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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 WeG

(= ρGV 2D/σ, whereρG is the surrounding gas density,V the drop velocity,D its diam-
eter, andσ 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
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sedimentation technique and LDT. That work demonstrated a possible relationship be-
tween LDT mean diameters and particle shapes as well as the possibility of estimating a 
mean shape parameter by the ratio of the median diameters determined by LDT and sed-
imentation. Guardiani et al. (2002) analyzed solid particle samples of known sizes and 
shapes with IAT and LDT. In agreement with Barreiros et al. (1996), they noticed that 
the diagnostics reported different diameter distributions for nonspherical samples. They 
established a Neural Networks model to be applied to the light scattering data in order 
that LDT reports the same diameter distribution as the one provided by IAT that was 
considered the reference distribution. Considering that both diagnostics report diameter 
distributions when nonspherical elements are sampled, this information must be seen as 
an equivalent-diameter distribution (Black et al., 1996) and none of them is a priori a 
better characteristic than the other. Thus, the choice made by Guardiani et al. (2002) is 
subject to discussion. The question of drop shape in liquid sprays was approached in a 
previous experimental work that made use of LDT and IAT (Dumouchel et al., 2010). In 
that investigation, IAT was not applied to determine individual drop shape parameter but 
to measure the surface-based scale distribution of the whole spray. Being sensitive to the 
amount of interface per unit liquid surface area, this distribution is a global multiscale 
characteristic that is a function of the drop shapes. Correlations between characteristics 
of LDT distributions and scale distributions were identified, which revealed that LDT 
distributions contain qualitative information on spray drop morphology.

The present experimental work intends to contribute to a better understanding of the 
LDT diameter distributions when nonspherical drop sprays are probed. As all laser-based 
methods, LDT determines the diameter distribution of the equivalent system of spheri-
cal drops but the relationship between this equivalent system and the shape of the actual 
drops is difficult to establish (Black et al., 1996). By definition, this equivalent system 
of spherical drops is the one that produces the same forward light scattered pattern as 
the one recorded. The work uses the complementarity offered by LDT and IAT measure-
ments. Both diagnostics perform a spatial sampling of the spray and do not segregate 
drops according to their shape. One of the novel aspects of this investigation concerns 
a tomographic spray sampling procedure adopted for IAT that allows probing the spray 
in the same way as LDT. Furthermore, in order to interpret the experimental observa-
tions, the LDT distributions are modeled according to a protocol recently established 
(Dumouchel et al., 2012a,b).

2. EXPERIMENTAL WORK

2.1 Experimental Setup and Operating Conditions

The experimental setup is conceived to produce liquid sprays at low injection pres-
sures under atmospheric conditions of temperature and pressure. The liquid is kept in a 
pressurized tank and filtered before reaching the injector. The injection pressure ∆Pi is
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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 diameterdor equal to 400µm and an eccentricity equal to 450µm. The liquid flow
issuing from this injector is a 2D liquid sheet as shown in Fig. 1(b) (water,∆Pi = 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 number Oh [=µL/
(ρLdorσ)0.5] and characteristic capillary timetσ [= (ρLd3

or/σ)0.5]. 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 velocityVq is deduced from this measure-
ment. The Reynolds number Re(= ρLVqdor/µL) and the gaseous Weber number WeG

(= ρGV 2
q dorσ) 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

(a) (b)

FIG. 1: (a) Injector triple-disk nozzle (side view and top view); (b) Visualization of the
issuing liquid flow (water,∆Pi = 0.4 MPa, 10 mm× 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 timetσ

Liquid
Density
ρL (kg/m3)

Surfacetension
σ (N/m)

Dynamic viscosity
µL (kg/ms)

Oh (-) tσ (ms)

Water 994 0.070 1× 10−3 0.006 0.955
Water–ethanol 10% 973 0.044 1.32× 10−3 0.010 1.19
Water–ethanol 15% 967 0.038 1.57× 10−3 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
∆Pi (MPa)

Reynoldsnumber
Re (-)

GaseousWeber
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 ratioτ = te/tσ, wherete is a convective timete = h/Vq (h being the
distance between the nozzle exit section and the position at which the measurement is
performed) andtσ 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 (WeL

= ρLV 2
q dor/σ), i.e.,

τ =
te
tσ

=
h

dorOhRe
=

h

dor
√

WeL
(1)

This number can be seen as a corrected liquid Weber number that accounts for the posi-
tion of characterization. It situates the measurement time in comparison with a physical 
characteristic time: a small τ characterizes a spray close to the production region (small 
distance h) or produced at a great injection pressure (high Re number).

