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ABSTRACT

This work investigates drop-size distribution measurements with a laser diffraction technique of sprays produced by a pintle
type, outward-opening injector driven by a piezo-actuator at injection pressures up to 20 MPa. Considering the high injection
pressures, multiple scattering effects are expected. The multiple scattering effects were first verified and it is found that these
effects are negligible when the transmission is greater than 13%. This limit is far less than the one found by many works of the
literature that reported a limit in transmission of the order of 40%. One of the reasons for this difference is believed to be due
to the specific characteristic features of the present spray drop-size distributions. A procedure based on the correction of the
light intensity collected by each diode has been developed to get rid of the undesirable multiple scattering effects. This
procedure, which returns analytical correction factors as a function of the transmission, allows reliable drop-size distribution to
be obtained for injection pressure up to 20 MPa. Among other results, it is found that the piezo injector produces bi-modal
spray drop-size distributions at high injection pressure. Finally, these distributions are successfully modelized by the
application of the MEF. According to the injection pressure, the mathematical drop-size distributions are functions of three or
five parameters whose correlations with the injection pressure have been derived.

1 INTRODUCTION

There are a remarkable number of different gasoline engine
concepts and technologies depending on the market specific
requirements [1]. All researches are intended to reduce both
fuel consumption and emission while maintaining a good
drivability. To achieve these requirements, combustion
performances have to be improved through the development
of new combustion concepts and new injection systems.

Outward-opening Piezo injector is one technology
developed for gasoline direct injection (GDI) engine where
stratified combustion has to be achieved. With this strategy, a
very accurate temporal and spatial control of both injection
and ignition is needed. The spark must ignite the well-
prepared mixture plume before diffusion effects dilute the air-
fuel mixture beyond the lean limit for premixed-combustion.
To obtain the optimal operation meeting emission standard,
atomization process and stratified combustion are necessary to
be studied [2, 3].

As understanding of atomization is vital to the further
development of fuel injection systems, the optical diagnostic
instrumentation and measurement approaches must be
developed. There are many optical measurement techniques
for drop sizing but the most commonly used are the Phase
Doppler Particle Analysis (PDPA) and the laser diffraction
technique. The laser diffraction technique reports spatial drop-
size frequency while PDPA reports a temporal drop-size
frequency. The laser diffraction is more practical to measure
global drop-size distribution because it is much less time
consuming. Although this technique does not provide local
drop-size distribution like the PDPA, deconvolution technique
now exists to recover this information [4-6].

Measurement becomes difficult when the spray is dense.
PDPA measurements require a single particle in the probe
volume. For dense sprays, this requirement is usually not

satisfied. On the other hand, multiple light scattering can
affect the dense spray drop-size distribution reported by the
laser diffraction technique. Some works concluded that
multiple scattering effects are negligible when transmission is
higher than about 40% [7, 9].

Although, the Malvern Company has developed a patented
multiple  scattering  correction [10] allowing spray
measurements with transmission as low as 5% to be
performed, it was found that this correction does not work
well for all situations. For instance, Triballier et al. [9]
concluded that when transmission is less than 40% the
Spraytec correction option is not well adapted for large
sprays.

To solve the multiple light scattering problem, empirical
correcting factors were determined. Dodge [7] determined the
correction factor for Sauter Mean Diameter (D32) and Rosin-
Rammler N parameter as a function of transmission and
diameter. Gulder [11] also determined the correction factors
for mean diameters D3, and D3y as a function of obscuration.
Boyaval and Dumouchel [12] represented correction factors
for the mean diameter (Dy;3) and the relative span factor (4,) as
the function of obscuration.

The laser diffraction technique is applied in this study to
characterize Piezo spray because of the following reasons: (1)
less time-consuming measurement, (2) high data acquisition
rate, and (3) possibility to propose empirical multiple
scattering correction for dense sprays.

This paper intends to address problems in drop size
measurement by laser diffraction technique and to propose an
experimental procedure to correct drop-size distribution in
presence of multiple light scattering if the patented correction
of the Spraytec is not adapted for Piezo spray.



