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Abstract

Laser-induced-fluorescence/Mie-scattering (LIF/MIE) was proven to be a useful diagnostic for Sauter
Mean Diameter (SMD) measurements in non-evaporating sprays. However, the measurement is not reli-
able for cases of an evaporating spray due to the interference of the fluorescence signal from the vapor
phase. In this work, simultaneous Laser-induced-exciplex-fluorescence/Mie-scattering (LIEF/MIE)
imaging techniques were proposed to obtain the SMD distribution of evaporating sprays. A special exper-
imental condition was used to generate the flash-evaporating spray, which includes a fuel temperature of
60 �C and an ambient pressure of 20 kPa. Different from the conventional LIF/MIE technique, the com-
bination of LIEF and Mie techniques allows eliminating the effect of tracer fluorescence from vapor phase
in an evaporating spray. In addition, carefully selected tracers and specially designed filters were used to
decrease the effects of variation on tracer concentration and temperature dependency of fluorescence inten-
sity during evaporation. The numerical analysis based on geometrical optics approximation (GOA) and
experimental analysis was conducted to determine the calibration coefficient K. Finally, SMD distribution
of an evaporating spray measured by both LIEF/MIE and conventional LIF/MIE techniques was com-
pared to PDI measurement. The results show that the SMD of the flash boiling spray obtained from
LIEF/MIE is very close to those measured by PDI, while the results measured by LIF/MIE and PDI show
a large deviation of around 40%. It indicates that the evaporation effect cannot be ignored for evaporating
sprays.
� 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The Laser Sheet Dropsizing (LSD, also called
LIF/MIE) is a method to determine the two-
dimensional droplets size distribution in a spray
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[1]. Different from the point-wise measurement
technique, such as the Phase Doppler Interferom-
etry (PDI), the LSD technique has the ability to
quantify temporal and spatial fluctuation of spray
droplet size distribution, which is important to the
engine combustion efficiency since it can influence
the local air/fuel ratio.

The principle of the LSD technique relies on
the assumption that the fluorescence intensity
emitted by the fluorescent dye is proportional to
the volume (d3) of the droplet and that the
ute. Published by Elsevier Inc. All rights reserved.
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scattered light intensity is proportional to its sur-
face area (d2) [2]. The ratio of the two intensity
distribution on an illuminated plane of a spray
is proportional to the Sauter Mean Diameter
(SMD) and can be estimated, according to [3]

SMD ¼ 1

K
�
R1

D¼0
If ðDÞ � dNðDÞ

R1
D¼0

IsðDÞ � dNðDÞ
ð1Þ

where If is the fluorescence intensity, Is is the scat-
tered light intensity, dN(D) is the probability dis-
tribution of the spray droplets, K is the calibration
coefficient.

The LIF/MIE technique was evaluated theo-
retically and experimentally by previous studies
[4–7], suggesting some approaches to improve
the accuracy of LIF/MIE measurement in sprays.
While these studies show good results in the rela-
tively dilute part of non-evaporating sprays [2,4],
care must be taken in evaporating systems due
to potential tracer fluorescence from the vapor
phase, local and temporal variation of tracer con-
centration and temperature dependent fluores-
cence cross sections [1]. Since many of the real
engine sprays have a high evaporation rate, new
technology breakthroughs are necessary for
improving the LSD accuracy on evaporating
sprays. On the other hand, the effects of multi-
ple-scattering on LIF and Mie signals lead to
uncertainties of LSD measurement [8]. Focusing
on a dilute region is a choice to decrease the effect
of multiple-scattering. Combining with the SLIPI
technique [9] would be an efficient way to remove
issues caused by the multiple-scattering effect.

In this work, simultaneous Laser-induced-exci-
plex-fluorescence/Mie-scattering (LIEF/MIE)
techniques were applied to obtain the quantitative
SMD distribution of dilute region of evaporating
sprays for the first time. The theoretical and
experimental analysis was extended to enhance
the sizing accuracy of the LIEF/MIE technique.
Fig. 1. Liquid and vapor spectrum under 266 nm
excitation.
2. Experimental and theoretical approaches

2.1. LIEF/MIE technique for evaporating sprays

Different from the LIF/MIE technique, the
combination of LIEF and Mie techniques allows
eliminating the effect of tracer fluorescence from
vapor phase for evaporating sprays. It also can
decrease the effects of variation of tracer concen-
tration and temperature dependent fluorescence
by using specially designed exciplex system and
carefully selected filters. LIEF technique was pro-
posed by Melton [10] in 1980s which allows spec-
tral separation of the liquid and vapor phase
fluorescence signals by adding a tracer pair into
a non-fluorescing base fuel. An organic additive
which is the so-called monomer (M) is doped into
the base fuel together at low concentration with
another additive, known as the exciplex forming
component (G). The monomer fluorescence is
dominated in the vapor phase, while the exciplex
fluorescence can be used to track the liquid phase.
The detailed information of LIEF technique can
be found in Refs. [11–14].

