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This paper reports an experimental investigation on the practical use of a laser-diffraction instrument,
the Malvern Spraytec 2007 to characterize sprays produced by a high-pressure GDI injector. The sprays
are highly transient, large, composed of very small drops, dense and heterogeneously distributed in
space. These characteristics are at the origin of undesirable effects (beam steering, vignetting and light
multiple scattering) whose manifestations are experimentally identified. Ignoring the diodes concerned
by beam steering erases the effect of this phenomenon but vignetting and light multiple scattering effects
combine to bias the measurements and both require to be corrected. A nth order empirical correction
procedure, based on the analysis of the light intensity distribution, is developed. It is a generalization
of a second order procedure presented in a previous investigation. The increase of the correction order
is demonstrated to be necessary when the injection pressure is greater than 11 MPa. The application
of this correction procedure reported that light multiple scattering affects laser-diffraction when the
transmission is less than 40%. This limit is in agreement with investigations of the literature and gives
credit to the empirical correction procedure. Despite the correction procedure is applicable for the pres-
ent operating conditions only, this work defines an experimental protocol to apprehend laser-diffraction
spray characterization in severe operating conditions and that can be reproduced with ease. Furthermore,
it is emphasized that the combination of the Spraytec and the correction procedure performances allows
cycle-to-cycle spray drop-size distribution variations to be determined. Such information is of paramount
importance and the Spraytec is probably the sole instrument able to provide it.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past decades, an extensive literature has been dedi-
cated to the laser-diffraction technique commonly used to investi-
gate liquid sprays. This technique provides a line of sight average
measurement of the drop-size distribution. The measurement vol-
ume is defined as the intersection of a particle field and a colli-
mated laser beam. A part of the laser beam that passes through
the spray is diffracted. In the forward direction, the light falls on
a Fourier transform lens: the undiffracted light is focused onto a
point on the axis in the focal plane and the diffracted light forms
a far-field Fraunhofer pattern around this central spot. The ratio
of the undiffracted light intensity I to the incident light intensity
Ip provides the transmission T of the measurement, i.e.,:

I
T=p M)

As commonly done in the literature, values of the transmission

given here after are expressed in percentage. However, when
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involved in equations, the transmission values range from 0 to 1
as indicated by Eq. (1). The former laser-diffraction instruments
(as the particle sizer 2600D from Malvern, UK) were equipped with
a series of semi-concentric ring detector to record the diffraction
pattern, each ring being associated with a drop diameter interval
that was a function of the focal length of the collecting lens, of
the dimensions of the rings and of the laser beam properties. Be-
cause of the shape of the detectors, the diffraction pattern was axi-
symmetric and was considered as being the signature of a set of
spherical droplets. Thanks to the development due to Swithenbank
et al. (1977), a mathematical inversion procedure based on the Fra-
unhofer diffraction theory calculated the volume-based drop-size
distribution that had the same diffraction pattern as the one re-
corded. Considering the way drops are sampled, this distribution
is a spatial frequency of the drops according to their diameter.
Over the past years laser-diffraction instruments have been
modified and improved. For instance, the latest version commer-
cialized by Malvern (Spraytec 2007) has detectors that are not
semi-concentric anymore: they have much smaller dimension
and cover an angular sector only with a surface area that follows
a logarithm progression from the center to the outside. Despite this
modification, the mathematical inversion procedure still assumes


mailto:Christophe.Dumouchel@coria.fr
http://www.sciencedirect.com/science/journal/03019322
http://www.elsevier.com/locate/ijmulflow

278 C. Dumouchel et al./International Journal of Multiphase Flow 35 (2009) 277-287

an asymmetric diffraction pattern. Furthermore, the Spraytec 2007
is able to work at an acquisition rate as high as 10 kHz allowing
highly transient injection, such as gasoline injection for instance,
to be investigated.

As far as the mathematical inversion procedure is concerned,
two main differences between former and latter instruments must
be emphasized. First, it is now based on the Lorenz-Mie theory
that accounts for the contribution to the angular light energy dis-
tribution of refraction through small particles. The mathematical
inversion procedure based on the Fraunhofer diffraction theory
interpreted this portion of light energy as diffracted light and over-
estimated the small particle population. The use of the Lorenz-Mie
theory considerably improves the instrument performances when
measuring very fine sprays (Corcoran et al., 2000). Second, the
mathematical inversion now includes a patented multiple scatter-
ing algorithm. According to Hirleman (1988, 1990), light multiple
scattering can occur in two situations: 1 - when the interparticle
spacing is so small that the scattering characteristics of a particle
depend on the positions and sizes of adjacent particles, 2 — when
the optical path (extent in the direction of the incident radiation)
is so large that a significant number of photons are scattered more
than once before exiting the medium and reaching the detector. As
a consequence, the diffraction angles are increased and the initial
mathematical inversion procedure, based on the assumption of
individual photons scattering off single particles, overestimated
the small-drop population and underestimated the width of the
distribution.

To remedy this problem, Felton et al. (1985) and Hirleman
(1988, 1990) developed light multiple scattering models. Felton
et al.’s (1985) model divides the light path into a sequence of slices
of equal transmission and assumes that half of the scattered light
goes forward. Furthermore, the spray is assumed to have the same
concentration and drop-size distribution in all slices and the pho-
tons that are scattered at angles larger than the outermost detector
cannot be rescattered back into the detector range. This model was
validated on mono-modal and bi-modal size distribution of con-
trolled glass beads suspensions (Felton et al., 1985; Hamidi and
Swithenbank, 1986) and it served as a basis to develop multiple
scattering correction procedures (Hamidi and Swithenbank,
1986; Gomi, 1986). Cao et al. (1991) extended Felton et al.’s
(1985) model paying attention to the scattering of an off-axis beam
by the particles. These investigations reported that light multiple
scattering affects the measurement when the transmission is less
than about 40% and introduces a bias that depends on the trans-
mission and on spray characteristics.