2 EXPERIMENTAL SETUP AND PROCEDURE

2.1 Experimental Setup

Figure 1 shows the experimental setup. There are two
pumps, low-pressure and high-pressure pumps, allowing
injection pressures to be varied from 0.5 MPa up to 20 MPa.
A pressure regulator controls the injection pressure and fluid
temperature is maintained by a heat exchanger in a returning
line (at 18+2 °C). Extraction system is used to collect the
droplets out from testing area.

@ mermocouple
ECU
o
tamk et
exchanger

Injector

Lazerbeam

4

Protecting
tube

Prezzure
Electric regulator

maotor

Fig. 1: The experimental setup.

Piezo injector with fast switching speed is tested. Thanks to
relatively high injection pressure, small injection times are
required to discharge the liquid. A piezoelectric actuator
allows such times to be achieved. In addition, the actuation
energy is tunable allowing the needle lift to be controlled.
This kind of injector provides non-swirling conical sheets as
shown in Fig. 2. The liquid sheet angle is 80°. For an injection
pressure greater than about 5 MPa, the initial liquid sheet
rearranges into streamwise ligaments contrary to pressure
swirl atomizers. In such a situation, the ambient pressure does
not influence the liquid cone angle and stratified mixtures can
be realized [2, 3].

The drop-size distributions are measured by laser
diffraction technique. The new equipment of Malvern
Spraytec 2006, adapted to measure high-speed, transient and
dense sprays, is employed. The wavelength of laser and its
diameter are 632.8 nm and 10 mm, respectively. Measurement
diameter range is 0.5-600 um with the 300 mm lens.
Measurements can be done at high acquisition rate up to 10
kHz and temporal evolution of drop-size distribution during a
single injection event can be obtained. The minimum working
distance is the distance between spray and the receiver where
vignetting problem is not expected to happen. The Malvern
Company increased this minimum working distance by using a
larger detector.

Table 1: Properties of fluids
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Liquid (kg/m®) (mm%/s) (mN/m) Py (kPa) n
Gasoline 752 0.6 22.4 55-103 NA
Ex. D40 776 1.3 24.7 0.24 1.43

Exxsol D40 is used as working fluid because its vapor
pressure is much lower than gasoline (see Table 1). This
avoids the presence of vapor causing laser beam steering
during the measurement. Its viscosity is higher than gasoline;
while its surface tension and density are close to gasoline. The
refractive index of Exxsol D40 is 1.43.

Fig. 2: Non-swirling conical sheet produced by Piezo
injector (AP; =20 MPa).

2.2 Measurement Procedure

For each measurement, the laser beam center is positioned
at 50 mm from the nozzle tip. The laser passes through the
center of spray cross-section. Injection time (7;) is 2 ms. For
each condition, 25 injections with injection rate of 0.2 Hz
were performed to determine representative spray evolution.
Therefore, the representative drop-size distribution is
averaged from 25 data. Averaging is carried out on scattered
light intensity rather than on drop-size distribution. Then, the
drop-size distribution is calculated from the averaged
scattered light intensity distribution.

Figure 3 shows the temporal evolution of transmission for
an injection pressure of 11 MPa. When the spray reaches the
laser beam, transmission decreases sharply to a minimum
value and then continuously increases. Contrary to other
injection systems (see [12] for instance), the minimum
transmission is not found constant during a time interval that
would correspond to the body spray passage. This is a
consequence of very short injection times. As expected this
minimum transmission decreases with the injection pressure
(see Fig. 4). As mentioned earlier, the multiple scattering
effects are negligible when the transmission is greater than
40%. According to Fig. 4, this limit is reached for an injection
pressure equal to 6 MPa. For greater injection pressure, the
Malvern correction option should be selected. However, this
correction is not valid when the transmission is lower than
5%, which limits the injection pressure to 13 MPa as shown in
Fig. 4.

Preliminary tests revealed the presence beam steering and
vignetting effects. Although Exxsol D40 has low vapor
pressure, beam steering effect cannot be eluded. Beam
steering is detected because high light intensity signals are
found at the inner diodes. These signals lead to the presence
of the unrealistic big drops (= 700-900 pm). The presence of
fluid vapor, which causes variation of the refractive index in
the measurement volume, is believed to be the consequence of
internal flow cavitation effects. Furthermore, vignetting
problem was also suspected. This problem is characterized by



small drop scattered light that escapes from the collection
angle and is due to a high spray width where the
measurements are performed.
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Fig. 4: Variation of the minimum transmission with the
injection pressure.

