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The objective of the present experimental and analytical investigation is to acquire a better un-
derstanding and appreciation of the volume-based drop-diameter distribution measured by laser-
diffraction technique (LDT) when probing sprays with a significant rate of nonspherical drops. Ex-
periments are performed on sprays of several liquids with a LDT and an image analyzing technique
(IAT). IAT is used to attest to and quantify the average nonsphericity of the drops. The LDT diameter
distribution characterizes an equivalent system of spherical drops that would produce the same for-
ward light scattered pattern as the one recorded. By modeling this distribution with a three-parameter
generalized gamma function according to a recent optimization procedure, it is demonstrated that
drop shape influences the fractal characteristic of the LDT distribution in the small diameter region.
This suggests that LDT analyzes deformed drops as clusters of smaller drops. Thus, the small drop
population of the LDT equivalent system contains information of the actual small drop population
and on the shape of the actual drops. The presence of deformed drops manifest by an extended tail of
the LDT distribution in the large diameter region also, which results in specific mean diameter series
as suspected in previous investigations.

KEY WORDS: liquid sprays, drop morphology, generalized gamma function, im-
age analysis drop sizing, laser diffraction drop sizing

1. INTRODUCTION

In many industrial applications, liquids are used under the form of a stream of droplets
called a spray. The most common way to produce a spray is to throw out a liquid flow

in a gaseous environment. In the absence of the stabilizing effects of walls, the flow is
deformed by growing perturbations and disintegrates into liquid drops whose distribu-
tions in size, velocity, and shape depend on the injection conditions and influence the
efficiency of the application the spray is involved in. Drop size and velocity distribu-
tions are often accounted to characterize liquid sprays but this is far less the case of the
drop shape. Primary and secondary atomization processes generate nonspherical drops
(Ghaemi et al., 2009) and the probability of finding nonspherical drops is high near the
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region of spray production. This probability increases with the width of the size and
velocity distributions since the drop shape is related to its gaseous Weber number We

(= peV?2D/o, wherepg is the surrounding gas density,the drop velocityD its diam-

eter, ando the surface tension) (Loth, 2008): the greater this number, the less spherical
the drop is. The interaction of drops with the surrounding phase or with each other may
also result in the generation of nonspherical drops (Ghaemi et al., 2009). It has been
also demonstrated that the interaction between a drop and the continuous gaseous phase
and its propensity to breakup are both functions of its initial shape (Black and McQuay,
2001). Drop shapes might have a direct impact on the application. This is the case for
instance in combustion mixture process, if evaporation takes place before all drops have
reached their asymptotic spherical shape since evaporation depends on the liquid—gas in-
terface area. Thus, as pointed out by Ghaemi et al. (2009), quantification of drop shape in
a spray can elucidate several characteristics and mechanisms of the atomization process
such as drop production, deformation, breakup, and collision. Furthermore, providing
information on the drop shape participates in a more complete characterization of liquid
sprays. Experimental and mathematical characterization of sprays containing nonspher-
ical droplets is the investigation field of this work.

The question of drop shape characterization has aroused numerous investigations
based on image analysis that is now seen as a competitive approach thanks to recent im-
provements of computers, camera sensors, and processing techniques. Although imag-
ing techniques provide a two-dimensional (2D) image of a three-dimensional (3D) phe-
nomenon, they allow approaching information in the drop shape. For this purpose, most
investigations based on image analyzing technique (IAT) use shape parameters. Ghaemi
et al. (2009) have listed no less than 17 shape parameters without counting their possible
declinations. Shape parameters indicate a deviation from a reference shape which often
is a circle or an ellipse. Focusing their investigation on liquid drops, Ghaemi et al. (2009)
identified three main groups of shapes, i.e., spheres, deformed drops, and ligaments, and
noticed that most of the shape parameters had difficulties in distinguishing these shapes.
They defined a new shape parameter based on the particle concavity or convexity that
affects a sign to the traditional shape parameter and allows distinguishing the three shape
groups.

Other investigations tackle the question of the measurement of nonspherical particles
by using complementary information provided by several diagnostics. Barreiros et al.
(1996) used a Coulter Multisizer, a SediGraph instrument, a LDT, and an IAT to analyze
three sets of solid particles with known shapes. They found that the diagnostics report
different distributions when the particles are not spherical, and concluded from LDT and
IAT comparisons that the identification of the LDT diameter with the projected area di-
ameter, i.e., diameter of the circle that has the same surface area as the 2D projection
of the particle, is questionable. They also noticed that calculating a mean shape param-
eter from the diameter distribution reported diagnostic-dependent results and is there-
fore not recommended. Endoh et al. (1998) analyzed samples of solid particles with a