Practical application of LIEF/MIE technique
needs to specially design the exciplex system.
The selected exciplex mixture needs to have simi-
lar properties with actual fuel and the tracers need
to co-evaporate with the base fuel so that the
effect of tracer concentration variation can be
decreased. The fluorobenzene(FB)/diethylmethyl-
amine(DEMA)/n-hexane exciplex system is
selected in this study since it has shown good
co-evaporation based on components measure-
ment of an evaporating droplet [12]. In FB/
DEMA/n-hexane system, FB is the monomer
(M), DEMA is the exciplex forming component
(G) and n-hexane is the base fuel. The proportion
of each component in FB/DEMA/n-hexane sys-
tem is important to the LIEF/MIE measurement,
which is determined by a theoretical method, as
described below.

A laser sheet at 266 nm wavelength was used as
the incident light. The liquid and vapor spectrum
under 266 nm excitation is shown in Fig. 1. The
liquid phase fluorescence signal and Mie-scatter-
ing signal are separated by two optical band-pass
filters. The centerline wavelength/band-width for
liquid phase fluorescence signal is 340 ± 10 nm.
This filter is selected to decrease the effect of tem-
perature dependent fluorescence intensity on LSD
result, since the temperature sensitivity in this
wavelength region is relatively low while the over-
all fluorescence intensity is high, according to
Düwel’s study [12]. The statements in this study
show that the variation of fluorescence intensity
from the 340 ± 10 filter is less than 7% when the
temperature increases from 10 to 60 �C. The cen-
terline wavelength/band-width for Mie-scattering
signal is 266 ± 10 nm.



Fig. 2. Experiment setup for PDI and LSD.
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2.2. Theoretical method

To provide a accurate LSD measurement, the
relation between scattered intensity and the sur-
face area of the sphere is required to be d2 depen-
dence and the relation between fluorescence
intensity and the volume of the sphere is required
be d3 dependence. These dependences were evalu-
ated theoretically by Domann et al. [15–17], indi-
cating that deviations of the emitted fluorescent
light and the scattered light intensity from the
assumed cubic and square droplet diameter could
occur. The deviations were mostly caused by the
attenuation of laser light within the droplet vol-
ume due to the dye absorption. Therefore, this
study applied the theoretical method proposed
by Domann et al. [2] to determine the dye
concentration.

The theoretical approach is based on the geo-
metrical optics approximation (GOA) that was
originally developed by van de Hulst [18]. The
GOA method is based on tracing the paths of a
light from an incident laser beam through a single
spherical droplet. The intensity of the light scat-
tered by a sphere located in a single laser beam
was calculated with proper account of the phases
between surface reflection, refraction, 1st and 2nd
internal reflections. The approach has been suc-
cessfully compared with Mie theory [15]. It also
showed that the GOA results agree with the exper-
imental results well, indicating that the 3rd and
higher order internal reflections only induce very
small errors.

The GOA approach was extended to droplet
with fluorescing dye by taking into account the
light absorption along the paths of the light within
the droplet. According to Guilbault [19], the fluo-
rescence intensity emitted due to absorption over
a specific path-length b within a liquid of dye con-
centration c is denoted by Eq. (2). This term com-
prises the intensity i0 at the beginning of the
absorbing, the quantum field u and the molar
extinction cross-section e. In this study, the u
was fitted to a constant since the temperature var-
iation is relatively small. Therefore, Eq. (2) only
provides a relative value of the fluorescence
intensity:

if ¼ / � i0 � ð1� esbcÞ ð2Þ
The dye absorption depends on the absorption

coefficient, which is determined by the product of
molar-extinction-cross-section and dye concentra-
tion. In the FB/DEMA/n-hexane system, DEMA
is provided in excess concentration to maximally
enhance the exciplex formation probability and it
cannot absorb the incident light [13]. Therefore,
the absorption of FB/DEMA/n-hexane mixture
depends on FB. The molar-extinction-cross-
section of FB is a constant of 10 m2/mol [12].
The concentration of DEMA used in this study
is a constant volume-percentage of 9%. Various
FB concentrations are examined by calculations,
namely 0.02%, 0.2%, 2% and 10%, corresponding
to absorption coefficients of 0.00001, 0.0001,
0.001 and 0.005 mm�1. The purpose of the calcula-
tions is to obtain the trade-off between the signal-
to-noise ratio and the deviations of the fluorescent
and scattered light intensities from the assumed
cubic and square droplet diameter. Corresponding
to different FB concentrations, the refractive index
of the mixture varies from 1.375 to 1.38 which
shows a negligible variation. The light collection
angle for LSD experiment is from 89� to 91�.

The overall scattered and fluorescence intensi-
ties were calculated from the GOA approach from
all the droplets present in various droplet size dis-
tributions with known Sauter Mean Diameters.
Calculations were performed for many droplet
size distributions, determined according to the
Rosin–Rammler distribution function [2]:

1� Q ¼ expð1� ðD=xÞqÞ ð3Þ
where Q is the fraction of the total volume of the
liquid carried by droplet diameters smaller than
D. q and x are variables associated with the spread
of the size distribution and the most probable
diameter.

The size distribution, estimated from Eq. (3), is
a cumulative volume distribution and is converted
into a droplet number density size distribution.
The function parameters q and x were selected
to obtain wide variation of the spread of droplet
size distribution. At given SMD, shapes and
spreading of the distribution lead to different cal-
ibration coefficients [16]. This induces uncertain-
ties in the measurement. Therefore, the effects of
spreading of the distribution on the calibration
coefficient were analyzed. In this study, q ranges
from 1 to 40 and x ranges from 5 to 145. A range
of SMD from 10 to 160 lm was examined. The
calculation was conducted using in-house code.
3. Measurements

The LSD technique and the PDI technique
were applied to measure droplet sizes in a spray
produced by a high-pressure eight-hole GDI injec-
tor, as shown in Fig. 2. A pulsed Nd:YAG laser at



Table 1
Experimental conditions.

Conditions Injection
pressure
(MPa)

Ambient
pressure
(kPa)

Fuel
temperature
(�C)

1 2 100 20
2 5 100 20
3 10 100 20
4 10 20 60

Fig. 3. Scattered intensity profiles under various absorp-
tion coefficients.
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266 nm was used to generate the laser sheet to illu-
minate the spray. Mie and LIEF images were cap-
tured simultaneously using an Image-Doubler,
which was mounted in front of a UV-lens and
an Intensifier-CCD camera. A PDI system was
used in this study to measure the transient drop
size characteristics. The test conditions are sum-
marized in Table 1. The conditions 1–3 represent
the non-evaporation cases, while the spray
injected under condition 4 experiences flash-evap-
orating [20]. Since the collisional quenching by
oxygen is one of the most stringent limitations
of LIEF, all measurements were performed with
nitrogen to avoid quenching by oxygen. The more
detailed information of facilities and post-process-
ing can be found in Ref. [20].

The spatial resolution of the LIEF/MIE tech-
nique is important. The test volume of PDI system
is almost a cube of about 200 � 200 � 400 lm
(width � height � length). The thickness of laser
sheet for LIEF/MIE measurement is about
500 lm, which is close to the length of PDI test
volume. The physical pixel size of all LIEF/MIE
images is a square of about 50 � 50 lm. There-
fore, averaging over 16 pixels (4 � 4) was imple-
mented for every LIEF/MIE image, resulting in
an area of 200 � 200 lm which is consistent with
the width � height of the PDI test volume.

More than 150 images were generated at first
and the average value and standard deviation as
a function of image number at each test condition
were analyzed. As a consequence, the average
value and standard deviation become constants
when the image number is above 50. Thus, 50
images were used for post-processing at each
condition.
4. Results and discussion