The model developed by Hirleman (1988, 1990) combines the
method of successive orders with the discrete ordinates approach
similar to the one of Felton et al. (1985). This formulation assumes
isolated particle light scattering, an axisymmetric diffraction pat-
tern, spray characteristics (concentration and drop-size distribu-
tion) uniformly distributed in space, particles larger than the
light wavelength and considers the scattered light in the near-for-
ward direction only. Furthermore, the model was developed for a
laser-diffraction instrument with a specific circular diode series
arrangement. This model favorably agreed with the conclusions re-
ported by Felton et al. (1985), Hamidi and Swithenbank (1986) and
Gomi (1986) concerning the limit in transmission and the influ-
ence of the drop-size distribution on the light multiple scattering
effects. The correction algorithm implemented in the Malvern
instruments has been derived from Hirleman’s model (Harvill
et al.,, 1995; Harvill and Holve, 1998) and allows measurements
with transmission as low as 5% to be performed.

Several experimental works investigated light multiple scatter-
ing effects for variable situations including large sprays (Dodge,
1984; Triballier et al., 2003), controlled glass beads suspensions
(Giilder, 1987, 1990; Paloposki and Kankkunen, 1991) and hollow

sprays (Boyaval and Dumouchel, 2000, 2001). Light multiple scat-
tering was identified from the effect of a continuously decreasing
transmission on spray characteristics such as mean diameters, rep-
resentative diameters, span factor or light intensity distributions.
These experiments confirmed that the limit in transmission above
which light multiple scattering is negligible is of the order of 40%.
Just below this limit, light multiple scattering effects concentrate
on the small-drop population and these effects diffuse to the big-
drop population as the transmission decreases. For instance, Palop-
oski and Kankkunen (1991) found that light multiple scattering
effects affect the characteristics diameter D,os when T reaches
40% whereas alterations on the D,(9 diameter were observed at
T=10%. These experimental investigations used former Malvern
equipments that were not equipped with an optional multiple
scattering correction algorithm except the work due to Triballier
et al. (2003). Investigating the effect of light multiple scattering
on large and inhomogeneous sprays, they reported a poor effi-
ciency of this correction algorithm and recommended to test it
before any application.

This work presents an experimental protocol that is recom-
mended to follow when laser light diffraction measurements are
performed in severe operating conditions, i.e., large, dense, highly
transient and inhomogeneous sprays. The sprays investigated here
are those produced by a gasoline direct-injection (GDI) device.
First, the undesirable effects of light multiple scattering, vignetting
and beam steering are identified. Second, an empirical correction
model is developed to correct the measurements from vignetting
and light multiple scattering effects. The application of this model
allows the Malvern correction algorithm to be tested and the per-
formances of the GDI injector to de determined.

2. Experimental setup and diagnostic
2.1. Experimental setup

Fig. 1 shows the experimental setup. The liquid is kept in a
tank where its temperature is maintained at 18 +2 °C thanks
to a heat exchanger. At the exit of the tank, the fluid is filtered.
A combination of two pumps (low pressure (LP) and high pres-
sure (HP) pumps) provides an injection pressure AP; ranging
from 0.5 to 20 MPa. The injection pressure is regulated and mea-
sured by a high-pressure sensor placed just before the injector.
An Engine Control Unit (ECU) operates the injector. Finally, an
extraction system collects the droplets out of the testing area.
Throughout the study, the liquid used during the experiments
is Exxsol D40 (density p, =776 kg/m>, surface tension ¢ =24.7
mN/m, kinematic viscosity v=1.3 mm?/s, vapor pressure P,=
0.24 kPa).

Zhao et al. (2002) defined two main GDI injector categories,
i.e., swirl and non-swirl configurations. The injector investigated
in the present study belongs to the second category. It produces
a hollow conical issuing flow without imposing an intensive
swirling motion on the internal flow. The conical shape is ob-
tained thanks to an appropriate design of the injector nozzle.
Contrary to many former GDI injectors, an outward opening nee-
dle controls the opening and the closing of the injector. In order
to ensure transient phases as short as possible, a piezoelectric
actuator commands the injector’s needle. The ECU controls the
injection time and frequency as well as the actuation energy that
imposes the needle stroke. GDI requires injection time of the
order of 0.5-5 ms (Hung et al., 2008). Throughout the study this
time is kept constant and equal to 2 ms. The injection frequency
is maintained at 0.2 Hz and the needle stroke energy at 63% of the
full scale corresponding to a needle stroke of the order of 35 pm.

Fig. 2 shows an image of the liquid flow issuing from the GDI
injector. This image was obtained for a medium injection pres-
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Fig. 1. Experimental setup. a - thermocouple, b - fuel tank, ¢ - filter, d - LP pump, e - HP pump, f - electric motor, g — valve, h - pressure regulator, i - pressure sensor,
j - Engine Control Unit (ECU), k - injector, 1 - spray, m - the Malvern Spraytec, n - PC, o - extraction system, p — heat exchanger.