The test bench is equipped with two diagnostics mounted on perpendicular optical 
axis, i.e., the LDT and the IAT. These techniques are never simultaneously used since 
the spray is not axisymmetric. The injector is always orientated so that the optical axis 
of the diagnostic used is perpendicular to the liquid sheet, i.e., to the plane of the image 
shown in Fig. 1(b).

2.2 LDT

The LDT equipment used is the Spraytec 1997 from Malvern. The optical probe is a 
cylindrical laser beam with a wavelength equal to 670 nm and a diameter equal to 10
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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 distributionf3(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.,

f3 (D) = qRR
DqRR−1

DqRR
RR

exp
(
−

(
D

DRR

)qRR
)

(2)

with qRR = 3 andDRR = 50µm. Figure 2 shows that the measured diameter distribution
agrees well with the expected one and that the agreement sustains a log×log represen-
tation. This test also underlines that drops with a diameter as small as 8µm are well
measured with the LDT.

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 diameterD43 and
its variance is equal toD2

53 − D2
43. The ratio variance/(mean)2 compares 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 noted∆3 for the volume-based
diameter distribution, i.e.,

∆3 =
D2

53

D2
43

− 1 (3)

2.3 IAT

Snapshots of the sprays are performed using a shadowgraph optical arrangement. The 
light source is a Nanolite from HSPS with a flash duration equal to 20 ns. In the present 
configuration, this light source plays the role of the shutter. The high-resolution charge-
coupled device (CCD) camera is a DALSA Pantera 11M4 (4016 × 2672 pixels). The 
physical field covered by the image is equal to 10.5 mm × 7.0 mm and corresponds to a 
spatial resolution equal to 2.6 µm/pixel. Reproducing the LDT arrangement, the center 
of the image is located at h = 12 mm (for water) or h = 15 mm (for the water–ethanol 
mixtures) from the injector exit section.

By definition, LDT and IAT measurement volumes are not equal. Imposed by the 
depth of field, the IAT measurement volume depth is far less than the LDT measurement 
volume depth since LDT is a line-of-sight technique that performs a spatially integrated 
sampling. This problem is overcome by applying the tomographic sampling procedure 
detailed in Dumouchel et al. (2012b). The IAT measurement volume depth is deter-
mined by the calibration of the point spread function (Fdida and Blaisot, 2010). For the 
present optical arrangement, this depth is found equal to 500 µm. An analysis of the 
size, contrast, and gray level gradient of any drop in the image indicates whether this 
drop belongs to the measurement volume and should be taken into account. All spray 
regions are probed by IAT by translating the spray along the 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 (water,∆Pi = 0.6 MPa) and Fig. 3(b) shows the
drops that actually belong to the central region of 500µm 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 diameterD′ and shape parametersSp andη are individual drop charac-
teristics defined by

(a) (b)

FIG. 3: Image of water spray at∆Pi = 0.6 MPa. (a) Raw image; (b) drops belonging to
the 500µm thick measurement volume.
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D′ =

√
A (S)

π

Sp =
A (S ∪ SC)−A (S ∩ SC)

A (S)

η =
2 (rmax − rmin)

D′

(4)

The surfacesS andSc as well as the distancesrmax andrmin are shown in Fig. 4 and
A(x) designates the area of surfacex. In Fig. 4(a),A(S) = A(Sc) and the circleSc has
the same center of gravity as the actual object 2D projectionS. A (S ∪ Sc)−A (S ∩ Sc)
is the gray surface area in Fig. 4(a).

In the literature, the equivalent diameterD′ 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 to 10µm. Considering all operating condi-
tions, the gaseous Weber number of drops with an equivalent diameterD′ less than or
equal to 50µm 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 diameterD′

is a good measurement of their actual diameter. Thus, we conclude that IAT provides a
reliable measurement of theactualpopulation of drops with a diameter less than 50µm.

The shape parametersSp andη are the sphericity and uniformity, respectively (Blai-
sot and Yon, 2005). They are both equal to 0 for circular objects and their maximum
values areSp = 2 andη → ∞. The shape parameters are measured for drops whose
equivalent diameterD′ is greater than 50µm. 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

(a) (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′ (µm) Sp (-) η (-)

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

322 1.06 2.28

345 1.19 2.17

400 1.32 2.45

as the one of the LDT and a surface-based equivalent diameter distributionf2(D) 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 numberτ [see 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 whenτ decreases, which
makes sense. Indeed, smallτ is 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 parameters withτ is almost 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 ratioτ to 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

FIG. 5: Average shape parameters versus the numberτ.
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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 dispersion∆3 [Eq. (3)] obtained for every working condition is shown in Fig. 7
as a function ofτ. This figure evidences an increase of the relative dispersion whenτ