4.1. Theoretical evaluation

4.1.1. Determination of tracer concentration
The scattered intensity at the 90� scattering

angle for the FB/DEMA/n-hexane mixture drop-
let is theoretically analyzed. To proceed with an
evaluation of the SMD accuracy, the calculated
intensity profiles are fitted to functions 4 and 5,

if ¼ af � Dbf ð4Þ
is ¼ as � Dbs ð5Þ
where bs and bf are the exponents of the depen-
dence of droplet diameter. Figure 3 shows scat-
tered intensity profiles under various absorption
coefficients. The fitting exponents (bs) are 1.99,
1.98, 1.99 and 1.99, obtained from the plots of
Fig. 3, corresponding to the various absorption
coefficients. It shows that the fitting exponents
are all within an acceptable deviation of the d2 pro-
portionality, where the maximal deviation is 0.9%.
The dye absorption has a very small effect on the
index of Mie-scattering intensity (bs) at the 90�
scattering angle for the FB/DEMA/n-hexane mix-
ture. However, the profiles in Fig. 3 also show con-
siderable oscillations due to interference of the
surface reflection and the 2nd internal reflection.

Figure 4a shows profiles of relative fluores-
cence intensity as function of droplet diameter
under various absorption coefficients. Figure 4b
shows the fitting exponents obtained from plots
of Fig. 4a under different diameter ranges. It pro-
vides the guideline for the selection of the fluores-
cence tracer and the corresponding concentration
using the absorption coefficient. In the relative
low absorption cases (0.00001 and 0.0001), the lin-
ear profile with exponent bf = 3 over the entire
diameter range is observed, indicating an ideal
proportionality of intensity to droplet volume.
At the case of 0.001 mm�1, the fitting exponent
bf is 2.97 when the droplet diameter ranges from
0 to 160 lm, which is within an acceptable devia-
tion (1%) of the d3 proportionality. With larger
absorption coefficients or larger diameters, the
impact of light absorption increases continuously.
The light extinction starts along one of the paths
of refraction, 1st and 2nd internal reflections so
that fluorescence is not generated over the com-
plete distance of all paths. This leads to the tran-
sition from bf = 3.

The GDI spray droplet size is usually less than
160 lm. Therefore, to obtain the trade-off
between the signal-to-noise-ratio and the



Fig. 4. Profiles of fluorescence intensity and correspond-
ing values of bf.

Fig. 5. Values of calculated calibration coefficient K
versus SMD.

W. Zeng et al. / Proceedings of the Combustion Institute 34 (2013) 1677–1685 1681
deviation of the fluorescent intensity from the
cubic droplet diameter, the 2% FB concentration
was selected, corresponding to the dye absorption
coefficient of 0.001 mm�1.

4.1.2. Calibration coefficient K under various drop-
let size distributions

The overall scattered and fluorescence intensi-
ties were estimated from all the droplets present
in various droplet size distributions, determined
according to the Rosin–Rammler function, as
described above. The SMD of all droplets present
in each droplet size distribution is calculated
based on Eq. (6),

SMD ¼
Pn

i¼0D3
iPn

i¼0D2
i

ð6Þ

where D is the droplet diameter. Then the calibra-
tion coefficient K is calculated using Eq. (1). Fig-
ure 5 presents the calculated value of the
calibration coefficient K as a function of SMD.
These are also relative values since the relative va-
lue of the fluorescence intensity is used. The con-
tinuous curve is a polynomial fit on the
calculated values. The triangles in Fig. 5 represent
the values of K for GDI spray droplet size distri-
butions (q and x range from 3 to 6 and from 10 to
60, respectively). The stars indicate the values of K
for mono-disperse distributions with different
droplet diameters and the empty square represent
a poly-disperse distribution that is comprised of
all mono-disperse distributions. The filled circle
represents the values of K for a wide range of dis-
tributions (q and x range from 1 to 40 and from 5
to 145, respectively).

The value of K varies with SMD. According to
the trend of continuous curve, the value of K
increases with increase in SMD when the SMD
is smaller than around 30 lm. However, large
deviations can be observed for the mono-disperse
distributions. It can be clearly observed that the K
values of mono-disperse distributions away from
the continuous curve while the K value of poly-
disperse distribution is fit on the curve. The reason
is associated with large fluctuations of scattered
light intensity, as analyzed above. However, since
the GDI spray droplet size distributions are
spread over a wide range of diameters and averag-
ing over a sufficiently large number of droplets
with a large size range mostly decreases the fluctu-
ation effect, the K values of GDI spray droplet size
distributions are well fit on the continuous curve
with a maximum deviation of around 5%. A good
polynomial correlation is observed between the
SMD and the value of K for the droplet size distri-
bution of GDI sprays. This result agrees with Ref.
[2] for another tracer.