Fig. 2. Atomization mechanism of the liquid sheet (AP; = 4 MPa).

sure (AP; =4 MPa). The liquid sheet angle at the nozzle is of the
order of 80°. It is known that the angle of conical liquid sheet
issuing from pressure swirl atomizer depends on the ambient
pressure (Egermann et al., 1999). The present liquid sheet does
not result from an intensive swirling internal flow and, conse-
quently, its angle is not affected by ambient pressure changes.
This characteristic feature constitutes an advantage as far as
the application is concerned. As it can be seen in Fig. 2, the ab-
sence of a rotating component of velocity in the liquid sheet for-
mation considerably modifies the atomization mechanism. The
conical liquid sheet rearranges as a succession of longitudinal
streaks that individually atomize from the development of very
small interfacial perturbations similar to those observed on tur-
bulent liquid sheets (Grout et al., 2007). We see in Fig. 2 that
two consecutive streaks can be connected by a thin liquid lamel-
la. The coexistence of two liquid structures in the atomization
mechanism (streaks and lamellas) can favor the production of
two distinct drop-size populations. This atomization mechanism
is dominant when the injection pressure is greater than 4-5 MPa
according to the needle stroke. The sprays resulting from this
atomization mechanism show a hollow structure, namely, in
planes perpendicular to the downstream direction, the droplets
are distributed within an annular region whose diameter in-
creases with the distance from the nozzle.

2.2. Diagnostic and protocol

The laser-diffraction equipment used to measure the drop-size
distribution is the Spraytec 2007 from Malvern, which has been
specifically conceived to investigate highly transient dense sprays.
The wavelength and diameter of the laser beam are 632.8 nm and
10 mm, respectively. A series of 36 diodes equips the receiver. The
collecting lens has a focal length equal to 300 mm and the measur-
able diameter range is 0.5-600 pm. The spatial arrangement of the
Spraytec is schematized in Fig. 3. The distances d;, dp and L, indi-
cated in this figure are equal to 50, 180 and 84 mm, respectively.
These distances are kept constant except otherwise mentioned.

The measurements are performed at the greatest available
acquisition rate, i.e., 10 kHz. Fig. 4 shows the temporal evolution
of transmission (expressed in percentage) for several injections
and an injection pressure AP; equal to 10 MPa. The initial time cor-
responds to the time when the electronic command is sent to the
injector. After a delay of the order of 1 ms that corresponds to
the time required for the spray to reach the laser beam, the trans-
mission experiences a sharp decrease between 1 and 2 ms and
then shows a less pronounced decrease between 2 to 4 ms. During
this latter time interval, oscillations of the transmission are
evidenced. At around 4 ms, the transmission reaches a minimum
value (T;;) and then continuously increases at a rate that de-
creases with time. Contrary to other injection systems (see Boyaval
and Dumouchel, 2001, for instance), the minimum transmission

<+— [njector

aser Source

Fig. 3. Malvern Spraytec arrangement.
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Fig. 4. Temporal evolution of the transmission during the injection. Influence of the
injection event (AP;= 10 MPa).

does not spread over a time interval. A low and constant transmis-
sion is commonly interpreted as the passage in the laser beam of
the spray body, that is, the spray not affected by the injection tran-
sient phases. The absence of spray body in the present situation is
the consequence of the use of very short injection time.

Fig. 4 shows that the temporal evolution of the transmission
slightly differs from one injection to another. The exact reason
for this has not been identified but the high sensibility of the spray
to ambient air draft could be the main factor at the origin of this
lack of reproducibility. To avoid this problem in the analysis, we
decided to average the measurement on 25 injections. For an injec-
tion pressure of 10 MPa, the temporal evolution of the average
transmission is shown in Fig. 4. For each time delay, averaging is
also performed on the scattered light intensity distributions re-
corded during the 25 injections and the resulting drop-size distri-
bution is calculated from this average intensity distribution.
Minimum transmissions T, light intensity distributions and
drop-size distributions presented and analyzed in this paper all re-
sult from this averaging process. It was checked that the drop-size
distribution calculated this way was equal to that obtained by
averaging the 25 drop-size distributions.

Vignetting and laser beam steering are two undesirable phe-
nomena that affect laser-diffraction measurements. Before any
analysis, preliminary tests are required to estimate their respective
influence on the measurements. Vignetting designates the phe-
nomenon by which scattered light escapes from the collection an-
gle. It affects the detection of the drops that have the greatest
diffracted light angle, i.e., the small particles. In consequence, the
measured drop-size distribution underestimates the small-drop
population. Three parameters control the vignetting effect: the size
of the smallest drops to be measured, the distance between the
spray and the collecting lens (working distance) and the lens focal
length. The working distance should not be greater than 1.5 times
the focal length lens. This limit must be shortened if very small
drops have to be measured. As described in the previous section,
the droplets are distributed within an annular region. Thus, along
its optical path, the laser beam encounters two independent spray
portions located at 222 mm and 138 mm from the collecting lens.
Expecting a high proportion of small droplets in the present sprays,
vignetting effects due to the spray portion located at 222 mm from
the lens is suspected. To quantify this, the following preliminary
test is performed.