sedimentatiortechniqueandLDT. Thatwork demonstratee possiblerelationshipbe-
tweenLDT meandiametersandparticleshapesswell asthepossibility of estimatinga
meanshapgyarameteby theratio of themediandiametersieterminedy LDT andsed-
imentation.Guardianiet al. (2002)analyzedsolid particle samplesof known sizesand
shapeswith IAT andLDT. In agreemenwith Barreiroset al. (1996),they noticedthat
thediagnosticgeporteddifferentdiameterdistributionsfor nonsphericakamplesThey
establishedh NeuralNetworksmodelto be appliedto thelight scatteringdatain order
thatLDT reportsthe samediameterdistribution asthe one providedby IAT thatwas
consideredhereferencalistribution.Consideringhatboth diagnosticgeportdiameter
distributionswhennonsphericaglementsaresampledthis informationmustbe seenas
an equivalent-diametedistribution (Black et al., 1996) and noneof themis a priori a
bettercharacteristithanthe other. Thus,the choicemadeby Guardianiet al. (2002)is
subjectto discussionThe questionof drop shapein liquid sprayswasapproachedh a
previousexperimentalork thatmadeuseof LDT andIAT (Dumouchektal.,2010).In
thatinvestigationJAT wasnhotappliedto determineéndividual dropshapeparametebut
to measurehesurface-basescaledistributionof thewholespray.Beingsensitiveto the
amountof interfaceper unit liquid surfacearea,this distributionis a global multiscale
characteristi¢hatis a function of the drop shapesCorrelationshetweercharacteristics
of LDT distributionsand scaledistributionswere identified, which revealedthat LDT
distributionscontainqualitativeinformationon spray drop morphology

Thepresenexperimentalvork intendsto contributeto a betterunderstandingf the
LDT diametedistributionsvhennonsphericatiropspraysareprobed As all laser-based
methodsLDT determineghe diameterdistributionof the equivalentsystemof spheri-
caldropsbuttherelationshipbetweerthis equivalentsystemandthe shapeof theactual
dropsis difficult to establish(Black et al., 1996).By definition, this equivalentsystem
of sphericaldropsis the onethat produceshe sameforward light scatterecpatternas
theonerecordedThework usegshecomplementarityfferedby LDT andIAT measure-
ments.Both diagnosticgperforma spatialsamplingof the sprayand do not segregate
dropsaccordingto their shape One of the novel aspectof this investigationconcerns
atomographicspraysamplingprocedureadoptedor IAT thatallows probingthe spray
in the sameway asLDT. Furthermorejn orderto interpretthe experimentabbserva-
tions, the LDT distributionsare modeledaccordingto a protocol recentlyestablished
(Dumoucheket al., 2012a,b).

2. EXPERIMENTAL WORK
2.1 Experimental Setup and Operating Conditions

The experimentalsetupis conceivedto produceliquid spraysat low injection pres-
suresunderatmosphericonditionsof temperaturendpressureTheliquid is keptin a
pressurized tank and filterdafore reachinghe injector.The injectionpressure A As
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measured just upstream the injector. A single injector is used. It has a triple-disk nozzle
as schematized in Fig. 1(a). [The full description of the nozzle can be found elsewhere
(Inj. 2 in Dumouchel et al., 2010).] The single cylindrical discharge orifice in disk 3 has

a diameterd,, equal to 400um and an eccentricity equal to 450n. The liquid flow
issuing from this injector is a 2D liquid sheet as shown in Fig. 1(b) (waté?;, = 0.40

MPa). The interfaces of the sheet are subject to growing perturbations that constrain the
liquid system to reorganize as a ligament network whose disintegration produces liquid
drops.

Three liquids are used: water and two water—ethanol mixtures. Their physical prop-
erties are given in Table 1 as well as the corresponding Ohnesorge numben@H [=
(prdor-0)P] and characteristic capillary timg [= (prd3,/o)%5]. The injection pres-
sure is varied as indicated in Table 2 and injections are steady. For every operating
condition, the mass flux is measured by weighting the liquid mass collected during
a controlled time interval and an average velodifyis deduced from this measure-
ment. The Reynolds number Re p;V,d,. /1) and the gaseous Weber numberdVe
(= pgvfdorcr) that characterize the flow issuing from the nozzle are given in Table 2.
The high Reynolds numbers express the role of liquid turbulence in the liquid sheet
initial perturbation, whereas the low gaseous Weber numbers are representative of

v

Disk.1 \\\\W : &\\\\\\\\\\\\\>\\ i
Disk 2

Disk 3 \\\\ : &\\\

H_H Eccentricity

FIG. 1: (a) Injector triple-disk nozzle (side view and top view); (b) Visualization of the
issuing liquid flow (waterA P; = 0.4 MPa, 10 mnmx 7 mm).
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TABLE 1: Physical properties of the liquids (percentage indicates a proportion in
weight), Ohnesorge number Oh, and capillary characteristic#ime

- Density  |Surfacetension/Dynamic viscosit
Hauid = 1o (ki) o (N/m) o gm0 )t (9
Water 994 0.070 1x 1073 0.006| 0.955
Water—ethanol 10% 973 0.044 1.32x 1073 0.010f 1.19
Water—ethanol 15% 967 0.038 1.57x 102 |0.013| 1.28

TABLE 2: Injection pressure interval and corresponding ranges of Reynolds and
gaseous Weber numbers for all working conditions

Liquid Injection pressure|Reynoldsnumber |GaseousWeber

AP; (MPa) Re (-) number Weg (-)
Water 0.2-1.0 3800-9000 0.63-3.55
Water—ethanol 10% 0.2-0.6 2720-5220 0.93-3.43
Water—ethanol 15% 0.2-0.6 2300-4290 1.12-3.90

atomizationprocesses free of aerodynamic effect and dominated by surface tension
forces (Dumouchel et al., 2005).

