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Abstract
The Laser-Diffraction Technique (LDT) based on #émalysis of the light diffraction pattern forwardigattered by
droplets going through a laser optical probe, repardrop-diameter distribution of a set of splarrops that
would scatter the same diffraction pattern as the ecorded. However, a light diffraction pattespends on the
shape of the scattering drops. Thus, LDT measuregjaivalent diameter distribution that dependshenshape of
the drops but the relationship between the equitvaltameter and the actual particle shape is unknovhe
experimental investigation presented in this pagukiresses this point. The approach consists inuriegdiquid
spray characteristics with a LDT instrument andraage Analyzing Technique (IAT). This technique sw@was the
projected area diameter distribution as well assttede-distribution of the liquid sprays, the latbeing explicitly a
function of the shape of the drops. All experiméqgecautions are taken to validate the protocdie Tesults
clearly evidence an influence of drop shape of Ldistribution. The analysis and comparison of the@soeements
demonstrate that the mean-diameter series of the éduivalent-diameter distribution contains infotima on the
drop shapes. Although this result has not beeg &xplained, it is believed that this performaneendnstrates that
LDT provides a multi-scale description of the spi@pplets. This point is supported by the fact theale-
distribution of the LDT diameter-distribution isryesimilar to the actual spray scale-distributioducing the idea
that LDT measurement conserves the spray surfasedbacale-distribution. These results evidence LDT
potentialities that have not been explored so far.

I ntroduction

The Laser-diffraction technique (LDT) is an optidédgnostic that measures a drop-diameter distabutf lig-
uid sprays evolving in a gaseous environment. iFtEgsument is widely used in research activitiedicated to lig-
uid atomization and sprays. The LDT working prifeipas been described in many references (seq far th-
stance). The light forward scattered by a liquithgghat goes through a cylindrical laser beanoisi$ed by a Fou-
rier lens on a series of diodes that records tji& liffraction pattern. A mathematical inversiorogedure calcu-
lates the volume-based drop-diameter distributiba set of spherical drops that has the same diftna pattern as
the one recorded. The fact is that any drops gtiingugh the optical probe is measured, whateveshigpe. Thus,
the LDT measurement reports an equivalent-diantésribution [2]. Indeed, as demonstrated by Boi@tal. [3]
who calculated forward diffraction pattern of ngrherical objects, the light diffraction patternaigunction of the
shape of the scattering element. Furthermore, thylsiing LDT measurements of elliptic objects, Méinleg and
Hirleman [4] clearly evidenced a dependency betweden equivalent-diameter distribution and shapehaf scat-
tering objects. However, experimental evidencyho$ tdependency has never been reported and th@®mnslkip
between the LDT equivalent-diameter and the aatgplet shape is unknown and often difficult toedtatine [2].
This is the objective of the present work.

It is intended in this work to provide experimengaldences of the influence of the drop-shapesn distri-
bution, to propose a better identification of tHeTLdrop-diameter distribution and to find drop-skapformation
in LDT drop-diameter distributions. To achieve thasseries of liquid sprays are measured with tiagribstics: a
LDT (Spraytec 1997) and an Image Analyzing Techai(JAT). The Image Analyzing Technique is used teast
ure an equivalent drop-diameter distribution asl aglthe surface-based scale distribution. Recémtitgduced to
characterize liquid sprays [5], the surface-basmdesdistribution, summarized in the next sectierexplicitly de-
pendent on the shape of the droplets. The compakistween the results obtained with the two diaticesllows
the objectives of the work to be fulfilled.
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The Surface-Based Scale Distribution

A detailed definition of the surface-based scastritiution is available
in Dumouchel et al. [5]. This section summarizeas tefinition and intro-
duces the main characteristics of this distributimstead of attributing a
single characteristic length to each droplet asedonthe traditional drop-
diameter distribution, the scale distribution pd®sg a multi-scale descrip-
tion of each element as follows. Let us consid@Daimage containing\
objects of any shape as the one illustrated in Eigcach object on the im-
age is described as follows. We consider the |lefendd by the inner point
located at a given distancefrom the boundary of the object (see Fig. 1).
For each distance called the observation scale, the delimited erfér)
(gray surface in Fig. 1) is calculated. When thseoiation scale covers the
whole object, the delimited surfac) is equal to the object total surface
areasr and the delimited surfacgr) is kept equal tasy for any greater
observation scale. For the setMfobjects, the cumulative surface-based
scale distributiorg(r) is defined by:

Figure 1. Description at scaleof
an object of any shape

8(r)=" (1)

The first derivative of the cumulative surface-lthseale distribution is called the surface-basedesdistribu-
tion and is noted(r) in the following. As for the traditional drop-sidistribution, the dimension of the functis(n)
is equal to the inverse of a length. In the follogvithe observation scateis replaced by the parameter= 2r.
(Thus, the observation scale that allows a circolgect to be fully covered is equal to its diamgt&€he advantage
of this distribution compared to the traditionabplfdiameter distribution is that the scale-disttidnu explicitly de-
pends on the shape of the drops (see [5]). Satsoplets having the same projected-area diamesaildition have
different scale distribution if the shape of theplets is different.