This test consisted in measuring the left portion of the spray
only as a function of the working distance. To achieve this, a tube

is used to protect the incident light from the right-spray portion
(see Fig. 3). Measurements were performed for dp = 130, 180 and
260 mm corresponding to a working distance equal to 88, 138
and 218 mm, respectively. Fig. 5 compares the normalized light
intensity distributions obtained for the three distances and for an
injection pressure equal to 10 MPa. These intensity distributions
are those recorded at the smallest transmission, denominated
T, for the half-spray measurements (left portion) and which is
equal to 43% for this injection pressure. Fig. 5 shows that the three
intensity distributions are very much alike all over the diode series
except for the three last external diodes (34-36), which are those
that detect the light scattered by the small droplets. The light
intensities collected by these diodes decrease as the distance dp in-
creases, which is a clear manifestation of vignetting effect.

Throughout the experimental work, the distance dp was kept
constant and equal to 180 mm since a shorter distance was inap-
propriate because of drop impaction on the Fourier lens at high
injection pressure. With this distance, Fig. 5 shows that vignetting
affects the left-spray portion measurement on diode 36 only and
the right-spray portion measurement (corresponding to
dp =260 mm in Fig. 5) on diodes 34-36. Thus, as diode 36 is always
affected by vignetting effect, it is ignored in the following. Con-
cerning diodes 34 and 35, half-spray normalized intensity reports
a good proportion of the intensity they collect. These intensities
are going to be used to correct the right-spray portion as explained
in the next section. In consequence these two diodes are always
kept in the following.

Beam steering effect is the manifestation of light scattered be-
cause of a refractive index gradient in the gas phase. The mathe-
matical inversion procedure interprets this supplementary
scattered light as being due to the presence of drops and calculates
the drop-size distribution accordingly. Beam steering deviates light
at small angles and mainly affects the proportion of light detected
by the first inner diodes, i.e., those sensitive to the big drops. In
consequence, the drop-size distribution overestimates the big-
drop population and may exhibit a supplementary peak in this
range of droplets. Such a peak was often detected in the present
work. A characteristic feature of the presence of beam steering is
a peak of light intensity detected by the first diode. The normalized
intensity distributions shown in Fig. 5 have this characteristic fea-
ture. Beam steering effects must be therefore suspected.

A refractive index gradient in the surrounded gas flow can be
caused by temperature gradients or by the presence of liquid va-
por. The presence of temperature gradients is disregarded in the
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Fig. 5. Detection of vignetting effects (AP; = 10 MPa).
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present experiments. Liquid vapor can be generated either by cav-
itation of the internal flow or by small droplets vaporization. Con-
sidering the high injection pressures and the small nozzle outlet
section, liquid cavitation cannot be excluded as well as vaporiza-
tion because of the expected high proportion of small drops.
Decreasing the injection pressure contributes to reduce these
two phenomena and should therefore diminish the beam steering
effects. Half-spray measurements were conducted for several
injection pressures. The resulting normalized intensity distribu-
tions are compared in Fig. 6 where it appears that the peak of
intensity detected by the first diode decreases with the injection
pressure. Therefore, beam steering affects the measurements and
explains the detection of a supplementary peak in the big-drop
population. To avoid the bias caused by beam steering, Malvern
recommends ignoring the intensity collected by the first diodes.
The number of diodes to be ignored is a function of the operating
conditions. In the present work, we found that ignoring the nine
first diodes was required to ensure the disappearance of the big-
drop supplementary peak for all operating conditions. This diode
reduction was systematically applied.

In conclusion, spray drop-size characteristics are calculated on
the basis of the intensity distribution collected by the diode range
[10-35].

3. Results
3.1. Influence of light multiple scattering and vignetting effects

As reminded in Section 1, several investigations reported a non-
negligible influence of multiple light scattering when the transmis-
sion is less then 40%. When both spray portions are measured (full-
spray measurement) this limit is reached for an injection pressure
equal to 6 MPa. This pressure becomes 11 MPa when one portion
of the spray is measured (half-spray measurement). Therefore, in
the range of pressure of interest [15 MPa; 20 MPa] light multiple
scattering effects are expected. Comparing the characteristics of
the measured spray with those of the actual spray can identify
these effects. This can be achieved by comparing full and half-spray
measurements provided that the half-spray measurement trans-
mission is equal to or greater than 40%. This protocol, similar to
the one used by Boyaval and Dumouchel (2001), makes sense if
the protecting tube does not affect the spray characteristics and
if these characteristics are axisymmetric. To control this, two pre-
liminary tests are performed.
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Fig. 6. Detection of beam steering effects (AP; = 10 MPa).

The first test consists in comparing the transmissions of full and
half-spray measurements. The transmission can be expressed as:

T—eh 2)

where the spray turbidity 7 depends on the spray spatial density
and on the scattering properties of the particles, and L is the width
of the measured spray. The spray axisymmetry should imply a spray
length divided by 2 when measuring one spray portion instead of
two. In consequence, according to Eq. (2), the transmission T' of
the half-spray measurement is expected to be related to the full-
spray measurement transmission T by:

T =VT (3)

Fig. 7 compares the minimum transmission Ty, and T, for a
wide range of injection pressures. Eq. (3) is plotted in this figure
also. The agreement between the calculation and the measure-
ments is acceptable. We note however that the measured trans-
missions T}, are slightly smaller than the calculated ones. This is
representative of an increase of the number of droplets in the mea-
suring volume during the half-spray measurements. Impaction of
drops on the tube and the creation of recirculation zones could ex-
plain this drop number increase. However, this undesirable effect
remains limited.