In the presentation of the results and analysis, every working condition is associated
with the time ratiot = ¢./t;, wheret, is a convective timeé. = h/V, (h being the
distance between the nozzle exit section and the position at which the measurement is
performed) and; is the capillary time given in Table 1. This ratio can be expressed as a
function of the Reynolds and Ohnesorge numbers or of the liquid Weber number (We
= pL‘/q2dor/o—)a i-e-,
te _ h _ h (1)
ts dorOhRe dorm
This numbercanbe seenasa correctediquid Weber numbethataccountgor the posi-
tion of characterizationt situateghe measuremerttme in comparisorwith a physical
characteristidcime: a small tcharacterizea spraycloseto the productionregion(small
distanceh) or produced at a great injectigmessure (high Re number).

Thetestbenchis equippedwith two diagnosticanountedon perpendiculaoptical
axis,i.e.,the LDT andthe IAT. Thesetechniquesare neversimultaneouslyusedsince
the sprayis not axisymmetric.Theinjectoris alwaysorientatedso thatthe optical axis
of thediagnosticusedis perpendiculato theliquid sheetj.e., to the planeof theimage
shownin Fig. 1(b).

T =

2.2 LDT

The LDT equipmentusedis the Spraytec1997 from Malvern. The optical probeis a
cylindrical laserbeamwith a wavelengthequalto 670 nm and a diameterequalto 10



6 Dumouchel & Blaisot

mm and the software part of the instrument is based on the Lorentz—Mie theory. The
Spraytec is equipped with a 450 mm focal length collecting lens and a detector with 32
diodes. The independent model is selected for the inversion procedure that calculates
the volume-based diameter distributify{ D) from the recorded forward light scattered
pattern. The parameters of this procedure are selected to avoid nonphysical cut in the
small drop-diameter population. The adjustable sampling frequency of the instrument
is set to 10 Hz and diameter distributions obtained over a 5 s acquisition duration are
averaged.

The tuning of the instrument and the measurement procedure are tested with a cali-
brated reticle containing a series of opaque circles with diameters distributed according
to a Rosin—-Rammler diameter distribution, i.e.,

D4rr—1 D \IrrR
D) = qrr——r— . 2
Jo (D) = an Dgx’ exp( (DRR> > @)

with grr = 3 andDggr = 50 um. Figure 2 shows that the measured diameter distribution
agrees well with the expected one and that the agreement sustainslagagpresen-
tation. This test also underlines that drops with a diameter as smaluas &e well
measured with the LDT.

£(D) (um™)
0.035

—— Rosin-Rammler g, = 3; Dy, = 50 um (Eq. (2))
0.030 T © Malvern Spraytec measurement

0.025 1
0.020 1

0.015

0.010 1

0.005 1

0.000 ~<~“——4+—+t bttt O —
0 20 40 60 80 100 120 140

Diameter D (um)
FIG. 2: Volume-based diameter distribution of the set of circles on the reticle. Compar-

ison between the LDT distribution and the expected distribution (Detail: log—log repre-
sentation).
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The center of the laser beam was positioned where the probability of finding non-
spherical drops was high. However, for every working condition, the atomization process
should be completed enough at the measurement location. Using snapshot images, the
best distances from the nozzle exit to position the laser beam center were found equal to
h =12 mm andh = 15 mm for water and the water—ethanol mixtures, respectively. The
transmission of the measurements, which is defined by the ratio of the nondeviated light
intensity to the incident light intensity, is never less than 75%, which is high enough to
exclude any multiple scattering effects. The optional multiple-scattering algorithm of the
instrument is therefore not selected.

LDT does not segregate drops according to their shape: all drops, whatever their
shapes, passing through the measuring volume are accounted. In this case, the LDT
volume-based diameter distribution characterizes the set of spherical drops that would
produce the same forward light scattered pattern as the one recorded. According to Sowa
(1992), the arithmetic mean of this distribution is equal to the mean diamhateand
its variance is equal t®2, — D3,. The ratio variance/(meahgompares the width of
the distribution with its mean and is an indicator of the degree of dispersion of the distri-
bution. This ratio is called the relative dispersion and is natgdor the volume-based
diameter distribution, i.e.,

_ D

Ay= 233
D

®3)

2.3 IAT

Snapshot®f the spraysare performedusinga shadowgraploptical arrangementThe
light sourceis a Nanolitefrom HSPSwith aflashduration equato 20 ns.In thepresent
configurationthis light sourceplaystherole of the shutter.The high-resolutiorcharge-
coupleddevice(CCD) camerais a DALSA Panteral1M4 (4016 x 2672pixels). The
physicalfield coveredby theimageis equalto 10.5mm x 7.0mmandcorrespondso a
spatialresolutionequalto 2.6 um/pixel. Reproducinghe LDT arrangementhe center
of theimageis locatedat h = 12 mm (for water)or h = 15 mm (for the water—ethanol
mixtures)from the injectorexit section.