The surface-based scale distributa§D) is a continuously decreasing function showingaximum atD = 0.
This maximum is a measure of the amount of interfaogth: it is equal to half of the liquid-gasdrface length per
unit liquid surface area. Examples of this functe@@m be found in [5] and [6]. As done for the ttadiial diameter-
distribution, we define a mean-scale sebssby the relation:

(Ds)"= [ s(p)p"dD @

wheren is an integer. Furthermore, it is possible to glaie a shape-parameter sefés by the relation:

1
PF. :[(n+1)§n+2)}n DI.:)Sn 3)
n+22

where D’ .,, is the mean-diameter series of the equivalent-dianD’ distribution. For each droplet this
equivalent-diameter is the diameter of the cirtlat thas the same surface area of the droplet. @iaiseter is
sometimes called the projected area diameter If23l) drops are circular, the shape parameR¥sare all equal to
1 whatevemn. Otherwise, the shape parameters are less thad depend on. Therefore, for set of circular drops,
Eqg. (3) indicates that the mean-diaméd&y, is equal to three time the first order mean-sBagi.e.,D’ 3, = 3Ds;.

Experimental Setup and Diagnostics
The sprays analyzed in this study are producediplg tdisk nozzles (Fig. 2-a and b). The liquidezatdisk 1,
flows through disk 2 and issues from the nozzleubh the decentred single discharge orifice in 8isks soon as
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the liquid issues from the nozzle, the flow is tthed in
X
o: RN
Disk £ I

the x direction and forms a sheet whose edges are per-
turbed. Some of these perturbations grow and thedi
flow rearranges as a liquid ligament network thagre
tually atomizes as a cloud of drops (Fig. 2-c). Tie&l
covered by the image is equal to 10.5x73nrfhe be-
havior of such nozzles was fully detailed in a jwas
article [7]. In the present investigation, two tlemozzles
are used. Their dimensions are reported in Tabiole
that the dimensions of Inj. 2 are twice those ¢f1n
Throughout the investigation a single fluid is used
(water). The injection pressure varies accordingh
injector. For Inj. 1, it ranges from 2.5 to 5 bardafor
Inj. 2 it covers the interval 2 to 20 bar. The rangf
gaseous Weber numbers (based on air density and dis
charge orifice diameter) is equal to [0.6; 1.3] daad1.4; 14] for
Table 1. Dimensions of the injectors (um) Inj. 1 and 2, respectively. The range of Reynoldmber of the
Inj. 1 Inj. 2 issuing liquid flow is equal to [2500; 3600] and [&600; 17600]

|
=<—>i Eccentricity

i -b- -c- -d-

Figure 2. a — Side view of the injector and coordinate

system, b — Top view of the injector, ¢ — Imagéhaf
issuing liquid flow, d — Two-gray level image

Disk 1 thickness 177 400 forinj. 1and 2, respectively.

Disk 1 orifice diameter 300 600 Shadowgraph images of the sprays are taken withgla- h
Disk 2 thickness 50 100 resolution camera (2,016x3,040 pRjehnd a short light source
Disk 2 orifice diameter 2,254 4,510 (11 ns). The images cover the same field as thusersin Fig. 2-
Disk 3 thickness 76 150 € which corresponds to a spatial resolution ecuadl.47 pm/pixel.
Disk 3 orifice diameter 180 400 The middle pixel line of the image is located atn@2® from the
Eccentricity 295 450 nozzle exit section, i.e., beneath the image shiowfig. 2-c. An

image treatment is applied to produce two-gray lleweages
where the liquid appears in white and the backgidarblack. As
an illustration, Fig. 2-d shows the two-gray leireage of image shown in Fig. 2-c. The details & tteatments
required to produce the two-gray level images &edla@ble in [3]. The important information to beesjfied for the
present work is that all droplets with an equivaldiameterD’ less than 17.5 um were removed from the images.
The two gray level images are analyzed to measwasurface-based equivalent diaméf’) and the cumulative
surface-based scale distributiSfD) as well as its first derivative{D). For each operating condition it was demon-
strated that the treatment of 25 images was sefficio obtain statistically representative disttidns. As men-
tioned above, the scale distributig{D) is a monotonously decreasing distribution, iteshows a maximum when
D = 0. However, the smallest scale at wrs(D) is determined i® = 4 pixels. This limitation affects the determina-
tion of the mean-scale series since the distribg{D) is maximum abD = 0. To avoid this problem, the distribution
s(D) is extended to the scale space origin by usirdfdht that the slope sfD) atD = 0 is equal to -2’ ,,> and is
constant over a limited scale-interval whatever gheation. This characteristic feature of the acefbased scale
distribution was demonstrated in [5]. The extengioocedure consists in imposing the slop®:2f to the range of
scales uncovered by the Image Analyzing Technidbe. reliability of this extension procedure is cotied by
checking the normalization of the distributig({D). For each operating condition, the normalizatias satisfied by
3 % which validated the extension procedure.

