmwificant
effect of the composition on the fluorescence ratid on the temperature sensitivity coefficiefytandB; was ob-
served [5]. A trade-off between a high temperasesitivity and enough detection levels leads éostblection of
those spectral bands [540 nm-560 nm] and [590 nénréd].

* Non linear droplet size effect
An additional effect was detected when small drigpéee involved. The fluorescence ratio presentsrexpected
dependence on the droplet size, under isothernmlittons. This effect is not fully understood, bsitrelated to a
global deformation of the fluorescence spectrumctvidould be interpreted by a population redistidoutin the
solute-solvent molecular system induced by a hifluénce excitation field [6]. Figure 3 presente #wvolution of
the fluorescence ratio as a function of the droglaimeter, measured for single droplets generayeal lnonosized
droplets injector. This first set of measuremends wbtained for a fluorescent tracer concentratish0® mol/l and
are normalized by a reference measurement fluanesa@tio recorded in a cell. The same experimerst @peated
for a dye concentration which is 10 times high@=10° mol/l). WhenC=10° mol/l, the florescence ratio presents a
clear dependence on the droplet diameter for thedlest droplets size. For the biggest dropletssizhe fluores-
cence ratio collapses with the value measureddrc#il, which means that the influence of the debplze on the
fluorescence ratio vanishes. Whes10° mol/l, the influence of the droplet size on theoflescence ratio is largely
attenuated and the deviation with the referencesorement do not exceed 3%. Then, knowing the teatyoer de-
pendence of the fluorescence ratio, the temperafus® pm-diameter droplets will be underestimdigd°C.

» Temperature calibration and effect of the mixtusenposition
Calibration experiments are required to capturaé¢sponse of the detection system to a variatidghefemperature
(coefficients A-Ay) and B;-B,)). These experiments are performed one time fdnan agitated temperature con-
trolled quartz-made cell for different mixturesreflecane/3-pentanone. The fluorescence Rtids measured un-
der low absorption conditions while the temperatsm@onitored by a thermocouple.
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Figure 3. Evolution of the normalized fluorescence ra- Figure 4. Sketch of the optical layout.

tio as a function of the droplet size.

* Measurement set-up and process
Laser Doppler Anemometry beams system is used nergee the probe volume of the 2-color LIF measergm
The probe volume formed by the intersection ofléser beams is 1200 mm long and is 150 mm in dienfeans-
verse direction). The fluorescence signal is detbtly an achromatic doublet, positioned at riglgl@nconnected
to an optical fiber acting as a pinhole. The ldiggt (A = 514.5 nm) scattered by the droplets is high-fitesed
with the use of a notch filter in order to colleetly the fluorescence emission. The remaining #soence signal is
separated into the previously mentioned spectnatibdy means of a set of a neutral beam-splittériaterference
filters (figure 4). The optical signal detection the selected two spectral bands is performed nsef two pho-
tomultipliers. The acquisition and sampling of theorescence signals are carried out by meansaooftguterized
multi-channel acquisition board, with a samplingeraf 5 MHz.
The fluorescence signal averaged on a designatedbenN of droplets on the two spectral bands and the iati
calculated following:

Rlzzzzlfik,l/zzlfik,z (3)

wherei is the droplet index ankiis the signal sampling indep, being the number of sample for tHedroplet.
Then, the measured temperature is averaged onttidiquid volume crossing the measurement voluaimeéng the
measurement time.

3-2- Vapor distribution in the gas phase

PLIF experiments used a single-excitation schemietwtomprises a frequency-quadrupled Nd:YAG lassr-g
erating 8 ns, 50 mJ pulses at 266 nm. The lasen bess transformed into a collimated sheet usingrabination of
cylindrical and spherical lenses. The two cylindrienses, -20 mm and 300 mm focal lengths, formeglindrical
telescope which spread the beam into a collimd&@8dnm high, sheet. The spherical lens, 900 mm fleoajth,
focused the sheet to a 13 waist. The laser sheet impacted the flow andapbur fluorescence from part of the
illuminated sheet was recorded by a 16-bit ICCD ean{51%512 pixels) with a 100 ns temporal gate and a 3 Hz
framing rate. The ICCD camera was equipped witldd,f=94 mm, achromatic UV lens together with a highspas
spectral filter to collect fluorescence of 3-pemta@ at wavelengths above 320 nm. The choice ofdéisction
scheme aimed at increasing the signal-to-noise catithe fluorescence image. The camera was iostfto a per-
sonal computer. An 880 mnf area of the flow was imaged by the ICCD camerahabthe spatial resolution was
about 16Qum per pixel.