By definition, LDT andIAT measurementolumesare not equal.Imposedby the
depthof field, the|AT measurementolumedepthis far lessthantheLDT measurement
volumedepth since LDT is line-of-sighttechniquethat performsa spatiallyintegrated
sampling.This problemis overcomeby applyingthe tomographicsamplingprocedure
detailedin Dumouchelet al. (2012b). The IAT measurementolume depthis deter-
minedby the calibrationof the point spreadunction (FdidaandBlaisot,2010).Forthe
presentoptical arrangementthis depthis found equalto 500 um. An analysisof the
size,contrast,andgray level gradientof any drop in the imageindicateswhetherthis
drop belongsto the measurementolume and shouldbe takeninto accountAll spray
regionsare probedby IAT by translatingthe sprayalongthe optical axis with a step
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equal to the measurement volume depth. At every position of the focal plane, a slice of
the spray is analyzed and provides local information and all local information is cumu-
lated to reconstruct a whole spray characteristic (see Dumouchel et al., 2012b). Applied
to water sprays produced by the present triple-disk injector, this tomographic sampling
procedure revealed that the size distribution of the droplets contained in the central re-
gion, i.e., when the focal plane contains the discharge orifice axis, is equal to the whole
spray size distribution (Dumouchel et al. 2012b). Tests with the two other liquids per-
formed within the scope of the present work report the same behavior. In consequence,
IAT measurement and analysis are performed for the central spray region only. As an
illustration of this procedure, Fig. 3(a) shows a typical raw image taken when the focal
plane contains the discharge orifice axis (wateP; = 0.6 MPa) and Fig. 3(b) shows the
drops that actually belong to the central region of H@®thickness and that are consid-
ered in the analysis. After the identification of the drops belonging to the measurement
volume, their respective contour using a subpixel detection procedure is detected and
their equivalent diameter and shape parameters are measured. The protocol followed for
the image treatment, drop detection, and measurement is the one developed by Fdida
and Blaisot (2010).

Equivalent diameteD’ and shape paramete$® andn are individual drop charac-
teristics defined by

ca®
-

(b)

FIG. 3: Image of water spray ak P, = 0.6 MPa. (a) Raw image; (b) drops belonging to
the 500um thick measurement volume.
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Tt
Sp:A(SUSC)—A(SﬁSC) (@)
A(S)
2 (rmax - Tmin)
n= N

The surfacesS and S, as well as the distances,.x andry;, are shown in Fig. 4 and
A(z) designates the area of surfacdn Fig. 4(a),A(S) = A(S.) and the circleS, has
the same center of gravity as the actual object 2D projeciof (S U S.) — A (SN S,)
is the gray surface area in Fig. 4(a).

In the literature, the equivalent diametef is often called the projected area diam-
eter (Black et al., 1996). In the present configuration, the smallest equivalent diameter
measured with a sufficient accuracy is equal tauh@d Considering all operating condi-
tions, the gaseous Weber number of drops with an equivalent diamétess than or
equal to 50um is never found greater than 0.5. According to the literature (Loth, 2008)
these drops are spherical and we may conclude that their IAT equivalent diabieter
is a good measurement of their actual diameter. Thus, we conclude that IAT provides a
reliable measurement of tlaetualpopulation of drops with a diameter less than.0.

The shape paramete$® andn are the sphericity and uniformity, respectively (Blai-
sot and Yon, 2005). They are both equal to O for circular objects and their maximum
values areSp = 2 andn — oo. The shape parameters are measured for drops whose
equivalent diameteD’ is greater than 5@um. As an illustration, examples of drops
detected on images and their respective value of equivalent diameter and shape param-
eters measured by IAT are shown in Table 3. In the following, averages of the shape
parameters are presented only. These averages are indicators of a mean deviation from
circularity of theactualspray drops.

For every operating condition, at least 40 images are taken and analyzed and a min-
imum of 5500 drops are measured. This was found to be sufficient to provide statistical
information. The equivalent diameters are dispatched in the same diameter-class series

/ Vinin
(b)

FIG. 4: Definition of the shape parameters. (a) The sphericity parameter; (b) the unifor-
mity parameter.
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TABLE 3: Images of drops with their re-
spective equivalent diameter and shape pa-
rameters introduced by Eq. (4) and mea-
sured by IAT (The images are not to scale)
D' (um) | Sp()) | n()
193 0.04 | 0.08

286 0.09 | 0.22

302 0.30 | 0.69

\ 508 0.50 | 1.14

°
238 0.85 | 1.74

648 0.87 | 1.88

-
<

1

!

345 1.19 | 2.17

400 1.32 | 2.45

asthe one of the LDT and a surface-based equivalent diameter distribfgti@») is
built.