To overcome these difficulties, measurements with a
protecting tube as introduced by Boyaval and Dumouchel [12]
is carried out. A protecting tube is employed to shield the
laser beam so that only half of the spray interacts with the
laser beam (see Fig. 1). Reducing the path length of the spray
leads to an increase of transmission. Indeed, the light
transmission can be written as:

1L
T=e™ (1)

where 7 is the spray turbidity depending on the spray
spatial density and on the scattering properties of the particles,
and L, is the length of the intersection zone between the spray
and the laser beam. By using a protecting tube, the path length
Ly is divided by 2 and the half-spray transmission becomes:

1T @

Figure 4 shows that with the protecting tube, multiple
scattering effects are expected from an injection pressure of
the order of 10 MPa, and measurements for injection
pressures as high as 20 MPa become possible. In addition, it
was noted that thanks to the protecting tube, the vignetting
effects are reduced.

Half and full spray measurements are compared at the time
where the transmission is minimum (see Fig. 3). It is believed
that this minimum indicates similar aspect of the sprays.
Figure 5 compares the transmissions obtained from full and
half measurements. It is found that these transmissions agree
well with Eq. (2). Furthermore, the axisymmetry of the drop-
size distribution was checked by performing measurements
with and without the tube at an injection pressure low enough
(6 MPa) to guaranty the absence of multiple scattering effects
when full spray measurement is performed. These
measurements were conducted along several diameters of the
spray by rotating the injector. In each situation, the full and
half spray drop-size distributions were found to be the same as
shown in Fig. 6. Therefore, the protecting has a negligible
influence on the spray and the drop-size distribution is
axisymmetric enough to consider that a half spray drop-size
distribution is representative of the whole spray distribution.
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Fig. 5: Influence of the protecting tube
(The theoretical 7" is calculated from Eq. (2)).
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Finally, it was noted that measurements with the protecting
tube couldn’t remedy the beam steering effect. In



consequence, we decided to erase this undesirable effect by
ignoring the signal collected by the six inner diodes in the
drop-size distribution calculation.

2.3 Multiple Scattering Effects

Although many works showed that multiple scattering
effects are not negligible for transmissions lower than 40%, it
is necessary to check this limit because spray and
experimental setup are not the same. To perform this,
measured drop-size distributions with and without the tube are
compared for injection pressures up to 13 MPa where the full
spray measurement is still possible (7> 5%).

Figure 7 (top) shows that drop-size distribution of half and
full sprays are very close to each other and that there is no
sign of multiple scattering. Therefore, in the present
configuration, multiple scattering effects are found negligible
for transmissions as low as 13%. The effects of multiple
scattering appear when transmission is reduced to 11% as
shown in Fig. 7 (bottom). Furthermore, this figure shows that
the application of the correction patented by the Malvern
Company doesn’t report the expected distribution. Thus, the
Malvern correction option is not adapted for the situation
investigated in the present work.
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Fig. 7: Comparison of f, with and without tube,
(top) AP;= 11 MPa, (bottom) AP; = 11.5 MPa.

Figure 8 confirms that multiple scattering effects are
effective when the full spray measurement transmission is less
than 13%. This figure shows that the ratio of the measured
(full spray) and actual (half spray) Dy reduces when

transmission is less than 13%, while the ratio of measured and
actual A, increases. This result might be surprising but it is
actually in agreement with previous observations. Indeed,
considering low-injection pressure gasoline sprays, Triballier
et al. [9] noticed that the transmission below which the mean
diameter D43 decreased because of multiple scattering effects
decreased as the injection pressure increases. Thus, multiple
scattering effects appear at lower transmission when the spray
is finer and the drop-size distribution narrower. The reduction
of the transmission limit found here agrees with Triballier et
al. [9] observations. We believe that this is due to the fact that,
when the injection pressure increases, the drop-size
distribution diameter range represents a lower and lower
portion of the whole measurable diameter range, which is
fixed by the collecting lens. However, in the present situation,
correction of the multiple scattering effects must be performed
when the transmission is lower than 13% corresponding to
injection pressure greater than 11.5 MPa for the full spray.