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 withτ is rather in-
dependent of the liquid. This underlines a sort of universal status of the characteristics
τ and∆3 when the atomization process remains unchanged over the whole working
condition domain as is the case in the present work. Considering that the numberτ is a
corrected version of the liquid Weber number [Eq. (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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FIG. 7: Relative dispersion∆3 versus the numberτ (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 distributionf2(D) is deduced from the measured
volume-based distributionf3(D) by

f2 (D) =
D32

D
f3 (D) (5)

Comparisons of surface-based diameter distributions are shown in Fig. 8 (water, two 
injection pressures). At ∆Pi = 0.4 MPa, the IAT and LDT surface-based diameter dis-
tributions are very much alike, denoting a moderate influence of the drop shape on the 
equivalent-diameter distributions in this condition. The literature specifies that the LDT 
sensitivity to the shape is minimized for objects with aspect ratios up to two-to-one 
(Black et al., 1996). An elliptic object with such aspect ratio has a uniformity parameter
equal to η = 0.7. At ∆Pi = 0.4 MPa, there are drops with a uniformity parameter greater 
than 0.7. (The maximum η value in this case is greater than 2.) The result in Fig. 8 says 
that the number of such drops at 0.4 MPa is small enough to limit  their influence on the 
LDT equivalent-diameter distribution. Note that both diagnostics report a fractal char-
acteristic in the small diameter region that manifests by a linear behavior in a log–log
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FIG. 8: Comparison of LDT and IAT surface-based diameter distributions (water,∆Pi

= 0.4 MPa and 1.0 MPa).

coordinate system. Such characteristic has commonly been reported in LDT volume-
based diameter distribution (Agüera 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 case∆Pi = 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 theactual 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 theactualsmall-drop population.

The LDT fractal characteristics estimated in the diameter range [10µm; 17µm] are
presented in Fig. 9 for every working condition as a function ofτ. Generally speaking,
we note a decrease of the LDT fractal characteristic asτ decreases, that is, according to
Fig. 5, when the spray drops are more and more deformed in average. (Some points for
highτ 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 ofactualmedium 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

FIG. 9: LDT fractal characteristic versus the numberτ.
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fn(D) =
q

Γ((α + n)/q)

(
α

q

)(α+n)/q Dα+n−1

Dα+n
q0

exp
(
−α

q

(
D

Dq0

)q)
n = 0, 1, 2, 3 (6)

whereΓ is the Gamma function. The four types of distribution designated byn = 0, 1,
2, or 3 correspond to the number-based, length-based, surface-based or volume-based
diameter distribution. The three parameters areq andα, which both are dispersion pa-
rameters with no dimension, and the size parameterDq0. Characteristics of the distribu-
tion can be expressed as a function of the three parameters. For instance, the expression
of the traditional mean-diameter seriesDkl and of the relative dispersion∆n can be
established: 




Dkl =
( q

α

)(1/q)
(

Γ ((α + k)/q)
Γ ((α + l)/q)

)1/(k+1)

Dq0

∆n =
Γ ((α + n)/q) Γ ((α + n + 2)/q)

Γ2 ((α + n + 1)/q)
− 1

(7)

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

fn (D) ∝ Dα+n−1 when D → 0 (8)

Otherwise, i.e., whenq < 1, the fractal characteristic of the 3pGG function becomes de-
pendent onq also: it decreases asq decreases. 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 parameterα is determined from the fractal characteristic of theactualsmall-
drop population, i.e., the one measured by IAT. According to Eq. (8), the parameter
α is obtained from

f2 (D) ∝ Dα+1 (9)

wheref2(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, Eq. (9) does not apply for the surface-based diameter distribution of the
LDT equivalent system of spherical drops.
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2. The parametersq andDq0 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 (q, Dq0) that minimizes the sumS defined by

S =
N∑

i=1

(
fLDT
3 (Di)− f3pGG

3 (Di)
)2

(10)

whereN is the number of diameter classes,Di the class median diameter series,
and fLDT

3 and f3pGG
3 designate the LDT and 3pGG volume-based equivalent-

diameter distribution, respectively. The minimization ofS is performed with the
software Scilab.

The parametersα 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

FIG. 10: Parameterα 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 numberτ. Globally, the parameterq increases withτ [Fig. 11(a)]
in a way that depends on the liquid properties. In Fig. 11(b), the parameterDq0 appears
strongly related to the numberτ in 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 dispersion∆3 of the experimental and mathematical distributions are
compared with each other in Fig. 13. The mathematical relative dispersion∆3 shown 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
q. 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 numberτ that 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 on theactualsmall-drop
population and on the shape of bigger drops. We see in Fig. 11(a) that the values of the
parameterq 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 parameters,α andq. Determined from Eq. (9), the dispersion
parameterα is representative of theactualsmall-drop population and is by no mean re-
lated to the shape of the drops. Thus, the question of the possible correlation between the
parameterq and the shape of the drops arises. By plotting the average shape parameters
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(a)

(b)

FIG. 11: Parametersq (a) andDq0 (b) versus the numberτ.
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FIG. 12: Comparison between LDT and 3pGG diameter distributions.