3. RESULTS AND ANALYSIS

3.1 Drop Shape and LDT Drop-Size Distribution

The first result to be presented concerns the average shape parameters that quantify the
average deviation from sphericity of the spray drops. For every working condition, these
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parameters are shown in Fig. 5 as a function of the numljgge Eq. (1)]. The average
shape parameters are never equal to 0, which indicates that, on average, drops show a
measurable deviation from sphericity. This deviation increases wileareases, which
makes sense. Indeed, smalls representative of a measurement performed near the
region of drop production or at a great injection pressure. In both situations, the drops
have less time to get spherical than if they were measured farther from the production
region or if they were produced at a smaller injection pressure. We note that the shape
parameters depend on the liquid properties. Indeed, the water—ethanol mixtures, which
have the smallest surface tension, report greater shape parameters than water. However,
the rate of variation of the average shape parameterswighalmost independent of
the liquid physical properties. In the future, it would be interesting to check whether
this behavior agrees with variation of the distance from the nozzle. This observation
underlines the appropriateness of the time ratio categorize the present experimental
conditions.

LDT measurements are therefore performed on sprays of drops that are nonspherical
(on average) and whose average deviation from sphericity depends on the working condi-
tions. Typical equivalent-diameter volume-based distributions obtained in this condition
are plotted in Fig. 6 (water, all injection pressure). The distributions show the traditional
bell shape characterized by a peak and a modal diameter, i.e., the diameter for which

Shape parameter (-)

O Water
v  Water-Ethanol 10%
O  Water-Ethanol 15%

0.6 +
1 Parameter 7

O+ttt
0.4 0.6 0.8 1.0 1.2 1.4 1.6

7(-)
FIG. 5: Average shape parameters versus the number
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LDT distribution £,(D) (um™)

0.01 1
1 e ar=02Mpa
v AP =03MPa
B AP =04 MPa
® AP =05MPa
A AP =0.6MPa
O AP=08MPa D
0.001 -
1 o ar=10mpa
:Water
m
0.0001 — §
1 10 100

LDT Equivalent Diameter D (pum)

FIG. 6: LDT volume-based diameter distributions (water, influence of the injection pres-
sure).

the distribution is maximum. When the injection pressure increases, the distribution is
left shifted (the modal diameter decreases) and the distribution peak increases. Similarly
observed for the other liquids, these behaviors are often reported in the literature. The
relative dispersiod\s [EqQ. (3)] obtained for every working condition is shown in Fig. 7

as a function ofr. This figure evidences an increase of the relative dispersion when
decreases. Thus, the results in Figs. 6 and 7 say that increasing the injection pressure
reduces the drop LDT equivalent diameter but augments the poly-dispersion of the LDT
distribution.

Figure 7 shows that the organization of the relative dispersion withrather in-
dependent of the liquid. This underlines a sort of universal status of the characteristics
T and Az when the atomization process remains unchanged over the whole working
condition domain as is the case in the present work. Considering that the numsteer
corrected version of the liquid Weber number [Eg. (1)], the strong correlation in Fig. 7
reminds us of the dominance of the surface tension forces in the present disintegration
process.

The influence of the drop shape on the LDT equivalent-diameter distribution can
be shown by comparing LDT and IAT distributions. Indeed, these two diagnostics re-
port equal-diameter distribution if and only if all drops are spherical. Otherwise, as
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A} (')

® Water
v  Water-Ethanol 10%
V. B Water-Ethanol 15%

— Linear Reg.

01 T T T T T T T T T T L
0.1 1 10

7(-)
FIG. 7: Relative dispersior\3 versus the number (all operating conditions).

shown in the literature, these distributions have no reason to be the same. This com-
parison is performed on the surface-based equivalent-diameter distributions. As stated
in the previous section, IAT reports such a distribution. As far as the LDT is concerned,
the surface-based equivalent-diameter distribufigiD) is deduced from the measured
volume-based distributiof; (D) by

£2(D) = 22 1y (D) ©

Comparisonf surface-basediameterdistributionsare shownin Fig. 8 (water, two
injection pressures)At AP; = 0.4 MPa,thelAT andLDT surface-basediameterdis-
tributionsarevery muchalike, denotinga moderatdanfluenceof the drop shapeon the
equivalent-diametedistributionsin this condition. The literaturespecifieghatthe LDT
sensitivity to the shapeis minimized for objectswith aspectratios up to two-to-one
(Blacketal., 1996).An elliptic objectwith suchaspectatio hasa uniformity parameter
equalton =0.7.At AP, = 0.4MPa,therearedropswith auniformity parametegreater
than0.7.(Themaximumn valuein this cases greatethan2.) Theresultin Fig. 8 says
thatthe numberof suchdropsat 0.4 MPais smallenoughto limit theirinfluenceon the
LDT equivalent-diametedistribution. Note that both diagnosticgeporta fractal char-
acteristicin the small diameterregionthat manifestsby a linear behaviorin a log—log
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£(D) (um™)
vveee © Iar
vv'e?3°% AP, =1 MPa v LDI
v ° v
0.01 -_-vvv °o® v' Water
] °
ox 9
[ vg@@ 8 BVVV
L vgo wOV
o ® v
80 'OO
Vo
_ v
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v
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0.001 . —— i :
10 100

Equivalent diameter D (um)

FIG. 8. Comparison of LDT and IAT surface-based diameter distributions (wAtEy,
= 0.4 MPa and 1.0 MPa).

coordinate system. Such characteristic has commonly been reported in LDT volume-
based diameter distribution (Aigra et al., 2006; Dumouchel et al., 2012a). Note finally
a slight left shift of the LDT distribution in the small diameter region.