1.2 } } } } }
A
A

.01 E E a i 4
§ 08F I
<
=
2]
% 06% I
g
B 041 I
=
52 = D43

02+ A A T

0.0 t } t } t

0 10 20 30 40 50 60

T (%)

Fig. 8: Measured/actual of Dy; and A,.

The correction process is applied to scattered light intensity
collected by diodes 7 to 35. The correction factor for each
diode is assumed to be a function of transmission and is
defined by:

Lr)
x.(T) I,.’(T’) i=7,8,...,35 3)
where [ is the normalized measured scattered light
intensity, /” the normalized actual intensity, and i the diode
number. The actual intensity is the one obtained from half
spray measurements provided that the injection pressure is
less or equal to 15 MPa (see Fig. 4).

3 RESULTS AND DISCUSSION
3.1 Empirical Correction Factor

Figure 9 shows the measured correcting factors x; for
several values of the transmission. As expected, when the
transmission is high, x; is equal to 1 for each diode. At lower
transmission, x; tends to increase for outer diodes and to
decrease for inner diodes. These results indicate that the
scattered light intensity at outer diodes must be reduced while
the scattered light intensity at inner diodes must be increased.
However, x; at the few outermost diodes (from 33 to 35)



shows the opposite trend: &; decreases and reaches value less
than 1. This behavior illustrates the vignetting effects in full
spray measurement. Therefore, x; for these diodes do not
reflect only multiple scattering but also vignetting effects. As
long as half spray measurement is not affected by vignetting;
k; obtained for the outer diodes can be used to correct the
vignetting effects.
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Fig. 9: Experimental correction factor x; for the diode series.
Influence of the transmission.

Figure 10 shows the correction factors x; as a function of
the transmission for several diodes. Based on these
experimental data, the following mathematical function is
suggested to derive analytical expression for the factors x;:

KI(T): a;, — (ai - K,.(O))eV’T 4)

where a; and y are positive and negative parameters,
respectively, and x(0) is the correction factor when the
transmission is equal to zero. Normally, the constant a; should
be equal to 1 since &; becomes equal to 1 at high transmission.
However, this is not the case for diodes 33 to 35 that are
affected by vignetting effects as explained above. For these
diodes, the parameter a; is less than 1 as shown in Fig. 10.
Thus, for each diode, two parameters have to be determined,
namely, &(0) and . This is achieved by plotting the following
expression for each diode:

ln(la, - K, (T]) = ln(]a,, —K; (OX)+ y.T 4)

When correction is not needed, » and x(7) are taken equal
to zero and a;, respectively.

For each diode, Eq. (5) is plotted for full spray
measurement transmission that indicates multiple scattering
effects, i.e., T< 13%. The result obtained for the 32" diode is
shown in Fig. 11 (top). Note that the mathematical expression
given by Eq. (5) agrees well with the measurements. Thus, the
values of the parameters y and x;(7) are determined from the
linear regression. This procedure is reproduced for each diode
to determine the analytical correction factor as a function of
the transmission. Some of these analytical correction factors
are shown in Fig. 11 (bottom). The results show that
corrections for some median diodes are not needed whatever
the transmission. The corrections for inner and outer diodes
are important when transmission is less than 13%. Note that
the correction factor of diode 35 has been shifted to 1 in order

to use it on half spray measurements for which vignetting

effects are negligible.
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3.2 Application of Correction Process and Results

The multiple scattering correction procedure using the
analytical correction factors is tested on the full spray drop-
size distribution that has a transmission 7=3.5%
(AP; = 14.5 MPa). The corresponding distribution measured
on the half spray is the actual spray drop-size distribution. The
result is shown in Fig. 12 that presents both measured
distributions as well as the one deduced from the correcting
process. We see that the corrected drop-size distribution
agrees very well with the actual drop-size distribution.
Therefore, the correction process is used with confidence to
derive the evolution of the spray drop-size distribution for
injection pressure up to 20 MPa. For each injection pressure,
the drop-size distribution we considered in this work was the
one that reported the smallest mean diameter during the
injection (see Fig. 3). Some of these distributions are
presented in Fig. 13. This figure shows the increase of small
drop production as the injection pressure increases. It can be



noticed also that the shape of the distribution evolves as a
function of the injection pressure. For injection pressure less
than 10 MPa, the distribution can be considered as mono-
modal. However, for greater injection pressures, a peak in the
small drop population develops and can’t be ignored. We
believed that the bi-modal drop-size distribution results from
the specific liquid flow rearrangement during the atomization
process. The liquid flow reorganizes as longitudinal ligaments.
Visualizations (not presented here) revealed the presence of
thin liquid lamella between the ligaments. The presence of
these two flow structures could be at the origin of the
production of two distinct drop populations.
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Fig. 12: Application of the multiple scattering correction
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3.3 Drop-Size Distribution Modeling with MEF