The second test consists in comparing the full and half-spray
drop-size distributions obtained at the minimum transmission
for an injection pressure that guarantees no light multiple scatter-
ing effects for both measurements. Such comparisons are pre-
sented in Fig. 8 for two injection pressures (AP;=1MPa and
5.47 MPa). The results show that half and full-spray drop-size dis-
tributions agree very well. It has to be mentioned that these mea-
surements were conducted along several diameters of the spray by
rotating the injector. In each situation, full and half-spray drop-size
distributions agreed as well as those shown in Fig. 8. Note that the
impact of vignetting effect identified above on full-spray measure-
ment is undetectable at these low injection pressures. These preli-
minary tests demonstrate that the protecting tube introduces a
negligible perturbation and that the spray drop-size distribution
is axisymmetric enough to consider the half-spray distribution
representative of the whole spray distribution.

As indicated in Section 1, previous investigations identified the
presence of light multiple scattering by considering the evolution
of characteristic drop diameters or of the light intensity distribu-
tion with the transmission. Both are considered here. First, we look

100
9 +
80+ 6
70+ 0

—~ 601

T in (%%
o

w1

20
] — E Q@
10 ] O  Measurements

04 } } } } } } } } }
0 10 20 30 40 5 60 70 8 9 10C
o (%0)

Fig. 7. Correlation between the full-spray measurement minimum transmission
Tmm and the half-spray measurement minimum transmission T},,;,. Comparison with

q. (3).

min*®



282 C. Dumouchel et al./International Journal of Multiphase Flow 35 (2009) 277-287

" 004
= e Full spray AP, = 1 MPa(T,, = 79 %)
a v  Half spray AP, = 1MPa(T, =83%)
< o003 I g m  Full spray 4P, = 5.47 MPa(T,,, =50 %)
E ¢ ) & Half spray AP, = 5.47 MPa(T',, = 69 %)
B o ©
S 5]
Q002+ o o) o
N < . o
& g 8
he] i ®
% 001 T
2 ¢ B o
= & °
=] ¢ <& ©
S 000 y : Lot o o—0»8
0 25 50 75 100 125 150
Diameter D (um)

Fig. 8. Comparison between full and half-spray drop-size distributions (AP; = 1 MPa
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at the full-spray diameter/half-spray diameter ratios for diameter
Dyo.5, Dvo.g, D43 and Ds; as a function of the full-spray transmission
T (Fig. 9). For T > 40%, the diameter ratios are of the order of 1 as
expected. Then, when T is comprised between 40% and 14%, the ra-
tios deviate from 1 and increase. When the transmission further
decreases, the D,gs, Dyg9 and D43 ratios mainly decrease whereas
the Ds, ratio first decreases and then sharply increases to reach
the value 1.3 at the smallest transmission. These unexpected evo-
lutions of diameter ratio are due to a combination of vignetting and
multiple light scattering effects. To illustrate this, Fig. 10 compares
the full and half-spray drop-size distributions obtained at
AP;=14.5 MPa and corresponding to the smallest transmission
Timin. This figure shows that the tail of the full-spray distribution
is below the one of the half-spray distribution, which evidences
the impact of light multiple scattering between the two measure-
ments. Note that the half-spray transmission T}, is below 40% and
that the corresponding distribution may be also affected by light
multiple scattering. However, these effects are less than for the
full-spray measurement whose transmission is far less. On the
other side of the distribution, we note that the small-drop popula-
tion reported by the full-spray measurement is less than the one of
the half-spray measurement. This difference is due to vignetting
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Fig. 9. Evolution of full-spray diameter/half-spray diameter ratio as a function of
the transmission Ty,jp.

o Full spray (T, = 3.5%)
v Haf spray (T ;, = 18 %)

o)

1,(0) ()
@)

3

(€<l

@)
©)
<

od

4P, =145MPa

stribution
(<}
R
D

q
<‘<1<,<]E§
<

p sizedi

o

Q

N
od

o
8
QD

V olume-based droj
&

0 10 20 30 40 50
Diameter D (um)
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effects. Thus, the specific variations of the diameter ratios shown
in Fig. 9 are the manifestation of the combination of vignetting
and light multiple scattering effects that have an opposite influ-
ence on the characteristics drop diameters. The diameter ratios
greater than 1 when 14% < Tp,;, < 40% reveal that vignetting is more
effective than light multiple scattering in this range of working
conditions.
Second, we look at the series of coefficients r;(T) defined by:

Ii(Tmin)
II (TI ) b}

min

Ki(Tmin) = i=10,11,...,35 (4)
where i denotes the diode number. In Eq. (4), [ Tinin) is the normal-
ized light intensity distribution of the full-spray measurement and
Ii(T,;,,) is the corresponding distribution of the half-spray measure-
ment. Fig. 11 shows the evolution of the coefficients x(T;;,) with
the transmission Ty, for a few diodes. For Ty, > 20%, the coeffi-
cients xi(Tmy) are rather independent of the transmission. They
are equal to 1 for diodes 10-34 and less than 1 for diode 35. This
latter result is the manifestation of vignetting effects. Note that
when measuring both spray portions (full-spray measurement)
the influence of these effects on the intensity collected by diode
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Fig. 11. Evolution of the coefficients k; as a function of the full-spray measurement
minimum transmission. Influence of the diode.
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34 is negligible. For low transmissions (less than 20%), the coeffi-
cients x; deviate from the constant value and become dependent
on the transmission. The variation rate of the coefficient with the
transmission is a function of the diode. For internal diodes (up to
the 22nd diode), k; decreases as T, decreases whereas for the
external diodes (from the 28th to the 35th diodes), k; increases as
Tmin decreases. Such variations of the coefficients x; are those
expected from light multiple scattering effects. However, as dis-
cussed above, vignetting effects compensate light multiple scatter-
ing effects and the measurements must be corrected from both
effects. The correction procedure presented in the next section is
developed for this purpose.