For greater injection pressures (see the ¢age= 1 MPa in Fig. 8 for instance) the
two diagnostics report different surface-based diameter distributions. The modal diam-
eter of the LDT distribution is smaller than the one of the IAT distribution. A similar
shift between LDT and IAT distributions was reported by Barreiros et al. (1996) when
analyzing sets of nonspherical objects. The observations at 1 MPa in Fig. 8 are therefore
likely due to the presence of nonspherical drops and to a different sensitivity of the di-
agnostics to drop shapes. Another agreement with Barreiros et al. (1996) can be noticed:
the LDT equivalent diameter is not equal to the projected area diameter, the latter being
measured by IAT.

The main difference is located in the small-diameter region where LDT distribu-
tion is greater than IAT distribution. Furthermore, the fractal characteristic of the LDT
distribution is less than the one of the IAT distribution. The IAT distribution in the small-
diameter region is believed to correspond to dlotual small-drop population (see the
previous section). Therefore, since the difference between LDT and IAT distributions
is attributable to the shape of the drops, Fig. 8 suggests that the drop shape has an
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influence on the LDT small-drop population. In particular, the deviation from sphericity
of medium and large drops seems to impose a LDT fractal characteristic in the small-
diameter region smaller than the one of #utualsmall-drop population.

The LDT fractal characteristics estimated in the diameter rangafi,0L7 um] are
presented in Fig. 9 for every working condition as a functiort.dBenerally speaking,
we note a decrease of the LDT fractal characteristic dscreases, that is, according to
Fig. 5, when the spray drops are more and more deformed in average. (Some points for
hight numbers in Fig. 9 escape from this behavior, but, for these cases, we must mention
that small-diameter classes are not very populated and lead to low accurate fractal char-
acteristics.) This behavior supports the idea that the LDT fractal characteristic depends
on the shape of the drops. In the following section, the LDT distributions are modeled
in order to demonstrate the relationship between the LDT small-drop population and the
shape ofictualmedium and large drops.

3.2 Modeling of the LDT Drop Size Distribution

The model consists of representing the LDT equivalent-diameter volume-based distribu-
tion by the three-parameter Generalized Gamma (3pGG) function, which is another form
of the well-known Nukiyama—Tanasawa distribution. The 3pGG function is defined by
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FIG. 9: LDT fractal characteristic versus the number
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(x+n)/q Hotn—1 q
_ q @ D "x(D _
70 = st (o) DS oo(5 (o) ) n=0123 ©

wherel is the Gamma function. The four types of distribution designated by0, 1,

2, or 3 correspond to the number-based, length-based, surface-based or volume-based
diameter distribution. The three parameters@aand x, which both are dispersion pa-
rameters with no dimension, and the size parambigr Characteristics of the distribu-

tion can be expressed as a function of the three parameters. For instance, the expression
of the traditional mean-diameter seri€s,; and of the relative dispersiof,, can be

established: 1/0) (T (o + F)/q) 1/(k+1)
q q X + q
Di = () <F((oc+l)/q)> . @)
AL L((a+n)/gl(@+n+2)/g)

M ((c+n+1)/q)

It has been shown (Dumouchel et al. 2012a) that wiemd « are chosen positive
(which corresponds to the choice made in the present analysis) and 1f, the fractal
characteristic in the small-diameter region of the 3pGG function depends on the param-
eterx and on the distribution order only, i.e.,

fn (D) o D™ svhen D — 0 (8)

Otherwise, i.e., when < 1, the fractal characteristic of the 3pGG function becomes de-
pendent ory also: it decreases gslecreases. In accordance with this property, the shape
of the 3pGG function and its fractal characteristic in the small-diameter region are inde-
pendent characteristics. For this reason, the 3pGG function was found very competent
to reproduce LDT information including the volume-based equivalent-diameter distribu-
tion shape, the fractal characteristic in the small-diameter region, and the mean-diameter
series (Dumouchel et al., 2012a). To obtain results of such a quality, a protocol to de-
termine the parameters of the mathematical distribution was elaborated. This protocol is
applied in the present work. It counts two steps:

1. The parametex is determined from the fractal characteristic of #wtualsmall-
drop population, i.e., the one measured by IAT. According to Eq. (8), the parameter
o is obtained from
f2 (D) oc D*H )

where f»(D) is the surface-based equivalent-diameter distribution reported by
IAT. It is important to remember that according to the results shown in Fig. 8,

the fractal characteristics of IAT and LDT distributions are generally not equal.

Thus, Eg. (9) does not apply for the surface-based diameter distribution of the
LDT equivalent system of spherical drops.
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2. The parametekgandD,, are determined in order that the 3pGG function [Eq. (6)]
best fits the LDT volume-based equivalent-diameter distribution. This is achieved
by determining the couple;(D,o) that minimizes the surfi defined by

N
5= (AP (D) - 79¢ ()’ (10)
=1

whereN is the number of diameter classé$, the class median diameter series,
and fIPT and f2°“C designate the LDT and 3pGG volume-based equivalent-
diameter distribution, respectively. The minimization%fs performed with the
software Scilab.