The laser-diffraction equipment Spraytec 1997 figlalvern is also used. This diagnostic is equippéth &
10 mm diameter laser beam. The center of this hisgpositioned at 20 mm from the nozzle exit. Theref the
image field and the laser diffraction instrument@&othe same region of the spray. Furthermoregthes diagnos-
tics perform a spatial sampling of the spray. We taerefore in the best situation to perform consparbetween
the results provided by the two diagnostics. Ineord avoid confusion in the following, the equisi-diameter
reported by the Laser Diffraction Technique is dofe The Spraytec instrument provides the volume-baseg-
size distributiorf,(J) of the set of spherical droplets that would prelthe same diffraction pattern as the one re-
corded. It can be demonstrated that for such systieensurface-based diameter distributfgd), the cumulative
scale distributior§(D) and the scale distributia(D) are given by (see [5] for details):
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1,(0)=221,(0)

(D)= F.(0) 5 20t 1 (D)) - DL~ F, 0)] @

(0) =% [6f1- F, (D)) - DL~ F, O]

where g4 are the traditional mean diameters &ijdF, andF, the traditional surface-based, length-based and
number-based cumulative diameter distributionspeetvely. Finally, as the Image Analyzing Techm@quoesn’t
detect droplets with an equivalent diameter leas th7.5 um, it was decided to remove from the dianmdistribu-
tion reported by the Spraytec all diameter lesa this limit and to renormalize the distributiony Baking this pre-
caution, we make sure that both diagnostics anahgsame drop categories.

Results
We first compare the surface-based drop diameter

, N distributions obtained from Image Analysis Techmeiqu
Surface-based diameter distribution (m

0.010 (IAT) and from the Laser-Diffraction Technique
® IAT- 4P =20 bar (LDT), i.e. f(D) and f(J), respectively. The
0.0081 © AT~ 4R =100 bar distribution f(d) is calculated from Eq. (4). This

—— LDT - 4P, = 2.0 bar

comparison is presented in Fig. 3 for Inj. 2 at two
LDT - 4P, = 10.0 bar|

injection pressures. This figure immediately shokat
Inj. 2 the diameted measured by the LDT is not identical to
the equivalent-diameteD’. Indeed, the distributions
f(D’) extend over a larger diameter interval tligd).
Similar results were obtained for the other opatsti
conditions. The difference betwedyD’) and fy(J)
shown in Fig. 3 is of course related to the facit th
‘ ‘ droplets are not spherical since for spherical abje
0 200 400 e0 oo both distributionsy(D’) andfy(d) should be the same.

In Fig. 4, the Sauter mean-diametgy of the LDT
distribution is compared with three times the mean-
scaleDs,;. This figure gathers the results obtained for
all operating conditions. The linear regressionttpltb
in this graph reports thak, and s, are almosequal.
This is particularly true for the results obtaineith Inj. 1. For the second injector, the equal@yacceptable for an
injection pressure less than 10 bar. For greajection pressures, the Sauter mean diam&tdbecomes less than
3Ds;. It must be said that, for these operating coodgi(Inj. 2,4P; > 10 bar), the LDT surface-based diameter dis-
tribution fy(J) is not complete in the small diameter range. fBeexample the LDT distribution at 10 bar shown in
Fig. 2. This is a consequence of the truncatiofop@ed in the small diameter range. For injectioesgure greater
than 10 bar, this truncation procedure affectsvthele distribution too much and indicates that litneage Analyz-
ing Technique is not accurate enough to catch il Kirop population that represents a non nedéggooportion
of the distribution. However, for small injectionegsure, both diagnostics are accurate enouglatgzanthe sprays
and report a mean diamei®p equal to ®s;. As explained when introducing the shape paranssteesPF,; above
(Eq. (3)), the mean diametBr 3, of a set of circular drops is equal tbs3. The LDT reports a drop-diameter distri-
bution. Therefore, this distribution characterizeset of spherical droplets and the result showd€lg. 4 indicates
that the mean-scales, of the LDT drop-diameter distribution is equalthe® mean-scal®s; of the actual spray.
This observation encourages us to compare the distébution of the set of spherical drops chazdzed by the
LDT distribution with the scale distribution of tlagtual spray.