In this section, the measured drop-size distributions are
fitted with a mathematical function in order to derive a model
to predict drop-size distribution for other injection pressures
than those experimentally used. We suggest using the three-
parameter Generalized-Gamma function that has been
demonstrated to be the solution of the Maximum Entropy
Formalism (MEF). (Details of the demonstration are available
in [13].) The three-parameter Generalized-Gamma function is
a single peak distribution. As shown in the previous section,
the spray drop-size distributions for injection pressure greater
than 10 MPa have two peaks. Thus, we suggest using a

combination of three-parameter  Generalized-Gamma
functions, namely, the distributions are going to be fitted by a
function of the form:

£.D)=(1-p)f.,(D)+ f..(D) (6)
where each component f,,(D) is given by:

a;+3

a;+2 4
P R T N - A R
Vi Da,+3 D
r(ai+3j q; o 4\ Dy

q;

where i =1 or 2. In Eq. (6), f1:(D) and f,2(D) represent the
small drop and the big drop population, respectively, and the
parameter S, which may vary from 0 to 1, represents the
volume fraction of the big drop population. Using the results
commented in Fig. 13, when the injection pressure is less than
10 MPa, the drop-size distributions are assumed mono-modal.
For this case Eq. (6) is simplified by setting = 1. Thus, the
number of parameters to be determined is a function of the
injection pressure: when AP; < 10MPa, three parameters must
be calculated, namely, ¢», o> and D,,, otherwise seven

parameters must be determined, namely, ¢;, a, Dqlo, q2, o,
D,, and B. In the first case (4P;<10MPa) the three

parameters are determined according to the methodology
developed by Lecompte and Dumouchel [14]. This procedure
(not detailed in the present paper) uses the Kullback-Leibler
number, which quantifies the nearness between two
distributions. This number is calculated for the mathematical
function and the experimental distribution as a function of the
parameters of the mathematical function. The best fit is
obtained for the set of parameters that minimizes the
Kullback-Leibler number. In the second case (AP; > 10MPa)
this procedure is applied twice. First, it is applied on a portion
of the experimental distribution limited by D>D* to
determine the parameters ¢z, 2, D, , and S. Second, it is

applied on the portion of the experimental distribution defined
by (f(D)-ff2(D))/(1-f) to determine the three remaining
parameters, i.e., g;, o and D,,. In each situation, the

diameter D* is selected so that the f,»(D) function has the
same peak diameter as the big drop population.

Lecompte and Dumouchel [14] emphasized that the
parameters ¢ and o must have the same sign but they can be
either positive or negative. They noticed that the best sign for
these parameters is, a priori, unknown. However, considering
the results they reported, very fine sprays appeared to be best
represented by negative parameters (see [14]). Thus, within
the scope of this paper, ¢ and o were assumed negative for
both mathematical function components f,; and fv>.

Mathematical functions were determined as a function of
the injection pressure. For each pressure, the drop-size
distribution considered was the one that reported the smallest
drop mean diameters. (Some of them are presented in Fig. 13.)
Figure 14 presents two examples of fit, one for a low injection
pressure (1 MPa, mono-modal distribution) and one for a high
injection pressure (18 MPa, bi-modal distribution). It can be
seen that in each case, the mathematical distribution offers a
good representation of the measured distribution. Thus, the
three-parameter Generalized Gamma function appears to be a
very good candidate to represent the small-drop and the big-
drop populations of the sprays.
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Figure 15 shows, in a log-log scale, the correlation between
the parameters ¢; and ¢;. The results for all injection pressures
and for both mathematical distribution components are
displayed. It can be seen that the two parameters correlate
according to the relation:

|| =127.2)g,

|0,88

®)