3.2. Multiple light scattering and vignetting correction procedure

A corrected intensity distribution I;(T) is calculated from the
full-spray intensity distribution I(T) by the relation:

oy 1i(T)

introducing the correction factor series k;(T). If the half-spray mea-
surement is not affected by multiple scattering, the corrected inten-
sity I;(T) must be equal to the intensity I(T'). Thus, in this condition,
the correcting factors are equal to the coefficients introduced by Eq.
(4), i.e., ki(T) = x;(T). Note that this correction factor series also cor-
rects from vignetting effects. Now, if the half-spray measurement is
affected by multiple scattering effects, the intensity distribution
I(T) requires to be corrected. However, the correction factors series
for the half-spray measurements is unknown.

As reminded in Section 1, light multiple scattering effects de-
pend on the transmission as well as on the spray characteristics.
Considering Rosin-Rammler drop-size distribution, Felton et al.
(1985) demonstrated that light multiple scattering effects were
mainly dependent on the transmission and on the dispersion
parameter of the distribution and were almost independent of the
size parameter of the distribution. As demonstrated by Lefebvre
(1989), Rosin—-Rammler distributions show a unique relationship
between the dispersion parameter and the relative span factor 4,.
Thus, Felton et al.’s (1985) conclusion can be reformulated as fol-
lows: the multiple light scattering effects are mainly dependent
on the transmission and on the span factor. On the other hand,
Giilder (1990) determined correction factors for the Sauter mean
diameter D3, as a function of the transmission and of D3, and found
that the transmission dominated the change in correction factor. In
agreement with Felton et al.’s (1985) conclusion, this finding illus-
trates the negligible influence of the size parameter on the light
multiple scattering effects. Fig. 12 shows the evolution of the span
factor of the full and half-spray measurement as a function of their
transmission T, and T,;,, respectively. We note in this figure that
the functions 4,(T) are very much alike. Therefore, using Felton
et al.’s (1985) conclusions, we assume that the light multiple
scattering effects are mainly dependent on the transmission in
our work and that the same correction factor series can be used
for the full and half-spray intensity distributions. At low transmis-
sion values, Fig. 12 shows that the span factor of the half-spray
distribution is slightly greater than the one of the full-spray distri-
bution. According to Felton et al. (1985) this difference indicates
that the above assumption under corrects the half-spray distribu-
tion. Using Felton et al.’s results, we estimated that the error made
for the corrected span factor is never greater than 10%. This error is
sufficiently low to accept the proposed assumption.

Since vignetting never affects half-spray measurements, the
corrected intensity distribution I;(T) can be rewritten as:
~ a,-Il-(T/)

Ii(T) = (™) (6)
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Fig. 12. Evolution of the full and half-spray span factor 4, as a function of the
respective transmission.

where the coefficients a; are defined by:
a; = lim (x(T)) (7)

These coefficients are equal to 1 for all diodes except for diode
35 for which a; = 0.64. The series of correction factors #;(T) can be
derived from Egs. (3)-(6). It comes:

ii(VT)

Ki(T) = ki(T) a

8)
This equation is implicit. By applying it for successive values of
the transmission it can be rewritten as:

- K1)
K1) = a ][50 ©)
When multiple scattering effects do not affect the half-spray
measurement, the first term of the series is required only, i.e.,
n=0 because the successive terms of the series for n>0 are
equal to 1. When the half-spray measurement has to be cor-
rected once, the two first terms of the series are required, i.e.,
n=0 and 1, the series terms for higher n being all equal to 1.
Therefore, the application of Eq. (9) requires a parameter n high
enough so that the last term of the series in the right-hand side
of the equation is equal to 1. This condition is always satisfied
when T'?" is greater than 0.95. Thus, the value of n depends
on the transmission and is determined on the basis of the fol-
lowing condition:

T > 0.95 (10)

The correction factor series given by Eq. (9) corrects from
light multiple scattering and vignetting effects and therefore
must be used for full-spray measurements only. Full-spray
measurements were performed for injection pressures up to
14.5 MPa only. For greater injection pressures, the transmis-
sions were less than 3.5% and the light intensity distributions
were unexploitable. However, for greater injection pressures
(between 15MPa and 20 MPa) half-spray measurements are
still possible. Since vignetting does not affect half-spray mea-
surements, the appropriate correction factor series to be ap-
plied to these measurements must be reformulated. According
to Eq. (9), it comes:

k) =11 7}6"((2:/2 ) (1)

j=1
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In order to simplify the calculation of the correction factor given
by Egs. (9) and (11) for any value of the transmission, the coeffi-
cients x; (Eq. (4) and Fig. 11) are modeled using the following
expression:

Ki(T) = a; — (a; — 16;(0))e"” (12)

where g; are defined by Eq. (7) and are obtained from Fig. 11. For
each diode i, two parameters have to be determined, namely,
ki(0) and v;. This is achieved by rewriting Eq. (12) as:

In(ja; — 1i(T)|) = In(la; — ki(0)[) + ;T (13)

and by plotting In (|a; — x;(T)|) as a function of T. This plot is shown
in Fig. 13 for three different diodes. For each of them, we note that
the linear dependence expressed by Eq. (13) is satisfactorily ob-
served. For each diode, the slope of the linear regression gives the
parameter ); and the ordinate for T = 0 returns the parameter x;(0).