The parameters obtained from the IAT distribution according to step 1 are pre-
sented in Fig. 10 as a function of the Reynolds number of the flow issuing from the
nozzle. The results organize as a single linear relationship denoting a strong influence
of the turbulent level of the flow issuing from the nozzle on the dispersion in the small-
diameter region. This result appears relevant for an atomization process that is known to
depend on the initial turbulent level and to be free of aerodynamic effects (Dumouchel
et al., 2005). We note in Fig. 10 that the correlation is rather independent of the liquid
physical properties. Keep in mind that the dispersion in the small-diameter region does
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FIG. 10: Parametetx versus the Reynolds number.
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not inform on the drop diameter distribution but on the spread of this characteristic in
the small-diameter region.

The values of the two other parameters obtained from step 2 are shown in Fig. 11
as a function of the numbar. Globally, the parametey increases withr [Fig. 11(a)]
in a way that depends on the liquid properties. In Fig. 11(b), the parabgieappears
strongly related to the numberin a way that is not influenced by the liquid physical
properties.

The mathematical parameters found here (Figs. 10 and 11) show clear evolutions
and are free of any stability problem, i.e., they do not vary drastically while the working
conditions reasonably vary. This behavior comes from the fact that the parameter deter-
mination protocol is not based on a curve-fitting exercise only but incorporates physical
information, i.e., theactual small-diameter dispersion (Dumouchel et al., 2012a). The
quality of this modeling procedure is illustrated in Figs. 12 to 14. Figure 12 compares
experimental and mathematical volume-based distributions for water. (The dots repre-
sent the measured LDT distribution and the lines the corresponding 3pGG function.)
The agreement is very good. The same quality is obtained for the other working condi-
tions. The relative dispersiafys of the experimental and mathematical distributions are
compared with each other in Fig. 13. The mathematical relative dispetsi@hown in
this figure are calculated with Eq. (7). As for the volume-based diameter distribution, we
note that the agreement between the model and the experiment is very good.

Finally, Fig. 14 shows that the fractal characteristics in the small-diameter region of
the experimental LDT and mathematical 3pGG distributions are of the same order of
magnitude. (The points that deviate most from this agreement are those for which the
experimental fractal characteristic lacks accuracy.) We will see in the next section that
this performance results from an advantageous adjustment of the dispersion parameter
g. As far as the fractal characteristic is concerned, we see in Fig. 15 that the mathemat-
ical 3pGG function reports a single dependence with the numlikat homogenizes
all working conditions. Supplementary work standing out of the focus of this work is
required to establish the physical relevance of this behavior.

3.3 Interpretation and Discussion

The objective of the modeling presented in the previous section is to attest to the fact that
the LDT distribution in the small-diameter region depends both oathgalsmall-drop
population and on the shape of bigger drops. We see in Fig. 11(a) that the values of the
parameter; are less than 1. As said above, this reveals that the fractal characteristics of
the mathematical distributions and, therefore, those of the LDT diameter distributions,
depend on both dispersion parameterandq. Determined from Eq. (9), the dispersion
parameterx is representative of thectualsmall-drop population and is by no mean re-
lated to the shape of the drops. Thus, the question of the possible correlation between the
parameter; and the shape of the drops arises. By plotting the average shape parameters
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as a function of the parameterfor all situations, Fig. 16 gives a clear answer to this
guestion. We see that the parametstrongly correlates with the average shape param-
eters: it decreases when the shape parameters increase. As explained above, a decrease
of the parametey in this condition induces a decrease of the fractal characteristic of the
distribution in the small-diameter region. In consequence, the small-drop population of
the LDT equivalent system is overestimated compared tat¢hgal small-drop popula-
tion when medium and large drops conspicuously deviate from sphericity. This suggests
that LDT analyzes nonspherical drops as clusters of small drops.

Figure 16 confirms that a LDT distribution parametegreater than 1 character-
izes sets of spherical droplets. In this configuration, the LDT distribution fractal char-
acteristic should be equal to the one of datualsmall-drop population. The measure-
ment performed with the reticle and shown in Fig. 2 is a conclusive illustration of this
point.

This analysis demonstrates that, besides a natural dependence veitituiks mall-
drop population, the dispersion in the small-diameter region of the set of spherical drops
represented by the LDT equivalent-diameter volume-based distribution depends on the
shape of the drops. Two points of discussion can be added.

The dispersion in the large-diameter region is also very much dependent on the pa-
rameterq. Wheng decreases, the dispersion in this region increases. This manifests by
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FIG. 16: Relationship between the shape parameters and the parameter
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an extended tail toward the large-diameter region. Thus, the set of spherical drops repre-
sented by the LDT equivalent-diameter volume-based distribution has extended disper-
sions on both sides of the distribution. A numerical investigation dueitbléhweg and
Hirleman (1998) reproducing LDT measurements on sets of elliptic particles reported
the same behavior.