4- Experimental results

The experimental results are displayed for theofaithg experimental conditiong,;;=560 K, V=2 m/s and
Quer2.7 10" m¥s (liquid fuel flowrate). The fluorescent tracerfixed atC=10° mol/l to minimize the effect of the
droplet size on the fluorescence ratio.
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The evolution of the droplet temperature (represgras the excess temperature above injection tetupei;,;)
along the vertical axis of the channel is preseimeifjure 5-and for three compositiond=40, 5 and 15%, Z being
the volume fraction of 3-pentanone). Generallyardtess the composition of the fuel, a clear hgatiif90°C of the
droplets can be observed. The first heating phasdténuated, when 3-pentanone is added to n-deseme 3-
pentanone is more volatile than n-decane. A zoofigofe 5-a (in 5-b) on the first measurement sextin the case

of the compositiorZ=15%, reveals a clear pseudo-plateau, localizebdemiiddle of the heating phase. This plateau
can be attributed to the high difference betweenthiermal and species Peclet number. In the platepud 3-
pentanone is in excess at the droplet surface apdrizes at a quasi-constant temperature. Follottiisgvaporiza-
tion phase, and due the slow diffusion process-pér@anone, the heating of the droplets continuwauese of the
low volatility of n-decane. Droplet temperature files were also recorded on the radial axis. Closthe injection
device Z=45 mm), a significant temperature gradient can lbeeoved, the droplets being 30°C hotter than in the
spray centerline (figure 6). This phenomenon caratxbuted to accumulation of the smallest drapletar the
walls, which are likely to be heated-up very quigldince they are more influenced by the turbulengben the
distance to the injector exit is increased, thepmature of the droplets tends to be more homogendoe to the
turbulent mixing.
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Figure 5a. Evolution of droplet temperature on the sprayFigure 5-b. Zoom of figure 5-a on the first measure-
centerline, for 3 fuel compositions. ment section for pure n-decane &l 5%.

Influence of high levels of turbulence on dropletjectory can be evidenced in figure 7. For examibie droplet

highlighted with the red rectangle moves from bwitiaght to top left while the bulk flow directiors from top to

bottom. This suggests that this droplet is inflleghby a vortex which strongly modifies its initiabtion (from top

to bottom). In addition, fuel vapor wake is cleasien behind the droplet, and the shape of the nakeates the
droplet trajectory. It is noticed that at the easigiges of injection in the flow, the spray angléairly narrow (~ 40
°). Nonetheless, 150 mm downstream from the infedtoorescence images show that strong turbuldéeaé to

droplets being entrained at the edges of the iggsection. Finally, as can be seen in figure foriéscence from fuel
vapor allows visualizing coherent flow structurésliéferent turbulent scales.
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Figure 6. Transverse evolution of the spray temperatur&igure 7. Influence of turbulence on droplet trajectory.
for pure n-decane.
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Figure 8 represents radial profiles of the molaction of 3-pentanone vapor at different distarfoa® the injector.
At z=130 mm, the spray is fully developed and tpatisl distribution of 3-pentanone vapor exhibitggical bell

shape. However, it is noticed that the spray isspogad all over the section of the flowfield, aligh collisions of
droplets with the walls are sometimes observedtdugigh levels of turbulence. It means that thepevation is
more intense in the center compared to the eddes.phenomenon is correlated to the highest draptaperature
observed in the edges. As distance from the injeéntyeases, the profiles tend to become flattdrickv indicates
that fuel vapor spread all over the section, legdin a fairly homogeneous spatial distribution asthe droplet
temperature. Nonetheless, some asymmetry is olisertbe profiles, which may be attributed to fuapor gener-
ated close to the optical windows due to dropldlisions and splashing onto the walls. Indeedsinoticed that
molar fraction of 3-pentanone is less than 1 %hmdirflow and therefore laser absorption by 3-peobe through
the flowfield is not responsible for that asymmednd can be disregarded. At z = 470 mm, the locd&nfraction

of 3-pentanone vapor is fairly close that in thera¥y airflow, which indicates that little droplessill exist at that
position and the liquid fuel is mainly vaporized.
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Figure 8. Radial profiles of 3-pentanone molar frac-
tion at different distances from the injector.

Conclusions

Join measurements of bicomponent droplets temperand fuel vapor distribution of one of the comgainhave
been successfully performed on a spray injectedl lieated turbulent flowfield. The heating phaséiodbmponent
droplets presents a clear pseudo-plateau, restitting the slow diffusion process of the volatilargmonent in the
other one. The behavior of fuel vapor distributiball-shaped in the first measurement sectionsnaore flat as the
distance from the injector is increased, is sinmitewhat observed for the droplets temperature.
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