4.2. Calibration using PDI

To validate the theoretical correlation between
SMD and calibration coefficient K for real GDI
sprays, both LIEF/MIE and PDI measurements
were conducted. The room-temperature condi-
tions were selected to decrease the effect of fuel
evaporation, including conditions 1–3 in Table
1. In this study, the PDI collection time began at
0 ms after the start of injection (SOI) and stopped
at 10.0 ms after the SOI. The measurement points
of PDI located at the center of spray plume at 40
and 50 mm downstream of the injector tip. The
laser sheet images were taken for times between
1.0 and 5.0 ms after the SOI and the time step is
50 ls. Fifty images were recorded and accumu-
lated at each time step.

Since the LSD is a technique to provide a
snapshot of the spatial distribution while the
PDI is a point-wise measurement technique, the
conversion between the results of these two mea-
surements is necessary before calculating the cali-
bration coefficient K. Two data analyzing
methods were proposed. In method one, the
PDI data were used to calculate the SMD of all



Fig. 6. Sauter Mean Diameters and the corresponding
ratios of LIEF/MIE versus time at the center of the
spray plume at 50 mm downstream of the injector tip
under condition 1 (in method one).

Fig. 8. Spray images obtained from LIEF/MIE and
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droplets present in a narrow time period (30 ls) at
a series of time step of collecting laser sheet
images. The ratio of LIEF/MIE are obtained
from the fluorescence and scattered light signals
from sprays at the position of PDI measurement
point at each time step. As an example, Fig. 6
shows the SMD and the corresponding ratio of
LIEF/MIE as a function of ASOI. Then dividing
the ratio of LIEF/MIE by the SMD derives a
value of K at each time step. In method two, the
SMD of all droplets present in a large time period
(5 ms) were calculated using the PDI data. In the
same time period, the fluorescence and scattered
light signals from all sprays at the position of
PDI measurement point were integrated to calcu-
late the ratio of LIEF/MIE. Also, dividing the
ratio of LIEF/MIE by the SMD derives the value
of K.

Figure 7 presents the calibration coefficient K
versus SMD for these two data analyzing meth-
ods, the experimental data from both methods
agree with the theoretical results when the relative
K obtained from calculation is multiplied by a
carefully selected constant. The maximum devia-
tion is less than 10%, indicating that the good cor-
Fig. 7. Calibration coefficient K versus SMD.

LIF/MIE measurements under conditions 4 and 5; all
Mie-scattering and fluorescence images are average
values of 50 single shots.
relation exists between the SMD and the
calibration coefficient K for the real engine sprays.
Therefore, this correlation can be used to correct
the LSD results to enhance the sizing accuracy
for real engine sprays.

4.3. Sizing accuracy on flash-evaporating spray

Following appropriate choice of dye concen-
tration and determination of calibration coeffi-
cient, the LIEF/MIE and the usual LIF/MIE
techniques were applied to characterize both the



Fig. 10. Liquid and vapor phase images from the
quantitative LIEF measurement [13]; images providing
at 1.2 ms ASOI.
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non-evaporating and evaporating sprays. For the
usual LIF/MIE measurement, the centerline
wavelength/band-width for Mie-scattering filter
is still 266 ± 10 nm, while for fluorescence filter
is 289 ± 10 nm. The test fuels for LIEF/MIE
and LIF/MIE measurements are 2%FB/
9%DEMA/89%n-hexane and 2%FB/98%n-hex-
ane, respectively. Two test conditions were
selected, including conditions 3 and 4 in Table 1.
The evaporation of the spray generated under
condition 4 is dominated by flare flash-boiling
that the vapor diffusion rate is significantly lower
than the evaporation rate [20]. The results of both
LIEF/MIE and LIF/MIE techniques were com-
pared to the results from PDI to examine the siz-
ing accuracy.

Figure 8 presents the spray images obtained
from LIEF/MIE and LIF/MIE measurements
under conditions 3 and 4. The spray images
provided in this study are at 1.2 ms after the
start-of-injection and injection ending timing is
1.0 ms. Therefore, no more ligaments are present
in the spray. The significant difference in spray
structure between these two conditions is attrib-
uted to flash-boiling [20]. The evaporating spray
shown in Fig. 8b is a fully flash-boiling spray.
The spray structure of flash-boiling spray is very
sensitive with the fuel saturation pressure. The
saturation pressures of these two test fuels are
slightly different so that spray structure is slightly
changed.