Thus, the corrections factor series (Eq. (9) or (11)) is calculated
using the analytical expression of the coefficients x(T) (Eq. (12))
and paying attention that the parameter n satisfies the condition
expressed by Eq. (10). As an illustration, the resulting coefficient
series ;(T) (Eq. (9)) is shown in Fig. 14 for selected diodes.

The correction process developed here is actually a generaliza-
tion of the procedure proposed by Boyaval and Dumouchel (2001)
that consisted in a double correction only, i.e., n=1 in Eq. (9) or
(11). A comparison between the second and nth order correction
procedures was conducted. We found that the two procedures re-
ported the same result when the transmission T was greater than
10%. This corresponds to an injection pressure equal to 11 MPa.
Thus, the second order correction procedure was sufficient in
Boyaval and Dumouchel’s work where the injection pressure did
not exceed 8 MPa. However, for injection pressures greater than
11 MPa, the results obtained from the second and nth order correc-
tion procedures were different. The nth order approach accentu-
ated the level of correction. This is illustrated in Fig. 15 for the
injection pressure equal to 20 MPa. This figure shows the benefit
in using an nth order correction for high injection pressures.

The nth order correction procedure is now applied to evaluate
the limit transmission under which light multiple scattering affects
the measurements. To achieve this, we correct the full-spray mea-
surements from vignetting effects only by dividing the intensity
collected by each diode i by the coefficient a; introduced by Eq.
(7). Thus, the resulting full-spray characteristics are affected by
light multiple scattering only. Then, we compare these spray char-
acteristics with those of the actual spray obtained from the appli-
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Fig. 13. Model for the coefficients ;. Plot of Eq. (13) for three diodes.
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Fig. 15. Comparison Boyaval and Dumouchel (2001) second order correction (n=1)
and the present nth order correction (AP; = 20 MPa).

cation of the nth order correction procedure. Fig. 16 shows the
vignetting-free full-spray diameter/actual-spray diameter ratios
as a function of the transmission for four different diameters,
namely, Dygs, Dyo.g, D43 and Ds,. Since the full-spray measurements
were corrected from vignetting effects, the evolution of the diam-
eter ratios as a function of the transmission is the manifestation of
light multiple scattering effects only. This is consistent with the re-
sults presented in Fig. 16 that show that the diameter ratios are
first constant and equal to 1 and then decrease when the transmis-
sion decreases. Note that the transmission from which the diame-
ter ratios deviate is a function of the considered diameter: the D3,
and D, 5 ratios start to decrease for a transmission less than 40%
whereas the decrease of the D, g ratio is effective when the trans-
mission is less than 10%. These behaviors agree with Paloposki and
Kankkunnen’s findings (1991). Based on the results shown in
Fig. 16, we can conclude that light multiple scattering starts affect-
ing laser-diffraction measurement when the transmission is less
than 40%. As reminded in Section 1, this limit is identical to the
one reported by several previous investigations. This agreement
gives credit to the empirical correction procedure developed here.

We now examine the influence of light multiple scattering on
spray drop-size distribution. The series of Fig. 17 compares the
vignetting-free full-spray drop-size distribution with the actual-
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spray drop-size distribution resulting from the application of the
nth order correction procedure. These figures show that the
vignetting-free distribution is always left shifted compared to the
actual distribution. This behavior corresponds to the expected
influence of multiple light scattering. For T=31% (AP; = 9.45 MPa,
Fig. 17a) the shift is moderate but is clearly observable for drop
diameter less than 20 pm. When the transmission decreases, this
shift becomes more and more pronounced (see Fig. 17b and c,
AP;=10.75 MPa, T=20%, and AP;=14.5MPa, T=3.5%, respec-
tively). Fig. 17 also show the drop-size distribution obtained from
the application of the optional Malvern light multiple scattering
correction algorithm. Since this algorithm is not supposed to cor-
rect vignetting effects, it was applied on vignetting-free full-spray
measurements. It can be seen that the distribution reported by the
Malvern correction algorithm always overcorrects the measure-
ments. For transmission down to 31%, the disagreement appears
moderate (Fig. 17a) but it becomes very important for transmission
less than 20% (Fig. 17b and c). Note that for the three applications
shown here, the correction algorithm eradicates all droplets with a
diameter less than 2-3 pm. When the injection pressure is equal to
14.5 MPa (Fig. 17c) the absence of such drops is unrealistic. As re-
minded in Section 1, the model on which this correction algorithm
is based assumes isolated particle light scattering and spray char-
acteristics (concentration and drop-size distribution) uniformly
distributed in space. The characteristics of the present sprays are
not uniformly distributed in space. Furthermore, at high injection
pressure, one may wonder whether a reduction of interparticle
spacing would cause the scattering characteristics of a particle to
depend on the position and sizes of adjacent particles. In conclu-
sion, it is not recommended to use the Malvern correction algo-
rithm for the present sprays.