Lecompte and Dumouchel [15] demonstrated that the three-
parameter Generalized-Gamma function is insensitive to a
modification of the parameters g and « if they are related to
each other according to a relationship similar to Eq. (8). In
other words, if a series of spray drop-size distributions report
parameters g and « satisfying such a relationship, these
distributions have a constant shape and a unique couple (¢; @)
can represent the whole distribution series. In conclusion, a
unique couple (¢; @) can be used in the present work to
characterize any distribution component. By calculating the
average of the g¢-parameters and by deducing the
corresponding a-parameter from Eq. (8), we found:

q, =—0.13 )
a; =-21.5

and this couple of values stands indifferently for i =1 or 2.
Figure 16 shows the evolution of the other parameters as a
function of the injection pressure. We note that each of them

correlates well with the pressure and the following
relationships can be derived according to the injection
pressure:

D,,=1554P""
AP, <10 MPa - (10)
B=1
and
—2.28
D,,=1774P,
AP, >10 MPa D,,=1.334P"" (11)

= 1.29API.70'12

where the mean diameters are expressed in pm and the
injection pressure in MPa. It could be surprising to obtain an
increase of the mean diameter D, , with the injection pressure

as shown in Eq. (11). It must be kept in mind that this
parameter characterizes a portion of the whole distribution
only. As far as the whole distribution is concerned, this slight
increase of D, , with the injection pressure is compensated by

a strong decrease of the corresponding D, , and a decrease of

the parameter S (see Eq. (11)).

It is concluded that the combination of Eqs. (6) and (7)
offered a convincing approach to model the volume-based
drop-size distribution produced by the high injection pressure
gasoline injector studied in the present paper. Drop-size
distributions can be predicted by associating Eqgs. (9) and (10)
or Egs. (9) and (11) according to the injection pressure,
paying attention that this parameter should be maintained
lower or equal to 20 MPa.
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Fig. 16: Evolution of the mathematical distribution
parameters with the injection pressure.

4 CONCLUSIONS

Spray drop-size distribution produced by a high injection
pressure piezo injector has been successfully investigated by
using a laser diffraction technique (Malvern Spraytec 2006).
Because of the use of high injection pressures, a specific
attention has been paid to the possible multiple scattering
effects. Contrary to many previous works that found multiple
scattering effects as soon as the transmission is lower than



40%, the present investigation reports a much smaller limit of
the order of 13%. This result actually agrees with previous
observations, which show that the limit in transmission
decreases with the injection pressure. The small transmission
limit found in the present work is believed to be due to
specific characteristic features of the spray drop-size
distributions. It was also found that the correction option of
the Malvern is inappropriate to correct multiple scattering
effects for transmission lower than 13%. In consequence, a
specific procedure to correct these effects has been developed.
This procedure is based on the determination of correction
factors to be applied on the light intensity collected by each
diode. These factors are functions of the transmission.
Furthermore, analytical correction factors have been obtained
in order to be able to provide a correction whatever the value
of the transmission. It has been shown that the correction
procedure using the analytical correction factors returned
reliable drop-size distributions. Then, spray drop-size
distributions can be obtained for injection pressure up to
20 MPa. It is found that the sprays produced by the piezo
injector have a bi-modal drop-size distribution when the
injection pressure is greater than 10 MPa. Such a spray
characteristic is the consequence of the specific atomization
mechanism that takes place on the flow issuing from the
injector. Finally, the spray drop-size distribution has been
successfully modeled by a MEF application, which returns
mathematical distributions that are functions of 3 or 5
parameters according to the injection pressure. All these
results will allow the temporal evolution of the spray drop-size
distribution to be investigated and modeled during one
injection event. This work is under consideration.

NOMENCLATURE

Symbol Quantity SI Unit
a; Parameter (Eq. (4)) -

D Drop diameter um
Din Mean diameter series um
1 Volume-based drop-size !

distribution

n Refractive index -

P, Vapor pressure kPa

q, a Parameters of Generalized-Gamma -

function

T.T Transmission %

T;, T, Injection time, time after injection ms

P Density kg/m?
v Kinematic viscosity mm?/s
o Surface tension mN/m
T Spray turbidity mm’!
% Parameter (Eq. (4)) -

K Correction factor -

AP; Injection pressure MPa
A, Relative span factor -

s Volume fraction -

r Gamma function -
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