Furthermore, the increase of dispersion in the large-diameter region of the LDT
distribution resulting from the presence of nonspherical drops has an influence on the
mean-diameter series. Figure 17 shows examples of mean-diametdpatiDs, as a
function of the ordern. We see that the dependence between the mean diameters and the
orderm is a function of the injection pressure: the correlation evolves from a linear rela-
tionship to a second-order relationship when the injection pressure increases, i.e., when
the actual drops are less and less spherical in average. Such relationships agree with
those reported in a previous work (Dumouchel et al., 2010). Thus, the mean-diameter
series of the set of spherical drops represented by the LDT distribution is sensitive to
the shape of the drops. Note that such behavior has been evoked by others (Endoh et al.,
1998; Dumouchel et al., 2010). Note also in Fig. 17, the mathematical mean-diameter
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FIG. 17: Comparison of the experimental and mathematical mean-diameter series.
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series satisfactorily agree with those experimentally obtained. This result is another evi-
dence of the appropriateness of the 3pGG function to represent LDT distributions.
Finally, results obtained in a previous investigation suggested that the set of spherical
drops represented by the LDT distribution has the same surface-based scale distribution
as theactualset of drops (Dumouchel et al., 2010). The results found here reveal that this
cannot be true. In particular, the extension of the dispersion in the large-diameter region
because of nonspherical drops indicates that the maximum scale of the set of spherical
drops represented by the LDT distribution is greater than the maximum scale of the
actualsystem. To illustrate this, the surface-based scale distribution efctiual spray
has been measured from IAT and compared with the LDT equivalent system surface-
based scale distribution that is obtained from the relation

2 (o \MIT (et 1)/g, Xy) — X2 (a/q, Xo)
D)= <q> I ((x+2)/g) 1)

« [ Ds\?
where X, = = & >
’ q <Dq0

(For details concerning the definition and the measurement of surface-based scale distri-
butiones(D;) from IAT, refer to Dumouchel et al., 2010.) Figure 18 shows a comparison
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FIG. 18: Comparison of the scale distributions of thetual system and of the LDT
equivalent system.
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for waterat A P, = 1 MPa.Providedin alinearcoordinatesystemaswell asin alog—log
coordinatesystemthis comparisorhighlightsthatthe setof sphericadropsrepresented
by the LDT distributionreportsgreaterscale-distributiorvaluesin the smallandlarge
scalerangeslin themediumscalerange thedifferencels inverted.Theequalitybetween
the LDT equivalentsystemandthe actual systemsurface-basedcale-distribution®b-
tainedin Dumouchektal. (2010)wasbecause¢he drop shapesverecloseto sphericity.
Indeed theequalitywasnoticedatlow injectionpressuranly, for which, asfoundhere,
thedrop deformatiornas a moderat@afluence on the LDT measurement.

4. CONCLUSIONS

The presentwork contributesto a betterunderstandingf the volume-basedliameter
distributionreportedby a laserdiffraction technique(LDT) whenprobing sprayscon-
taining nonsphericabtirops.Being controlledby the jump of pressureat the interface,
theshapeof adropis relatedto its sizeandvelocity. Globally speakingsmalldropsare
sphericalandthe deviationfrom sphericityincreasesith the size or/andthe velocity
of the drops.When probinga spraycontainingnonsphericatirops,the LDT reportsa
volume-basediameteristributionthatrepresentshe setof sphericaldropsthatwould
producethe sameforward light scatteredpatternasthe onerecorded.t is found that
the small-droppopulationof this equivalentsystemdependson the actual small-drop
populationaswell ason the shapeof the actual drops.This doubledependenceesults
in a smallerfractal characteristién the small-diameteregionof the equivalentsystem
comparedo thisvery characteristiof theactualspray.ThissuggestshatLDT analyzes
nonsphericatiropsasclustersof smallerdrops.Thedispersiornf the equivalentsystem
in thelarge-diameteregionalsodepend®n the shapeof theactualdrops:it extendsas
the dropsdeform more and more and modifiesthe correlationbetweerthe LDT mean
diametersD,,,» and their ordern.

Theseresultshavebeendemonstratethy modelingthe LDT distributionswith a 3-
parameteGeneralizedsamma(3-pGG)function. This functionappearsery appropri-
ateto reproducehe LDT diameterdistributionincluding the distributionshapefractal
characteristién the small-diameterange therelativedispersionandthe meandiame-
ter series An importantpointis thetotal absencef mathematicaparametemstability.
This givesphysicalweightto the presentmathematicaparametersndpleadsin favor
of the determinatiorprotocol appliedhere.In this protocol, one of the dispersionpa-
rameterintroducedby the 3pGG function characterizeshe fractal characteristidn the
small-diameteregionof the actual spray.In the presentwork, this dispersionparame-
teris determinedrom the IAT distributionin the small-diameteregionandcorrelates
with the Reynoldsof theliquid flow issuingfrom the nozzle.This, of coursejs a char-
acteristicof the presentatomizationprocessThe seconddispersiorparametedepends
on the shapeof the actualdrops.The fractal characteristién the small-diameteregion
of the LDT distribution dependson both dispersionparametersThe extensionof the
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dispersion in the large-diameter region of the LDT distribution is a function of the sec-
ond dispersion parameter. These results suggest that quantitative information on the drop
shape might be obtained from the LDT distribution provided that the second dispersion
parameter can be obtained from this distribution without resorting to another diagnos-
tic. Although more work is required to conclude on this very point, this work suggests
focusing this research on the mean diameter series.
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