3.3. Example of applications

In this section, applications of the nth order correction proce-
dure are performed to determine and investigate the drop-size dis-
tribution of the spray produce by the high-pressure GDI injector.
Fig. 18 shows a series of volume-based drop-size distributions for
an injection pressure ranging from 10 MPa to 20 MPa. These distri-
butions are those obtained at the minimum transmission. We note
a clear evolution of the drop-size distribution with the injection
pressure. At 10 MPa, the distribution is mainly mono-modal, i.e.,
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Fig. 17. Comparison between the vignetting-free full-spray drop-size distribution,
the actual-spray drop-size distribution and the drop-size distribution obtained
from the application of the Malvern correction algorithm. a - AP;=9.45 MPa,
b - AP;=10.75 MPa, ¢ - AP; = 14.5 MPa.

it shows a single peak. When the injection pressure increases,
the drop-size distribution shifts towards the small-drop popula-
tion and a second peak develops in the 2 pm diameter region.
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The height of this peak increases with the injection pressure. As
mentioned above, the atomization mechanism of the conical sheet
issuing from the injector involves several liquid structures such as
longitudinal ligaments and thin liquid lamellas. These liquid struc-
tures and their respective atomization mechanism have different
characteristic length scales and are likely to produce distinct drop
populations. The bi-modal drop-size distributions obtained here
are therefore not unrealistic. One of the important specifications
a GDI spray must fulfill is the absence of 45 um drops (Zhao
et al., 1997). With the present GDI injector used with a 63% needle
stroke energy, this condition is reached for injection pressures
greater than 15 MPa.

The high acquisition rate of the Malvern Spraytec 2007 consti-
tutes an advantage for the characterization of highly transient
sprays as those studied here. The diagnostic is able to perform
measurements with a temporal resolution of 0.1 ms and to follow
the drop-size distribution temporal evolution during one injection.
An example of this is shown in Fig. 19 for the greatest injection
pressure (AP;=20 MPa). In order to facilitate the reading of this
3D plot, only one distribution by four is represented (the time step
between two consecutive distributions is equal to 0.4 ms) and a
log-scale has been used for the diameter axis. The temporal evolu-
tion of the transmission is plotted also. This figure shows that the
drop-size distribution is bi-modal all over the time. Between 2 ms
and 4 ms after the injection command, the small-drop population
mode is the most developed. Note that this time interval corre-
sponds to the smallest transmissions, which denotes the passage
in the measurement volume of a high-density spray. Thus, the
drop-size distributions measured during this time interval charac-
terize the greatest proportion of injected liquid volume. After 5 ms,
the drop-size distribution moderately varies whereas the transmis-
sion continuously increases. This characterizes the cloud of drops
in suspension after the passage of the main spray.

The result shown in Fig. 19 was obtained from measurements
averaged on 25 injections. The averaging process was a necessary
step to develop a statistically representative correction procedure.
However, this correction procedure can be applied on individual
injection measurements to give the cycle-to-cycle variations of
the drop-size distribution. This result, not shown in the present
work, constitutes an important characteristic of GDI injector per-
formances. Up so far, the Malvern Spraytec is probably the sole
instrument able to report this valuable information.
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during one injection (AP; = 20 MPa).

4. Conclusion

The present investigation details a practical use of a laser-dif-
fraction technique to characterize complex-spray drop-size distri-
bution; the Malvern Spraytec 2007. This instrument is rather
easy to operate and is able to perform high acquisition rate mea-
surements. It is therefore recommended to study highly transient
sprays such as those investigated here and produced by GDI injec-
tors. Besides being highly transient, these sprays are dense, mainly
composed of very small drops, large and heterogeneously distrib-
uted in space, each of these characteristics being a potential source
of measurement bias. The phenomena that can affect the measure-
ment are the beam steering, the vignetting and the light multiple
scattering effects. The present experimental protocol includes the
identification of the presence of these phenomena and an empirical
correction procedure to correct the measurements from light mul-
tiple scattering and vignetting effects.

This correction procedure is a generalization of Boyaval and
Dumouchel’s (2000, 2001) procedure developed for similarly struc-
tured sprays and is based on the comparison between half and full-
spray measurement characteristics. Contrary to Boyaval and
Dumouchel (2000, 2001) who determined correction factors for
two spray characteristics, namely, the mean diameter D43 and
the span factor 4,, correction factor series are determined to cor-
rect the light intensity collected by each diode. This allows whole
drop-size distribution to be determined instead of a limited num-
ber of spray characteristics. The generalization concerns the order
of the correction: the second order correction procedure due to
Boyaval and Dumouchel (2000, 2001) has been extended here to
the nth order. It is demonstrated that this extension increases
the level of correction when the transmission is less than T=10%
corresponding to injection pressures greater than 11 MPa. The
application of the nth order correction procedure reported that
light multiple scattering effects are effective when the transmis-
sion is lower than 40%. This limit agrees with previous experimen-
tal results and thus gives credit to the correction model.
Furthermore, it was demonstrated that the Malvern light multiple
scattering algorithm is not adapted for the present sprays espe-
cially when the transmission is less than 30%.

The combination of the Spraytec performances and of the pres-
ent correction procedure allows spray drop-size distribution to be
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measured for injection pressure as high as 20 MPa and temporal
evolution of the drop-size distribution during an injection to be
investigated. Furthermore, it is important to emphasize that the
determination of cycle-to-cycle temporal variations of the spray
drop-size distribution is possible. As far as we know, the Malvern
Spraytec is the sole instrument capable of giving this information.
Of course, the application of the correction factor series obtained in
this work is limited to the operating conditions that are those of
the present study. However, this experimental protocol can be
reproduced with ease on sprays produced from the disintegration
of conical liquid flow as often encountered in GDI application.
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