FIG. 13: Comparison between experimental and mathematical relative dispersion.
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FIG. 14: Comparison between experimental and mathematical fractal characteristics.

FIG. 15: Mathematical fractal characteristic versus the numberτ.



22 Dumouchel & Blaisot

as a function of the parameterq for all situations, Fig. 16 gives a clear answer to this
question. We see that the parameterq strongly correlates with the average shape param-
eters: it decreases when the shape parameters increase. As explained above, a decrease
of the parameterq 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 to theactualsmall-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 parameterq greater than 1 character-
izes sets of spherical droplets. In this configuration, the LDT distribution fractal char-
acteristic should be equal to the one of theactualsmall-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 with theactualsmall-
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. Whenq decreases, the dispersion in this region increases. This manifests by

FIG. 16: Relationship between the shape parameters and the parameterq.



Laser-Diffraction Measurement of Nonspherical Drop Sprays 23

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 due to Mühlenweg 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-diameter ratioDm2/D32 as a
function of the orderm. 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

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 of theactualspray
has been measured from IAT and compared with the LDT equivalent system surface-
based scale distribution that is obtained from the relation

e2 (Ds) =
2

Dq0

(
α

q

)1/q Γ ((α + 1)/q, Xs)−X
1/q
s Γ (α/q,Xs)

Γ ((α + 2)/q)

where Xs =
α

q

(
Ds

Dq0

)q (11)

(For details concerning the definition and the measurement of surface-based scale distri-
butione2(Ds) from IAT, refer to Dumouchel et al., 2010.) Figure 18 shows a comparison

FIG. 18: Comparison of the scale distributions of theactual system and of the LDT
equivalent system.
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for water at ∆Pi = 1 MPa. Provided in a linear coordinate system as well as in a log–log 
coordinate system, this comparison highlights that the set of spherical drops represented 
by the LDT distribution reports greater scale-distribution values in the small and large 
scale ranges. In the medium scale range, the difference is inverted. The equality between 
the LDT equivalent system and the actual system surface-based scale-distributions ob-
tained in Dumouchel et al. (2010) was because the drop shapes were close to sphericity. 
Indeed, the equality was noticed at low injection pressure only, for which, as found here, 
the drop deformation has a moderate influence on the LDT measurement.

4. CONCLUSIONS

The present work contributes to a better understanding of the volume-based diameter 
distribution reported by a laser diffraction technique (LDT) when probing sprays con-
taining nonspherical drops. Being controlled by the jump of pressure at the interface, 
the shape of a drop is related to its size and velocity. Globally speaking, small drops are 
spherical, and the deviation from sphericity increases with the size or/and the velocity 
of the drops. When probing a spray containing nonspherical drops, the LDT reports a 
volume-based diameter distribution that represents the set of spherical drops that would 
produce the same forward light scattered pattern as the one recorded. It is found that 
the small-drop population of this equivalent system depends on the actual small-drop 
population as well as on the shape of the actual drops. This double dependence results 
in a smaller fractal characteristic in the small-diameter region of the equivalent system 
compared to this very characteristic of the actual spray. This suggests that LDT analyzes 
nonspherical drops as clusters of smaller drops. The dispersion of the equivalent system 
in the large-diameter region also depends on the shape of the actual drops: it extends as 
the drops deform more and more and modifies the correlation between the LDT mean 
diameters Dm2 and their order m.

These results have been demonstrated by modeling the LDT distributions with a 3-
parameter Generalized Gamma (3-pGG) function. This function appears very appropri-
ate to reproduce the LDT diameter distribution including the distribution shape, fractal 
characteristic in the small-diameter range, the relative dispersion, and the mean diame-
ter series. An important point is the total absence of mathematical parameter instability. 
This gives physical weight to the present mathematical parameters and pleads in favor 
of the determination protocol applied here. In this protocol, one of the dispersion pa-
rameter introduced by the 3pGG function characterizes the fractal characteristic in the 
small-diameter region of the actual spray. In the present work, this dispersion parame-
ter is determined from the IAT distribution in the small-diameter region and correlates 
with the Reynolds of the liquid flow issuing from the nozzle. This, of course, is a char-
acteristic of the present atomization process. The second dispersion parameter depends 
on the shape of the actual drops. The fractal characteristic in the small-diameter region 
of the LDT distribution depends on both dispersion parameters. The extension of the



25 Dumouchel & Blaisot

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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