0.006 +

0.004 +

0.002 +

Equivalent diameted' ou d (um)
Figure 3. Comparison of the surface-based diameter
distribution (IAT: Image Analysis Technique, LDT:
Laser-Diffraction Technique)

Figure 5 shows the cumulative scale distributiobsaimed with Inj. 1 for all injection pressures.eThDT cu-
mulative scale distributions were calculated witlh &). This figure reports a rather good agreenhetiveen the
cumulative scale distributions obtained with the vagnostics. At low injection pressures, it iscafound that the
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first derivative of the cumulative surface-basedlsc
distributions, the scale distributioséD) agree well
with each other. Two examples are presented in Fig.
6. This result is important and induces the ides th
the LDT reports the drop-diameter distribution fod t
set of spherical drops that has the same scale- dist
bution as the actual spray. It can be demonstrated
that the drop-diameter distribution of a set ofesph

cal drops with a given scale distributi®{D) is
unique. Indeed, a given scale distribution is ctrara
terized by a given mean-scale sellzs. The shape
parameter®F, of a spherical drop set being all equal
to 1 whatevern, Eq. (3) reports a unique mean-
diameter series, i.e., a unique drop-diameteriblistr
tion.

This result confirms that LDT distributions de-
pend on the shape of the droplets and gives rise to
the following question: how information related to
the shape of the drops can be extracted from a LDT
distribution? An answer to this question has been
found in the analysis of the mean-diameter sedjgs
of the LDT distribution and more specifically ineth
mean-diameter serie¥, as a function of|. Figure 7
shows this mean diameter series for Inj. 2 as a-fun
tion of the injection pressure. In each case, the i
crease of the mean diameter wittiollows a 2° or-
der polynomial evolution, i.e.:

G2 = +aq +ao (5)

Similar behavior was observed for Inj. 1 and for
both injectors, the ™ order polynomial regression
coefficient was always greater than 0.999. It can b
noted in Fig. 7 that the parame®rintroduced by

Figure5. Comparison between the cumulative surface-Eq. (5) increases with the injection pressure. The

based scale distributiol®D) (Inj. 1)

Surface-based scale distributis{D) (unm®)

] IAT, Inj. 1, 4P, = 2.5 bar
IAT, Inj. 2, 4P, = 2.0 bar
LDT, Inj. 1, 4P, = 2.5 bar
LDT, Inj. 2, 4P, = 2.0 bar

0.004 -

0.002 -

0.000

0 100 200 300 400
ScaleD (um)

Image Analysis Technique reported decreasing shape
parametersPF, when the injection pressure in-
creases. This evolution indicates that the droplets
where they are measured, are less and less sgherica
as the injection pressure increases. These coasider
tions on the influence of the injection pressurg-su
gest investigating the relationship between the pa-
rametera, and the spray shape parameter. For all
operating conditions (Inj. 1 and 2), Fig. 8 pldte t
parametera, versus the shape parameR¥,;. This
figure clearly evidences a correlation betweendhes
two parameters. Although all the points seem to
align, this specific linear behavior might be regme-
tative of the present working conditions. Further
experimental work is required to discuss this very
point. However, the behavior reported in Fig. 8i4ind
cates that information on the shape of the drojets

Figure 6. Comparison between the surface-based scalgvailable in the mean-diameter series of the LDT

distributions(D) (selected working conditions)

distribution: the greatem,, the less spherical the
drops are.
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Figure7. Mean diameter serie®, versugy (Inj. 2) Figure 8. Shape paramet&F; versus the parameter

a, (all operating conditions)

Conclusion

This work shed more light on the definition of ttep-diameter distribution measured by a LaserrBiffion
Technique. The measurements conducted within thpesof this study clearly evidence dependence heatwige
LDT drop-diameter distribution and the shape of dneps of the spray. To our knowledge, this deprodéas
never been experimentally reported or investigatetthie past. The main conclusion of this work iatthh has been
demonstrated that the mean-diameter series of adififibution contains information on the shapé¢hef drops. By
analyzing the mean-drop diameter sedgsas a function of the parametgallows sprays to be categorized accord-
ing to the average shape of the droplets. This pBiformance has not been fully understood in tligkwHowever
it is believed that it is due to the fact that Lp&rforms a multi-scale description of the elemafitdhe spray. This
hypothesis that requires further work to be fulgmbnstrated is supported by the fact that the sexfimsed scale
distribution of the LDT diameter distribution isryesimilar to the one of the actual spray. Thisulemduces the
idea that that LDT conserves the scale-distributibreports the diameter distribution of the sespherical drops
that has the same scale distribution of the adpedy. These results reveal LDT potentialities tiegerve to be
explored.
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