Figure 9 shows the drop sizing results mea-
sured by LIEF/MIE, LIF/MIE and PDI at 40
and 50 mm downstream of injector tip. Data in
both data analyzing methods are provided. At
the non-evaporating case, the SMD results mea-
sured by LIEF/MIE, LIF/MIE and PDI agree
with each other. At flare flash-boiling condition,
quantitative SMD profiles measured by LIEF/
MIE and PDI still show good agreement, while
Fig. 9. Drop sizing results measured by LIEF/MIE, LIF/MIE
the results measured from LIF/MIE and PDI
show a large deviation of around 40%. The
SMD measured by LIF/MIE technique is larger
than that by LIEF/MIE technique. The difference
between LIEF/MIE and LIF/MIE results for the
flash-boiling condition is anticipated to result
from the effect of rapid evaporation. Previous
LIEF measurements [13,20] for the 2%FB/
9%DEMA/89%n-hexane mixture has provided
individual structures of the liquid and vapor com-
ponents, confirming this predication, as shown in
Fig. 10. The vapor phase concentration at flash-
evaporating condition is significantly larger than
that at non-evaporating condition and the
generated vapor phase is concentrated around
the injector centerline. These indicate the rapid
evaporation occurs in this condition. Therefore,
the accurate measurement for evaporation sprays
cannot be obtained by usual LIF/MIE technique
due to the tracer fluorescence from the vapor
phase, variation of tracer concentration and fluo-
rescence intensity with temperature dependence.

The large difference between the results of
LIEF/MIE and LIF/MIE measurements indicates
that the evaporation effect cannot be ignored when
spray experience strong-evaporation. The LIEF/
and PDI at 40 and 50 mm downstream of injector tip.



Fig. 11. Comparisons between LIEF/MIE and PDI
results (in method one).
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MIE technique and numerical approaches pro-
posed in this study can provide a satisfied sizing
accuracy for the dilute region (40 and 50 mm
downstream) of evaporating sprays. Figure 11 pre-
sents the comparisons between calculated and
measured SMD. The maximum deviation is about
14%. While some of the variance is attributed to
measurement uncertainty related to the calibration
of the technique against PDI, the oscillation of
scattered intensity and the light absorption of the
dye, the biggest unknown contribution is likely
to be multiple scattering [4]. The LIEF/MIE
results and PDI results show good agreement,
indicating a relatively small multiple-scattering
effect in the dilute region. However, it is important
to understand the multiple-scattering effect when
applying LIEF/MIE in the dense spray. The SLIPI
technique is a possible solution to decrease the
multiple-scattering effect [9].

Besides these effects, the uncertainty associated
with temperature dependent fluorescence intensity
is 7% as mentioned above. The variation associ-
ated with co-evaporation for mixture used in this
study is 1.5% [12]. The effect of tracer fluorescence
from the vapor phase can be ignored since the
LIEF/MIE technique well separates the vapor
phase from the liquid phase.
5. Conclusions

This study proposed the simultaneous LIEF/
MIE laser sheet imaging technique for SMD mea-
surement of evaporating sprays. The know-how
for selection of the tracer concentration and deter-
mination of the calibration coefficient was given
for the SMD measurement by using numerical
and experimental analysis. Finally, SMD distribu-
tion of an evaporating spray measured by both
LIEF/MIE and conventional LIF/MIE tech-
niques was compared to PDI measurement. The
conclusions are as follows:
(1) Both numerical and experimental results
indicate that the calibration coefficient K
varies with SMD. A good polynomial
correlation is observed between the SMD
and the value of K for the droplet size distri-
bution of GDI sprays.

(2) For the non-evaporating spray, the SMD
results measured by LIEF/MIE, LIF/MIE
and PDI agree with each other. For evapo-
rating spray, the SMD results measured by
LIEF/MIE and PDI show good agree-
ments, while the results measured by LIF/
MIE and PDI show a large deviation of
around 40%, indicating that the evapora-
tion effect cannot be ignored.

(3) The maximum deviation between the results
of LIEF/MIE and PDI is about 14%. It
indicates that, by use of carefully selected
tracers and specially designed filters, the
LIEF/MIE technique combined with the
numerical correction can provide a satisfied
sizing accuracy for the dilute region of
evaporating spray.

(4) Although the LIEF/MIE measurement
shows an acceptable accuracy for evaporat-
ing sprays, caution should be taken when
applying this technique to different sprays
and fuel temperature conditions. In this
case, the fluorescence tracers and filters
need to be designed again.
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